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THE PRINCIPAL FUNCTIONAL GROUPS OF ORGANIC CHEMISTRY

Acceptable Name(s) Characteristic
Example of Example Reaction Type
Hydrocarbons
Alkanes CH,CH, Ethane Free-radical substitution of
hydrogen by halogen
Alkenes H,C=CH; Ethene or ethylene Electrophilic addition to
double bond
Alkynes HC=CH Ethyne or acetylene Electrophilic addition to
triple bond
Dienes H,C=CHCH=—=CH, 1,3-Butadiene Electrophilic addition to
double bonds
Arenes @ Benzene Electrophilic aromatic

Halogen-substituted derivatives of hydrocarbons

Alkyl halides
Alkenyl halides

Aryl halides

CH,CH,CI

H,C—CHCI

CH:Cl

Oxygen-containing organic compounds

Alcohols

Phenols
Ethers

Epoxides

Aldehydes

Ketones

Carboxylic acids

CH,CH,OH

C,H-OH
CHCH,OCH,CH;

HZC _CHQ
L ¥

CH;CH
CH,CCH,

CH,COH

Chloroethane or
ethyl chloride

Chloroethene or
vinyl chloride

Chlorobenzene

Ethanol or ethyl
alcohol

Phenol

Ethoxyethane or
diethyl ether

Epoxyethane or
ethylene oxide or
oxirane

Ethanal or acetal-
dehyde

2-Propanone or
acetone

Ethanoic acid or

substitution

Nucleophilic substitution;
elimination

Electrophilic addition to
double bond; elimination

Electrophilic aromatic
substitution: nucleophilic
aromatic substitution

Dehydration; conversion
to alky! halides;
esterification

Electrophilic aromatic
substitution

Cleavage by hydrogen
halides

Nucleophilic ring opening
Nucleophilic addition to
carbonyl group

Nucleophilic addition to
carbonyl group

lonization of carboxyl;
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THE PRINCIPAL FUNCTIONAL GROUPS OF ORGANIC CHEMISTRY

Example

Acceptable Name(s)
of Example

Characteristic
Reaction Type

Carboxylic acid derivatives

]
Acyl halides CH,CCI
1]
Acid anhydrides CH;COCCH;
I
Esters CH,COCH,CH,:
1
Amides CH;CNHCH;

Nitrogen-containing organic compounds

Amines CH,CH,NH,
Nitriles CH;C=N
Nitro compounds CgHsNO,

Sulfur-containing organic compounds
Thiols CH-CH-SH

Sulfides CH,CH,5CH,CH;

Ethanoyl chloride
or acetyl chloride

Ethanoic anhydride
or acetic anhydride

Ethyl ethanoate or
ethyl acetate

N-Methylethanamide
or N-methylacetamide

Ethanamine or
ethylamine

Ethanenitrile or
acetonitrile

Nitrobenzene

Ethanethiol

Diethyl sulfide

Nucleophilic acyl
substitution

Nucleophilic acyl
substitution

Nucleophilic acyl
substitution

Nucleophilic acyl
substitution

Nitrogen acts as a base or
as a nucleophile

Nucleophilic addition to
carbon—nitrogen triple
bond

Reduction of nitro group
to amine

Oxidation to a sulfenic,
sulfinic, or sulfonic acid
or to a disulfide

Alkylation to a sulfonium
salt; oxidation to a
sulfoxide or sulfone
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Preface

Overview

“There is a close analogy between organic chemistry in its relation to biochemistry and pure mathematics in its
relation to physics.”

Sir Robert Robinson

This quote from Sir Robert Robinson exemplifies two broad goals in the creation of the eleventh edition of
Francis Carey’s organic chemistry textbook. We want our students to have a deeper understanding of the physical
concepts that underlie organic chemistry, and we want them to have a broader knowledge of the role of organic
chemistry in biological systems. The Carey team now includes two new coauthors for the eleventh edition, Neil
Allison, and Susan Bane, that have expertise in physical organic chemistry and in biochemistry. Significant changes
in the areas of structure and mechanism and in bioorganic chemistry have been incorporated into the eleventh edition.
These and other changes are highlighted below.

Mechanism

The text is organized according to functional groups—structural units within a molecule that are most closely
identified with characteristic properties. Reaction mechanisms are emphasized early and often in an effort to develop
the student’s ability to see similarities in reactivity across the diverse range of functional groups encountered in
organic chemistry. Mechanisms are developed from observations; thus, reactions are normally presented first,
followed by their mechanism.

In order to maintain consistency with what our students have already learned, this text presents multistep
mechanisms in the same way as most general chemistry textbooks—that is, as a series of elementary steps.
Additionally, we provide a brief comment about how each step contributes to the overall mechanism. Section 1.11
“Curved Arrows, Arrow Pushing, and Chemical Reactions” provides the student with an early introduction to the
notational system employed in all of the mechanistic discussions in the text.

Numerous reaction mechanisms are accompanied by potential energy diagrams. Section 5.8 “Reaction of
Alcohols with Hydrogen Halides: The Sy1 Mechanism” shows how the potential energy diagrams for three

elementary steps are combined to give the diagram for the overall reaction.

Enhanced Graphics

The teaching of organic chemistry has especially benefited as powerful modeling and graphics software has become
routinely available. Computer-generated molecular models and electrostatic potential maps were integrated into the
third edition of this text and their number has increased in succeeding editions; also seeing increasing use are
molecular orbital theory and the role of orbital interactions in chemical reactivity.



Coverage of Biochemical Topics

From its earliest editions, four chapters have been included on biochemical topics and updated to cover topics of
recent interest.

» Chapter 23 Carbohydrates

» Chapter 24 Lipids

» Chapter 25 Amino Acids, Peptides, and Proteins

» Chapter 26 Nucleosides, Nucleotides, and Nucleic Acids

Page xxiv
Generous and Effective Use of Tables

Annotated summary tables have been a staple of Organic Chemistry since the first edition. Some tables review
reactions from earlier chapters, others the reactions or concepts of a current chapter. Still other tables walk the reader
step-by-step through skill builders and concepts unique to organic chemistry. Well received by students and faculty
alike, these summary tables remain one of the text’s strengths.

Problems

» Problem-solving strategies and skills are emphasized throughout. Understanding is progressively reinforced by
problems that appear within topic sections.

» For many problems, sample solutions are given, including examples of handwritten solutions from the authors.

» The text now contains more than 1400 problems, many of which contain multiple parts. End-of-chapter
problems are now organized to conform to the primary topic areas of each chapter.

Pedagogy

» A list of tables, mechanisms, boxed features, and Descriptive Passages and Interpretive Questions is included in
the front matter as a quick reference to these important learning tools in each chapter.

» Each chapter begins with an opener that is meant to capture the reader’s attention. Chemistry that is highlighted
in the opener is relevant to chemistry that is included in the chapter.

» End-of-Chapter Summaries highlight and consolidate all of the important concepts and reactions within a
chapter.

Audience

Organic Chemistry is designed to meet the needs of the “mainstream,” two-semester undergraduate organic
chemistry course. From the beginning and with each new edition, we have remained grounded in some fundamental
notions. These include important issues concerning the intended audience. Is the topic appropriate for them with
respect to their interests, aspirations, and experience? Just as important is the need to present an accurate picture of
the present state of organic chemistry. How do we know what we know? What makes organic chemistry worth
knowing? Where are we now? Where are we headed?



Descriptive Passages and Interpretive Problems

Many organic chemistry students later take standardized pre-professional examinations composed of problems
derived from a descriptive passage; this text includes comparable passages and problems to familiarize students with
this testing style.

Thus, every chapter concludes with a self-contained Descriptive Passage and Interpretive Problems unit that
complements the chapter’s content while emulating the “MCAT style.” These 27 passages—Ilisted on page xxii—are
accompanied by more than 100 total multiple-choice problems.

The passages focus on a wide range of topics—from structure, synthesis, mechanism, and natural products. They
provide instructors with numerous opportunities to customize their own organic chemistry course, while giving
students practice in combining new information with what they have already learned.

A Student-Focused Revision

For the eleventh edition, real student data points and input, derived from thousands of our LearnSmart users, were
used to guide the revision. LearnSmart Heat Maps provided a quick visual snapshot of usage of portions of the text
and the relative difficulty students experienced in mastering the content.

This process was used to direct many of the revisions for this new edition. Of course, many updates
have also been made according to changing scientific data, based on current events, and so forth. The Page xxv
following “What’s New” summary lists the more major additions and refinements.

What’s New

General Revisions

» Several new chapter openers have been created for this edition. Chapter openers are designed to peak student
interest and understanding of the importance of the chapter’s concepts.

» The inclusion of kcal and Angstrom units was added for consistency throughout the text, problems, and figures
to aid student understanding.

» Color has been added and revised for consistency in many areas to help students better understand three-
dimensional structure, stereochemistry, and reactions.

» New sample Problems and illustrations have also been added throughout the new edition to clarify topics and
enhance the student learning experience.

Chapter-Specific Revisions

> A new Section 2.10 Bonding in Water and Ammonia: Hybridization of Oxygen and Nitrogen was added in
Chapter 2.

» In the stereochemistry chapter, enantiomeric ratio has been introduced in Section 4.4.

» New art was added to Chapters 6, 11, and 12 that reinforces the SN2 reaction. Figure 6.2 includes electrostatic
potential maps of hydroxide and methyl bromide, and Figure 6.3 shows a revised figure of the molecular orbital
description. The revised art in Sections 11.2 and 12.9, for allyl and benzyl MO systems, ties together alkyl
halides, SN2, and MO theory.




In Chapter 7, Section 7.2 was revised to introduce m molecular orbitals of ethene so that when students study &
molecular orbitals in allyl intermediates and butadiene in Chapter 10, the topic should come as a natural
extension. These revisions are intended to aid and reinforce student understanding of the theories of chemical
bonding. The structure and reactivity concept of using sterically hindered bases giving the less substituted alkene
in higher yields was added to the E2 discussion in Sections 7.14 and 7.15.

Electrostatic potential maps that support carbanion stability trends were added in Figure 9.4 of the alkyne
chapter.

Section 11.15 includes a new boxed essay, “Pericyclic Reactions in Chemical Biology.”

A new Section 15.9 Carbenes and Carbenoids and the mechanism of cyclopropanation have been added in
Chapter 15, as it draws a useful comparison to the mechanism of peracid epoxidation. Also, the discussion of
carbine structure complements material on carbocations, radicals, and anions elsewhere in the textbook. A
catalytic cycle has been added to enhance the material on palladium-catalyzed cross-couplings. A new
Descriptive Passage and Interpretive Problems, “Allylindium Reagents,” has been added at the end of Chapter
15, keeping with the theme of sustainable organic chemistry.

Section 19.16 includes a new boxed essay, “Enzymatic Decarboxylation of a B-Keto Acid.”

Chapter 21 includes two new sections: 21.1 Aldehyde, Ketone, and Ester Enolates and 21.8 Some Chemical and
Stereochemical Consequences of Enolization. This new organization improves topic flow, allowing instructors to
cover the aldol reaction during the first lecture on enolates, and adds to the emphasis on enolates, the main topic
of the chapter. A new Descriptive Passage and Interpretive Problems on the Knoevenagel reaction has also been
added to Chapter 21.

Chapter 23 Phenols was eliminated for the eleventh edition and its contents redistributed as follows, :
enhancing the topics in other chapters: Page xxvi

» Phenol acidity has been moved to Chapter 1, along with new problems, to enhance the
discussion of the use of resonance in providing stability to the conjugate base.

» Electrophilic aromatic substitution of phenols, along with new problems, is now covered in Chapter 13.

» Cleavage of aryl ethers by hydrogen halides is covered in chapter 17 and new problems have also been
added there.

The coverage of biochemistry has been extensively updated and revised for the eleventh edition:

» Chapter 23 includes new text and problems on reducing sugars and updated material on oligosaccharide

synthesis and glycobiology. Section 23.20 includes a new boxed essay, “Oligosaccharides in Infectious
Disease.”

» Chapter 24 includes updated coverage and illustrations for liposomes used in drug delivery and lipid rafts
and membrane organization.

» Chapter 25 has been reorganized and updated. Changes include moving the presentation of biochemical
reactions of amino acids to later in the chapter (Section 25.21), after a revised presentation of enzymology
(Section 25.20). Protein sequencing has been revised and organized to allow instructors greater flexibility
with this material. Protein sequencing using mass spectrometry is added in a new section (Section 25.12
Mass Spectrometry of Peptides and Proteins). Chemical synthesis of proteins emphasizes the importance of
solid-phase synthesis over solution methods, and orthogonal amine protecting groups are introduced
(Sections 25.13-25.17).

» Chapter 26 includes revised coverage and new illustrations for purines and pyrimidines; the importance of
tautomers rather than aromaticity is emphasized. The bioenergetics sections (Sections 26.4-26.5) have been
revised for clarity. Distinctions in the chemical properties of RNA and DNA are detailed in a new section
(Section 26.7 Phosphoric Acid Esters). Updated coverage of RNA includes important new discoveries such
as RNAI (Section 26.11 Ribonucleic Acids). New illustrations and an example of next-generation
sequencing have been added to Section 26.17 Recombinant DNA Technology.




» Chapter 27 also includes a new essay on Bakelite and the historical development of polymers.

Instructor Resources

Presentation Tools

Accessed from the Instructor Resources in the Connect Library, Presentation Tools contains photos, artwork, and
Lecture PowerPoints that can be used to create customized lectures, visually enhanced tests and quizzes, compelling
course websites, or attractive printed support materials. All assets are copyrighted by McGraw-Hill Higher
Education, but can be used by instructors for classroom purposes. The visual resources in this collection include:

» Art Full-color digital files of all illustrations in the book can be readily incorporated into lecture presentations,
exams, or custom-made classroom materials. In addition, all files are pre-inserted into PowerPoint slides for ease
of lecture preparation.

» Photos The photo collection contains digital files of photographs from the text, which can be reproduced for
multiple classroom uses.

» PowerPoint® Lecture Outlines Ready-made presentations that combine art and lecture notes are provided for
each chapter of the text.
Also accessed through your textbook’s Instructor Resources in the Connect Library are:

> Classroom Response System Questions (Clicker Questions) Nearly 600 questions covering the
content of the Organic Chemistry text are available on the Organic Chemistry site for use with any
classroom response system.

» Animations covering the most important mechanisms for Organic Chemistry are provided.

Page xxvii

Test Bank

A test bank with over 1300 questions is available with the eleventh edition. The Test Bank is available in a test-
generating software, as Word files, and is assignable through Connect to quickly create customized exams.

Student Resources

Solutions Manual

The Student Solutions Manual provides step-by-step solutions guiding the student through the reasoning behind each
problem in the text. There is also a self-test section at the end of each chapter that is designed to assess the student’s
mastery of the material.

Schaum’s Outline of Organic Chemistry

This helpful study aid provides students with hundreds of solved and supplementary problems for the organic
chemistry course.
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Structure Determines Properties

An emerging field of study called “Big History” is nothing if not ambitious. It could also be called “The History of Everything” and covers the period
from when the universe was formed in a “Big Bang” 13 billion years ago until the present. During the first few seconds of time, protons and electrons
combined to give hydrogen and helium atoms. Then, some 4.7 billion years ago, local gravitational forces caused the region of the universe around a
particular star to assume that unique feature we call our solar system. Earth was located at the proper distance from the sun to allow the spontaneous
formation of molecules, assemblies of molecules, replication of molecular assemblies, and so on. The earliest living things appeared about 4 billion
years ago, the earliest ape-like animals 10 million years ago, and modern humans less than 100,000 years ago.

A Neanderthal looking at the lights in the night sky, for example, is not science. But it can lead to science—an organized body of knowledge based
on theory and experiment. Astronomy is regarded as the oldest science but was limited to studying the night sky until the telescope was invented in 1608
and pointed skyward by Galileo a year later. Chemists, however, like to call their own discipline “The Central Science” because of its relationship to
physics on one side and biology on the other. In the same way, among the various subdisciplines of chemistry, organic chemistry can be said to be
central. It adapts the physical principles that underlie the content of general chemistry courses to the relationships between structure and
properties of compounds based on carbon—the most versatile of all the elements. Page 3

This chapter begins your training toward understanding the relationship between structure and properties by reviewing the fundamentals
of the Lewis approach to molecular structure and bonding and describes the various graphical ways molecular structures are presented. Principles of
acid—base chemistry—emphasized in a quantitative way in introductory chemistry courses—are revisited qualitatively as a tool for introducing the effect
of structure on properties. This structure/property relationship is what makes organic chemistry important. The same atom (carbon) is common to many
structural types, countless compounds with different properties, and much variation in the degree to which a particular property is expressed. What is
equally remarkable is the degree to which a relatively small group of principles suffice to connect the structure of a substance to its properties.

1.1 Atoms, Electrons, and Orbitals

Before discussing structure and bonding in molecules, let’s first review some fundamentals of atomic structure. Each element is characterized by a
unique atomic number Z,* which is equal to the number of protons in its nucleus. A neutral atom has equal numbers of protons, which are positively
charged, and electrons, which are negatively charged.

Electrons were believed to be particles from the time of their discovery in 1897 until 1924, when the French physicist Louis de Broglie suggested
that they have wavelike properties as well. Two years later Erwin Schrodinger took the next step and calculated the energy of an electron in a hydrogen
atom by using equations that treated the electron as if it were a wave. Instead of a single energy, Schrodinger obtained a series of energies, each of which
corresponded to a different mathematical description of the electron wave. These mathematical descriptions are called wave functions and are
symbolized by the Greek letter y (psi).

According to the Heisenberg uncertainty principle, we can’t tell exactly where an electron is, but we can tell where it is most likely to be. The
probability of finding an electron at a particular spot relative to an atom’s nucleus is given by the square of the wave function (\|12) at that point. Figure
1.1 illustrates the probability of finding an electron at various points in the lowest energy (most stable) state of a hydrogen atom. The darker the color in
a region, the higher the probability. The probability of finding an electron at a particular point is greatest near the nucleus and decreases with increasing
distance from the nucleus but never becomes zero.

Figure 1.1

Probability distribution (l|J2) for an electron in a 1s orbital.

Wave functions are also called orbitals. For convenience, chemists use the term “orbital” in several different ways. A drawing such as Figure 1.1 is
often said to represent an orbital. We will see other kinds of drawings in this chapter, and use the word “orbital” to describe them too.

Orbitals are described by specifying their size, shape, and directional properties. Spherically symmetrical ones such as shown in Figure 1.1 are called
s orbitals. The letter s is preceded by the principal quantum number n (n = 1, 2, 3, etc.), which specifies the shell and is related to the energy of the



orbital. An electron in a 1s orbital is likely to be found closer to the nucleus, is lower in energy, and is more strongly held than an electron in a 2s orbital.

Instead of probability distributions, it is more common to represent orbitals by their boundary surfaces, as shown in Figure 1.2 for the 1s and 2s
orbitals. The region enclosed by a boundary surface is arbitrary but is customarily the volume where the probability of finding an electron is high—on
the order of 90-95%. Like the probability distribution plot from which it is derived, a picture of a boundary surface is usually described as a drawing of
an orbital.

Page 4

Figure 1.2
Boundary surfaces of a 1s orbital and a 2s orbital.

A hydrogen atom (Z = 1) has one electron; a helium atom (Z = 2) has two. The single electron of hydrogen occupies a 1s orbital, as do the two
electrons of helium. We write their electron configurations as

Hydrogen: Is' Helium: 15

In addition to being negatively charged, electrons possess the property of spin. The spin quantum number of an electron can have a value of either
+% or -JT. According to the Pauli exclusion principle, two electrons may occupy the same orbital only when they have opposite, or “paired,” spins. For
this reason, no orbital can contain more than two electrons. Because two electrons fill the 1s orbital, the third electron in lithium (Z = 3) must occupy an
orbital of higher energy. After ls, the next higher energy orbital is 2s. The third electron in lithium therefore occupies the 2s orbital, and the electron

configuration of lithium is
Lithium: 1s%2s!
A complete periodic table of the elements is presented at the back of the book.

The period (or row) of the periodic table in which an element appears corresponds to the principal quantum number of the highest numbered occupied
orbital (n = 1 in the case of hydrogen and helium). Hydrogen and helium are first-row elements; lithium (n = 2) is a second-row element.

With beryllium (Z = 4), the 2s level becomes filled and, beginning with boron (Z = 5), the next orbitals to be occupied are 2p,, 2p,, and 2p,. These

three orbitals (Figure 1.3) are of equal energy and are characterized by boundary surfaces that are usually described as “dumbbell-shaped.” The axes of
the three 2p orbitals are at right angles to one another. Each orbital consists of two “lobes,” represented in Figure 1.3 by regions of different colors.
Regions of a single orbital, in this case, each 2p orbital, may be separated by nodal surfaces where the wave function changes sign and the probability
of finding an electron is zero.

Other methods are also used to contrast the regions of an orbital where the signs of the wave function are different. Some
mark one lobe of a p orbital + and the other —. Others shade one lobe and leave the other blank. When this level of detail
isn’t necessary, no differentiation is made between the two lobes.

2p,

Figure 1.3



Boundary surfaces of the 2p orbitals. The wave function changes sign at the nucleus. The two halves of each orbital are indicated by different
colors. The yz-plane is a nodal surface for the 2py orbital. The probability of finding a 2py electron in the yz-plane is zero. Analogously, the xz-
plane is a nodal surface for the 2p,, orbital, and the xy-plane is a nodal surface for the 2p, orbital.

Pade 5
Organic Chemistry: The Early Days -1

ighteenth-century chemists regarded their science as being composed of two branches. One dealt with substances

obtained from natural or living sources and was called organic chemistry; the other dealt with materials from nonliving

matter—minerals and the like—and was called inorganic chemistry. Over time, combustion analysis established that the
compounds derived from natural sources contained carbon, and a new definition of organic chemistry emerged: Organic
chemistry is the study of carbon compounds. This is the definition we still use today.

As the eighteenth century gave way to the nineteenth, many scientists still subscribed to a doctrine known as vitalism,
which held that living systems possessed a “vital force” that was absent in nonliving systems. Substances derived from natural
sources (organic) were thought to be fundamentally different from inorganic ones. It was believed that inorganic compounds
could be synthesized in the laboratory, but organic compounds could not—at least not from inorganic materials.

In 1823, Friedrich Wéhler, after completing medical studies in Germany, spent a year in Stockholm studying under one of
the world’s foremost chemists of the time, Jéns Jacob Berzelius. Wéhler subsequently went on to have a distinguished
independent career, spending most of it at the University of Géttingen. He is best remembered for a brief paper he published in
1828 in which he noted that, on evaporating an aqueous solution of ammonium cyanate, he obtained “colorless, clear crystals
often more than an inch long,” which were not ammonium cyanate but were instead urea.

NH4OCN O=C(NH3),»
Ammonium cyanate Urea
(inorganic) (organic)

This transformation was remarkable at the time because an inorganic salt, ammonium cyanate, was converted to urea, a
known organic substance earlier isolated from urine. It is now recognized as a significant early step toward overturning the
philosophy of vitalism. Although Wéhler himself made no extravagant claims concerning the relationship of his discovery to
vitalist theory, the die was cast, and over the next generation organic chemistry outgrew vitalism. What particularly seemed to
excite Wéhler and Berzelius had very little to do with vitalism. Berzelius was interested in cases in which two clearly different
materials had the same elemental composition, and he invented the word isomers to apply to them. Wéhler’s observation that
an inorganic compound (ammonium cyanate) of molecular formula CH4N,O could be transformed into an organic compound

(urea) of the same molecular formula had an important bearing on the concept of isomerism.

From the concept of isomerism we can trace the origins of the structural theory—the idea that a specific arrangement of
atoms uniquely defines a substance. Ammonium cyanate and urea are different compounds because they have different
structures.

Three mid-nineteenth-century scientists, August Kekulé, Archibald S. Couper, and Alexander M. Butlerov, stand out for
separately proposing the elements of the structural theory. The essential features of Kekulé’s theory, developed and presented
while he taught at Heidelberg in 1858, were that carbon normally formed four bonds and had the capacity to bond to other
carbons so as to form long chains. Isomers were possible because the same elemental composition (say, the CH4N,O
molecular formula common to both ammonium cyanate and urea) accommodates more than one pattern of atoms and bonds.
Shortly thereafter, Couper, a Scot working at the Ecole de Médecine in Paris, and Butlerov, a Russian chemist at the University
of Kazan, proposed similar theories.

In the late nineteenth and early twentieth centuries, major discoveries about atoms and electrons placed theories of

molecular structure and bonding on a more secure, physics-based foundation. Several of these are described at the beginning
of this section.
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The electron configurations of the first 12 elements, hydrogen through magnesium, are given in Table 1.1. In filling the 2p orbitals, notice that each
is singly occupied before any one is doubly occupied. This general principle for orbitals of equal energy is known as Hund’s rule. Of particular
importance in Table 1.1 are hydrogen, carbon, nitrogen, and oxygen. Countless organic compounds contain nitrogen, oxygen, or both in addition to
carbon, the essential element of organic chemistry. Most of them also contain hydrogen.

TABLE 1.1 Electron Configurations of the First Twelve Elements
of the Periodic Table

Number of electrons in indicated orbital

Atomic
Element number Z 1s 2s 2p, 2p, 2p, 3s
Hydrogen 1 1
Helium 2 2
Lithium 3 2 1
Beryllium 4 2 2
Boron 5 2 2 1
Carbon 6 2 2 1 1
Nitrogen 7 2 2 1 1 1
Oxygen 8 2 Y. 2 1 1
Fluorine 9 2 2 2 2 1
Neon 10 2 2 2 2 2
Sodium 11 2 2 2 2 2 1
Magnesium 12 2 2 2 2 2 2

It is often convenient to speak of the valence electrons of an atom. These are the outermost electrons, the ones most likely to be involved in
chemical bonding and reactions. For second-row elements these are the 25 and 2p electrons. Because four orbitals (2s, 2p, 2p,, 2p;) are involved, the
maximum number of electrons in the valence shell of any second-row element is 8. Neon, with all its 2s and 2p orbitals doubly occupied, =————
has eight valence electrons and completes the second row of the periodic table. For main-group elements, the number of valence electrons Page 6
is equal to its group number in the periodic table. -

Detailed solutions to all of the problems are found in the Student Solutions Manual along with a brief discussion and advice
on how to do problems of the same type.



How many electrons does carbon have? How many are valence electrons? What third-row element has the same number of
valence electrons as carbon?

Once the 2s and 2p orbitals are filled, the next level is the 3s, followed by the 3p,, 3p,, and 3p, orbitals. Electrons in these orbitals are farther from
the nucleus than those in the 25 and 2p orbitals and are of higher energy.

In-chapter problems that contain multiple parts are accompanied by a sample solution to part (a).

Referring to the periodic table as needed, write electron configurations for all the elements in the third period.

Sample Solution The third period begins with sodium and ends with argon. The atomic number Z of sodium is 11, and so a sodium
atom has 11 electrons. The maximum number of electrons in the 1s, 2s, and 2p orbitals is ten, and so the eleventh electron of

sodium occupies a 3s orbital. The electron configuration of sodium is 1s22s22p,22p,?2p,3s'.

Neon, in the second period, and argon, in the third, have eight electrons in their valence shell; they are said to have a complete octet of electrons.
Helium, neon, and argon belong to the class of elements known as noble gases or rare gases. The noble gases are characterized by an extremely stable
“closed-shell” electron configuration and are very unreactive.

Structure determines properties and the properties of atoms depend on atomic structure. All of an element’s protons are in its nucleus, but
the element’s electrons are distributed among orbitals of various energy and distance from the nucleus. More than anything else, we look at its Page 7
electron configuration when we wish to understand how an element behaves. The next section illustrates this with a brief review of ionic ~—
bonding.

1.2 lonic Bonds

Atoms combine with one another to give compounds having properties different from the atoms they contain. The attractive force between atoms in a
compound is a chemical bond. One type of chemical bond, called an ionic bond, is the force of attraction between oppositely charged species (ions)
(Figure 1.4). Positively charged ions are referred to as cations; negatively charged ions are anions.

Figure 1.4

An ionic bond is the force of attraction between oppositely charged ions. Each Na* ion in the crystal lattice of solid NaCl is involved in ionic
bonding to each of six surrounding CI~ ions and vice versa. The smaller spheres are Na* and the larger spheres are CI".

Whether an element is the source of the cation or anion in an ionic bond depends on several factors, for which the periodic table can serve as a guide.
In forming ionic compounds, elements at the left of the periodic table typically lose electrons, giving a cation that has the same electron configuration as

the preceding noble gas. Loss of an electron from sodium, for example, yields Na*, which has the same electron configuration as neon.

Na(g) —  Na'(g) + e

Sodium atom Sodium ion Electron
.67 a6

1522673553 1572s72p
[The symbol (g) indicates that the species is present in the pas phase.]



Species that have the same number of electrons are described as isoelectronic. What +2 ion is isoelectronic with Na*? What -2
ion?

The SI (Systeme International d’Unités) unit of energy is the joule (J). An older unit is the calorie (cal). Many chemists still
express energy changes in units of kilocalories per mole (1 kcal/mol = 4.184 kJ/mol).

A large amount of energy, called the ionization energy, must be transferred to any atom to dislodge an electron. The ionization energy of sodium,
for example, is 496 kJ/mol (119 kcal/mol). Processes that absorb energy are said to be endothermic. Compared with other elements, sodium and its
relatives in group 1A have relatively low ionization energies. In general, ionization energy increases across a row in the periodic table.

Elements at the right of the periodic table tend to gain electrons to reach the electron configuration of the next higher noble gas. Adding an electron
to chlorine, for example, gives the anion C1~, which has the same closed-shell electron configuration as the noble gas argon.

Cl(g) + e — Cl(g)

Chlorine atom Electron Chloride ion

s TC TR T s e 2y 2 6 27 6
15°25"2p"35 3p 15725 2p"35"3p

Which of the following ions possess a noble gas electron configuration?

(a) K*

(e) F~
(f) Ca?*

Sample Solution (a) Potassium has atomic number 19, and so a potassium atom has 19 electrons. The ion K*, therefore, has 18
electrons, the same as the noble gas argon. The electron configurations of both K* and Ar are 1s22522p%3523pS.

Energy is released when a chlorine atom captures an electron. Energy-releasing reactions are described as exothermic, and the energy
change for an exothermic process has a negative sign. The energy change for addition of an electron to an atom is referred to as its electron Page 8
affinity and is —349 kJ/mol (—83.4 kcal/mol) for chlorine.

We can use the ionization energy of sodium and the electron affinity of chlorine to calculate the energy change for the reaction:

Na(g) + Clg) —— Na(g + Cl{(g)

Sodium atom Chlorine atom Sodium ion  Chloride ion

Were we to simply add the ionization energy of 496 kJ/mol (119 kcal/mol) for sodium and the electron affinity of —349 kJ/mol (—83.4 kcal/mol) for
chlorine, we would conclude that the overall process is endothermic by +147 kJ/mol (+35 kcal/mol). The energy liberated by adding an electron to
chlorine is insufficient to override the energy required to remove an electron from sodium. This analysis, however, fails to consider the force of

attraction between the oppositely charged ions Nat and CI7, as expressed in terms of the energy released in the formation of solid NaCl from the
separated gas-phase ions:

Na'(g) + Cl(g) — NaCl(s)

Sodium ion Chloride ion Sodium chloride

This lattice energy is 787 kJ/mol (188 kcal/mol) and is more than sufficient to make the overall process for formation of sodium chloride from the
elements exothermic. Forces between charged particles are called electrostatic, or Coulombic, and constitute an ionic bond when they are attractive.




lonic bonding was proposed by the German physicist Walther Kossel in 1916 in order to explain the ability of substances
such as molten sodium chloride to conduct an electric current. He was the son of Albrecht Kossel, winner of the 1910

Nobel Prize in Physiology or Medicine for early studies of nucleic acids.

What is the electron configuration of C*? Of C™? Does either one of these ions have a noble gas (closed-shell) electron
configuration?

ITonic bonds are very common in inorganic compounds, but rare in organic ones. The ionization energy of carbon is too large and the electron affinity

too small for carbon to realistically form a C** or C* ion. What kinds of bonds, then, link carbon to other elements in millions of organic compounds?
Instead of losing or gaining electrons, carbon shares electrons with other elements (including other carbon atoms) to give what are called covalent

bonds.

1.3 Covalent Bonds, Lewis Formulas, and the Octet Rule

Gilbert Newton Lewis has been called the greatest American chemist.

The covalent, or shared electron pair, model of chemical bonding was first suggested by G. N. Lewis of the University of California in 1916. Lewis
proposed that a sharing of two electrons by two hydrogen atoms permits each one to have a stable closed-shell electron configuration analogous to that

of helium.

H- -H H:H

Two hydrogen atoms, Hydrogen molecule:
each with a single covalent bonding by way of
electron a shared electron pair

The amount of energy required to dissociate a hydrogen molecule H, to two separate hydrogen atoms is its bond dissociation enthalpy. For Hj, it is
quite large, amounting to +435 kJ/mol (+104 kcal/mol). The main contributor to the strength of the covalent bond in H, is the increased Coulombic
force exerted on its two electrons. Each electron in H, “feels” the attractive force of two nuclei, rather than one as it would in an isolated hydrogen atom.

Only the electrons in an atom’s valence shell are involved in covalent bonding. Fluorine, for example, has nine electrons, but only seven are
in its valence shell. Pairing a valence electron of one fluorine atom with one of a second fluorine gives a fluorine molecule (F,) in which each Page 9

fluorine has eight valence electrons and an electron configuration equivalent to that of the noble gas neon. Shared electrons count toward
satisfying the octet of both atoms.

F E: Bl
Two fluorine atoms, each Fluorine molecule:
with seven electrons in covalent bonding by way of
its valence shell a shared electron pair

The six valence electrons of each fluorine that are not involved in bonding comprise three unshared pairs.

Unshared pairs are also called lone pairs.

Structural formulas such as those just shown for H, and F, where electrons are represented as dots are called Lewis formulas, or Lewis structures.
It is usually more convenient to represent shared electron-pair bonds as lines and to sometimes omit electron pairs.

The Lewis model limits second-row elements (Li, Be, B, C, N, O, F, Ne) to a total of eight electrons (shared plus unshared) in their valence shells.
Hydrogen is limited to two. Most of the elements that we’ll encounter in this text obey the octet rule: In forming compounds they gain, lose, or share
electrons to achieve a stable electron configuration characterized by eight valence electrons. When the octet rule is satisfied for carbon, nitrogen,
oxygen, and fluorine, each has an electron configuration analogous to that of the noble gas neon. The Lewis formulas of methane (CH,4), ammonia

(NH3), water (H,0), and hydrogen fluoride (HF) given in Table 1.2 illustrate the octet rule.



TABLE 1.2 Lewis Formulas of Methane, Ammonia, Water, )
and Hydrogen Fluoride

Atom and sufficient Lewis formula
Number of number of
valence electrons hydrogen atoms to
Compound Atom in atom complete octet Dot Line
A H i
Methane Carbon 4 H-CH H:C:H | H—C—H
¥ H H
Ammonia Nitrogen 5 H- ’\J ‘H H: ‘\JH H—ﬁJ—H
H > H
Water Oxygen 6 H- O ‘H H:QZH H—Q—H
Hydrogen 2 o o
fluoride Fluorine 7 H=Fx H:F: H—F:

With four valence electrons, carbon normally forms four covalent bonds as shown in Table 1.2 for CHy. In addition to C—H bonds, most organic
compounds contain covalent C—C bonds. Ethane (C,Hg) is an example.

H H

H H
Combine two , , to write a HH | ]
carbons and H- -C- :«C-‘H Lewisstructure H:C:C:H or H—C—C—H
six hydrogens B for ethane HH | |
- : H H
H H

Page 10

Write Lewis formulas, including unshared pairs, for each of the following. Carbon has four bonds in each compound.
(a) Propane (C3Hg)
(b) Methanol (CH40)
(c) Methyl fluoride (CH3F)
(d) Ethyl fluoride (CoH5F)

Sample Solution (a) The Lewis formula of propane is analogous to that of ethane but the chain has three carbons instead of two.

H H H
: H HH Flt F|4 F|4
H C £ C- +H H C:Q;é:H or H_CI:_(I:_(l:_H
; ; ; HHH
H H H H H H
Combine three carbons to write a Lewis formula for propane

and eight hydrogens

The ten covalent bonds in the Lewis formula shown account for 20 valence electrons, which is the same as that calculated from the
molecular formula (C3Hg). The eight hydrogens of C3Hg contribute 1 electron each and the three carbons 4 each, for a total of 20 (8
from the hydrogens and 12 from the carbons). Therefore, all the valence electrons are in covalent bonds; propane has no unshared
pairs.

Lewis’s concept of shared electron-pair bonds allows for four-electron double bonds and six-electron triple bonds. Ethylene (C,H,4) has 12 valence
electrons, which can be distributed as follows:



H H

: HH
Cmm]:une two carbons C- i O
and four hydrogens ' HH

H H

The structural formula produced has a single bond between the carbons and seven electrons around each. By pairing the unshared electron of one carbon
with its counterpart of the other carbon, a double bond results and the octet rule is satisfied for both carbons.

- iy NN
—C:C-— to give Cc=C or /C= \
/ HH \ H H & 5

| ]
‘Share these two electrons’
between both carbons

Likewise, the ten valence electrons of acetylene (C,H,) can be arranged in a structural formula that satisfies the octet rule when six of them are
shared in a triple bond between the carbons.

H:C::C:H or H—C=C—H
Carbon dioxide (CO,) has two carbon—oxygen double bonds, thus satisfying the octet rule for both carbon and oxygen.

.-Q;:C'.;Q; or O=C=O

All of the hydrogens are bonded to carbon in both of the following. Write a Lewis formula that satisfies the octet rule for each.
(a) Formaldehyde (CH,0)
(b) Hydrogen cyanide (HCN)

Sample Solution (a) Formaldehyde has 12 valence electrons: 4 from carbon, 2 from two hydrogens, and 6 from oxygen. Page 11
Connect carbon to oxygen and both hydrogens by covalent bonds. _—

H

_ H
Combine -C- ‘O togive -C:O-

: H

H

Pair the unpaired electron on carbon with the unpaired electron on oxygen to give a carbon—oxygen double bond. The resulting
structural formula satisfies the octet rule.

i H e el H H -
BRIt DS to give C::0 or >=O
H : i .

Share these two electrons
between carbon and oxygen

1.4 Polar Covalent Bonds, Electronegativity, and Bond Dipoles

Electrons in covalent bonds are not necessarily shared equally by the two atoms that they connect. If one atom has a greater tendency to attract electrons
toward itself than the other, the electron distribution is polarized, and the bond is described as polar covalent. The tendency of an atom to attract the

electrons in a covalent bond toward itself defines its electronegativity. An electronegative element attracts electrons; an electropositive one donates
them.



Hydrogen fluoride, for example, has a polar covalent bond. Fluorine is more electronegative than hydrogen and pulls the electrons in the H-F bond
toward itself, giving fluorine a partial negative charge and hydrogen a partial positive charge. Two ways of representing the polarization in HF are

- ] o
“*H—F" H—F
(The symbaols 6+ and 6— (The symbol +—— represents
indicate partial positive the direction of polarization
and partial negative of electrons in the H—F bond)

charge, respectively)

A third way of illustrating the electron polarization in HF is graphically, by way of an electrostatic potential map, which uses the colors of the
rainbow to show the charge distribution. Blue through red tracks regions of greater positive charge to greater negative charge. (For more details, see the
boxed essay Electrostatic Potential Maps in this section.)

- R 2

Positively charged Negatively charged
region of molecule region of molecule

Contrast the electrostatic potential map of HF with those of H, and F,.

foo

H—H S+ H—F 8- FF

The covalent bond in H, joins two hydrogen atoms. Because the bonded atoms are identical, so are their electronegativities. There is no
polarization of the electron distribution, the H-H bond is nonpolar, and a neutral yellow-green color dominates the electrostatic potential map.
Likewise, the F-F bond in F, is nonpolar and its electrostatic potential map resembles that of H,. The covalent bond in HF, on the other hand,
unites two atoms of different electronegativity, and the electron distribution is very polarized. Blue is the dominant color near the positively polarized
hydrogen, and red the dominant color near the negatively polarized fluorine.

Page 12

Linus Pauling (1901-1994) was born in Portland, Oregon, and was educated at Oregon State University and at the
California Institute of Technology, where he earned a Ph.D. in chemistry in 1925. In addition to research in bonding theory,
Pauling studied the structure of proteins and was awarded the Nobel Prize in Chemistry for that work in 1954. Pauling won
a second Nobel Prize (the Peace Prize) in 1962 for his efforts to limit the testing of nuclear weapons. He was one of only
four scientists to have won two Nobel Prizes. The first double winner was a woman. Can you name her?

The most commonly used electronegativity scale was devised by Linus Pauling. Table 1.3 keys Pauling’s electronegativity values to the periodic
table.



TABLE 1.3 Selected Values from the Pauling Electronegativity Scale

Group number

Period 1A 2A 3A 48 BA 6A 7A

H

1 21
Li Be B = N (o] F

2 1.0 15 20 25 3.0 35 40
MNa Mg Al Si P S Cl

3 0.9 1.2 1.5 1.8 2.1 25 3.0
K Ca Br

4 0.8 1.0 28

|
5 25

Electronegativity increases from left to right across a row in the periodic table. Of the second-row elements, the most electronegative is fluorine, the
least electronegative is lithium. Electronegativity decreases going down a column. Of the halogens, fluorine is the most electronegative, then chlorine,
then bromine, then iodine. Indeed, fluorine is the most electronegative of all the elements; oxygen is second.

In general, the greater the electronegativity difference between two elements, the more polar the bond between them.

In which of the compounds CHy4, NH3, H>O, SiHy, or H,S is 6+ for hydrogen the greatest? In which one does hydrogen bear a
partial negative charge?

Table 1.4 compares the polarity of various bond types according to their bond dipole moments. A dipole exists whenever opposite charges are
separated from each other, and a dipole moment p is the product of the amount of the charge e multiplied by the distance d between the centers of
charge.

p=exd

The debye unit is named in honor of Peter Debye, a Dutch scientist who did important work in many areas of chemistry and
physics and was awarded the Nobel Prize in Chemistry in 1936.

TABLE 1.4 Selected Bond Dipole Moments

Bond* Dipole moment, D Bond* Dipole moment, D
H—F 7 C—F 1.4

H—CI 1.1 c—0 0.7

H—Br 0.8 C—N 04

H—I 0.4 C=0 2.4

H—C 0.3 C=N 14

H—N 3 C=N 3.6

H—O 15

*The direction of the dipole moment is toward the more electronegative atom In the listed examples, hydrogen and carbon are the positive ends of the dipoles Carbon is the
negative end of the dipole associated with the C—H bond

Because the charge on an electron is 4.80 x 10710 electrostatic units (esu) and the distances within a molecule typically fall in the 1078 cm range,
molecular dipole moments are on the order of 10718 esu-cm. To simplify the reporting of dipole moments, this value of 10718 esu-em is defined as a
debye, D. Thus the experimentally determined dipole moment of hydrogen fluoride, 1.7 x 1078 esu-cm, is stated as 1.7 D.



The bond dipoles in Table 1.4 depend on the difference in electronegativity of the bonded atoms and on the bond distance. The polarity of a C—-H
bond is relatively low; substantially less than a C—O bond, for example. Don’t lose sight of an even more important difference between a C—H bond and
a C-O bond, and that is the direction of the dipole moment. In a C—H bond the electrons are drawn away from H, toward C. In a C—O bond, electrons
are drawn from C toward O. As we’ll see in later chapters, the kinds of reactions that a substance undergoes can often be related to the size and direction
of key bond dipoles.

Electrostatic Potential Maps

Il of the material in this text, and most of chemistry generally, can be understood on the basis of what physicists call the

electromagnetic force. Its major principle is that opposite charges attract and like charges repel. A good way to connect

structure to properties such as chemical reactivity is to find the positive part of one molecule and the negative part of
another. Most of the time, these will be the reactive sites.

Imagine that you bring a positive charge toward a molecule. The interaction between that positive charge and some point in
the molecule will be attractive if the point is negatively charged, repulsive if it is positively charged, and the strength of the
interaction will depend on the magnitude of the charge. Computational methods make it possible to calculate and map these
interactions. It is convenient to display this map using the colors of the rainbow from red to blue. Red is the negative (electron-
rich) end and blue is the positive (electron-poor) end.

The electrostatic potential map of hydrogen fluoride (HF) was shown in the preceding section and is repeated here.
Compare it with the electrostatic potential map of lithium hydride (LiH).

9 @

H—F H—Li

The H-F bond is polarized so that hydrogen is partially positive (blue) and fluorine partially negative (red). Because hydrogen
is more electronegative than lithium, the H-Li bond is polarized in the opposite sense, making hydrogen partially negative (red)
and lithium partially positive (blue).

We will use electrostatic potential maps often to illustrate charge distribution in both organic and inorganic molecules.
However, we need to offer one cautionary note. Electrostatic potential mapping within a single molecule is fine, but we need to
be careful when comparing maps of different molecules. The reason for this is that the entire red-to-blue palette is used to map
the electrostatic potential regardless of whether the charge difference is large or small. This is apparent in the H-F and H-Li
electrostatic potential maps just shown. If, as shown in the following map, we use the same range for H-F that was used for
H-Li we see that H is green instead of blue and the red of F is less intense.

H—F

Thus, electrostatic potential maps can give an exaggerated picture of the charge distribution when the entire palette of
colors is used. In most cases, that won’t matter to us inasmuch as we are mostly concerned with the distribution within a single
molecule. When we want to compare trends in a series of molecules, we’ll use a common scale and will point that out. For
example, the electrostatic potentials of Ho, Fp, and HF that were compared on page 11 were mapped using the same color
scale.

\ J

Indicate the direction of the dipole for the following bonds using the symbol . » and &+, 8- notation.



H—O H—N cC—0O C=0 C—N C=N C=N

1.5 Formal Charge

Lewis formulas frequently contain atoms that bear a positive or negative charge. If the molecule as a whole is neutral, the sum of its positive charges
must equal the sum of its negative charges. An example is nitromethane CH3NO,.

H o
| 7
H—C—N
L. =5
H 0

As written, the Lewis formula for nitromethane shows one of the oxygens doubly bonded to nitrogen while the other is singly bonded. The octet rule is
satisfied for nitrogen, carbon, and both oxygens. Carbon, the three hydrogens, and the doubly bonded oxygen are uncharged, but nitrogen bears a charge
of +1 and the singly bonded oxygen a charge of —1. These charges are called formal charges and are required for the Lewis formula of nitromethane to
be complete.

Formal charges correspond to the difference between the number of valence electrons in the neutral free atom and the number of valence electrons
in its bonded state. The number of electrons in the neutral free atom is the same as the atom’s group number in the periodic table. To determine the
electron count of an atom in a Lewis formula, we add the total number of electrons in unshared pairs to one-half the number of electrons in bonded pairs.
It’s important to note that counting electrons for the purpose of assigning formal charge differs from counting electrons to see if the octet rule is
satisfied. A second-row element has a complete octet if the sum of all the electrons around it, shared and unshared, is eight. When counting the electrons
to assign formal charge, half the number of electrons in covalent bonds are assigned to each atom.

It will always be true that a covalently bonded hydrogen has no formal charge (formal charge = 0).

Figure 1.5 applies this procedure to the calculation of formal charges in nitromethane. Starting with the three hydrogens, we see that each is
associated with two electrons, giving each an electron count of %(2) = 1. Because a neutral hydrogen atom has one electron, the hydrogens =————
of nitromethane have no formal charge. Similarly for carbon, the electron count is %(8) = 4, which is the number of electrons on a neutral Page 15

carbon atom, so carbon has no formal charge in nitromethane.

_—Electron count (0) = idH+4=6
s
Electron count (H) = £(2) = ]"'r__‘H—C—;\'/- ——— Electron count (N) = 3(8) = 4
. B
"
Electron count (C)= l_(S) =4 “————Electron count (0) = '3(2] +6=7

Figure 1.5

Counting electrons in nitric acid. The electron count of each atom is equal to half the number of electrons it shares in covalent bonds plus the
number of electrons in its own unshared pairs.

It will always be true that a nitrogen with four covalent bonds has a formal charge of +1. (A nitrogen with four covalent
bonds cannot have unshared pairs, according to the octet rule.)

Moving to nitrogen, we see that it has four covalent bonds, so its electron count is J7(8) = 4, which is one less than the number of valence electrons of

a nitrogen atom; therefore, its formal charge is +1. The doubly bonded oxygen has an electron count of six (four electrons from the two unshared pairs +
two from the double bond). An electron count of six is the same as that of a neutral oxygen’s valence electrons; therefore, the doubly bonded oxygen has
no formal charge. The singly bonded oxygen, however, has an electron count of seven: six for the three nonbonded pairs plus one for the single bond to
nitrogen. This total is one more than the number of valence electrons of a neutral oxygen, so the formal charge is —1.

It will always be true that an oxygen with two covalent bonds and two unshared pairs has no formal charge.

It will always be true that an oxygen with one covalent bond and three unshared pairs has a formal charge of —1.



Why is the formula shown for nitromethane incorrect?

H s
L/P
H—C—
| Ay
H @]

The following inorganic species will be encountered in this text. Calculate the formal charge on each of the atoms in the Lewis
formulas given.

!(.Ijl
—_ £ ,-'é\_" H-..." Ihh'lk.
arihan 0”0 6" o:
(a) Thionyl chloride (b) Ozone (c) Nitrous acid

Sample Solution (a) The formal charge is the difference between the number of valence electrons in the neutral atom and the

electron count in the Lewis formula. (The number of valence electrons is the same as the group number in the periodic table for the
main-group elements.)

Valence electrons of neutral atom  Electron count Formal charge
Sulfur: 6 16)+2=5 +1
Oxygen: 6 ) +6=7 -1
Chlorine: 7 12)+6=7 0
.-c'lj:‘
. §t .
The formal charges are shown in the Lewis formula of thionyl chloride as 0 o

The method described for calculating formal charge has been one of reasoning through a series of logical steps. It can be reduced to the following
equation:

Formal charge = Group number in periodic table — Electron count

where

Electron count = (Number of shared electrons) + Number of unshared electrons

So far we’ve only considered neutral molecules—those in which the sums of the positive and negative formal charges were equal. With
ions, these sums will not be equal. Ammonium cation and borohydride anion, for example, are ions with net charges of +1 and —1, Page 16

respectively. Nitrogen has a formal charge of +1 in ammonium ion, and boron has a formal charge of —1 in borohydride. None of the
hydrogens in the Lewis formulas shown for these ions bears a formal charge.

i |
H— T —H H—l|3_—H
H H
Ammonium ion Borohydride ion

Formal charges are based on Lewis formulas in which electrons are considered to be shared equally between covalently bonded atoms. Actually,

polarization of N-H bonds in ammonium ion and of B—H bonds in borohydride leads to some transfer of positive and negative charge, respectively, to
the hydrogens.



Calculate the formal charge on each nitrogen in the following Lewis formula (azide ion) and the net charge on the species.

:N=N=N:

Determining formal charges on individual atoms in Lewis formulas is an important element in good “electron bookkeeping.” So much of organic
chemistry can be made more understandable by keeping track of electrons that it is worth taking some time at the beginning to become proficient at the
seemingly simple task of counting them.

1.6 Structural Formulas of Organic Molecules: Isomers

Most organic compounds are more complicated than the examples we’ve seen so far and require a more systematic approach to writing structural
formulas for them. The approach outlined in Table 1.5 begins (step 1) with the molecular formula that tells us which atoms and how many of each are
present in the compound. From the molecular formula we calculate the number of valence electrons (step 2).

TABLE 1.5 A Systematic Approach to Writing Lewis Formulas w

Step

1. The molecular formula is determined experimentally.

2. Based on the molecular formula, count the number of
valence electrons.

3. Given the connectivity, connect bonded atoms by a shared
electron-pair bond () represented by a dash (—).

4. Count the number of electrons in the bonds (twice the
number of bonds), and subtract this from the total number
of valence electrons to give the number of electrons that
remain to be added.

5. Add electrons in pairs so that as many atoms as possible
have eight electrons. It is usually best to begin with the
most electronegative atom. (Hydrogen is limited to two
electrons.)

Under no circumstances can a second-row element such as
C, N, or O have more than eight valence electrons.

6. If one or more atoms (excluding hydrogens) have fewer than
eight electrons, use an unshared pair from an adjacent atom to
form a double or triple bond to complete the octet. Use one
double bond for each deficiency of two electrons to complete
the octet for each atom.

7. Calculate formal charges.

lllustration

Ethanol and dimethyl ether both have the molecular formula
C,H:0.

In C;H:O, each hydrogen contributes 1 valence electron,
each carbon contributes 4, and oxygen contributes 6 for
a total of 20.

Oxygen and the two carbons are connected in the order CCQ in
ethanol and COC in dimethyl ether. The connectivity and the fact
that carbon normally has four bonds in neutral molecules allow
us to place the hydrogens of ethanol and dimethyl ether.

H H H H
H—(';:—(::—O—H H—C::—O—C:I—H
H H H H

Ethanol Dimethyl ether

The structural formulas in step 3 contain eight bonds, accounting
for 16 electrons. Because C,H:O contains 20 valence electrons,
4 more are needed.

Both carbons already have complete octets in the structures
illustrated in step 3. The remaining four electrons are added to
each oxygen as two unshared pairs to complete its octet. The
Lewis structures are:

i T
iyt 0s o
H H H H
Ethanol Dimethyl ether

All the carbon and oxygen atoms in the structural formulas of
ethanol and dimethyl ether have complete octets. No double
bonds are needed.

None of the atoms in the Lewis formulas shown in step 5 bears a
formal charge.

In step 3 we set out a partial structure that shows the order in which the atoms are connected. This is called the connectivity of the molecule and is
almost always determined by experiment. Most of the time carbon has four bonds, nitrogen has three, and oxygen two. It frequently happens in organic



chemistry that two or more different compounds have the same molecular formula, but different connectivities. Ethanol and dimethyl ether—the
examples shown in the table—are different compounds with different properties, yet have the same molecular formula (C;HgO). Ethanol is a liquid with

a boiling point of 78°C. Dimethyl ether is a gas at room temperature; its boiling point is —24°C.

Different compounds that have the same molecular formula are classified as isomers Isomers can be either constitutional isomers (differ in
connectivity) or stereoisomers (differ in arrangement of atoms in space). Constitutional isomers are also sometimes called structural isomers. Ethanol
and dimethy] ether are constitutional isomers of each other. Stereoisomers will be introduced in Section 3.11.

The framework of covalent bonds revealed by the connectivity information accounts for 16 of the 20 valence electrons in C,HgO (step 4). The
remaining four valence electrons are assigned to each oxygen as two unshared pairs in step 5 to complete the Lewis formulas of ethanol and dimethyl
ether.

The suffix -mer in the word “isomer” is derived from the Greek word meros, meaning “part,” “share,” or “portion.” The prefix
iso- is also from Greek (isos, meaning “the same”). Thus isomers are different molecules that have the same parts
(elemental composition).
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Write structural formulas for all the constitutional isomers that have the given molecular formula.
(a) CoH7/N
(b) C3H,CI
(c) C3HgO

Sample Solution (a) The molecular formula CoH7N requires 20 valence electrons. Two carbons contribute a total of eight, nitrogen

contributes five, and seven hydrogens contribute a total of seven. Nitrogen and two carbons can be connected in the order CCN or
CNC. Assuming four bonds to each carbon and three to nitrogen, we write these connectivities as

| 11 | |
——?—T—N—— and ——?—N—T——

Place a hydrogen on each of the seven available bonds of each framework.

v o
H-C—C—N—H and  H—C—N—C—H
H H H H H

The nine bonds in each structural formula account for 18 electrons. Add an unshared pair to each nitrogen to complete its octet and
give a total of 20 valence electrons as required by the molecular formula.

H H
11
c—N
H

H_

I—0—I

i
—H and H—CI:—
H

I—%:
I—0—I
|
A

These two are constitutional isomers.

Now let’s consider a slightly more complex molecule, methyl nitrite, in which we have to include multiple bonds when writing the Lewis
structure (step 6). Methyl nitrite has the molecular formula CH3NO, and is a constitutional isomer of nitromethane (Section 1.5). All the Page 18

hydrogens are attached to the carbon, and the order of atom connections is CONO. First count the number of valence electrons.

i
H—(IT—O— N—O

H
Each hydrogen contributes 1 valence electron, carbon 4, nitrogen 5, and each oxygen 6, for a total of 24. The partial structure shown contains 6

bonds equivalent to 12 electrons, so another 12 electrons must be added. Add these 12 electrons in pairs to oxygen and nitrogen. Both oxygens will end
up with eight electrons, but nitrogen, because it is less electronegative, will have only six.



i
H—?—Q—K—Q:
H
All atoms have complete octets except nitrogen, which has a deficiency of two electrons. Use an electron pair from the terminal oxygen to form a

double bond to nitrogen to complete its octet. The resulting structure is the best (most stable) for methyl nitrite. All atoms (except hydrogen) have eight
electrons in their valence shell.

i
H—g—ﬁ—ﬁzbz
H
You may wonder why the electron pair from the terminal oxygen and not the oxygen in the middle was used to form the double bond to nitrogen in
the Lewis structure. The structure that would result from using the electron pair on the middle oxygen has a separation of a positive and a negative

charge. Although the resulting Lewis structure satisfies the octet rule, its charge separation makes it less stable than the other. When two or more Lewis
structures satisfy the octet rule, we need to know how to choose the one that best represents the true structure. The following section describes a

procedure for doing this.
i
Hg ===
H
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Nitrosomethane and formaldoxime both have the molecular formula CH3NO and the connectivity CNO. All of the hydrogens

are bonded to carbon in nitrosomethane. In formaldoxime, two of the hydrogens are bonded to carbon and one to oxygen. Write
Lewis formulas for (a) nitrosomethane and (b) formaldoxime that satisfy the octet rule and are free of charge separation.

Sample Solution
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As illustrated for diethyl ether, chemists often find condensed formulas and line formulas in which carbon chains are represented as a zigzag
collection of bonds to be more convenient than Lewis formulas.

CH;CH,0OCH,CH; or (CH;CH,),0: ~_ O~
Condensed formulas Bond-line formula
In a condensed formula, we omit the bonds altogether. Atoms and their attached hydrogens are grouped and written in sequence; subscripts indicate the

number of identical groups attached to a particular atom. Bond-line formulas are formulas in which labels for individual carbons are omitted and
hydrogens attached to carbon are shown only when necessary for clarity. Heteroatoms—atoms other than carbon or hydrogen—are shown

explicitly as are hydrogens attached to them. Unshared electron pairs are shown when necessary, but are often omitted. Page 20
CHyCH,CH,CH,0H gl Aol
H HH NH, NH;
N/ N/
Hjc"c"‘cfc“‘*(:/DH simplifies to S
P
HyC H (Ijl) 0

The structural language of organic chemistry has been developed so that complex molecules can be described in a clear, yet economical way. A
molecule as complex as cholesterol can be drawn rapidly in a bond-line formula, while drawing even a condensed formula would require a prohibitive
amount of time.



Cholesterol

HO

Expand the bond-line formulas of the amino acid cysteine and the neurotransmitter serotonin to show all the unshared electron
pairs. Molecular formulas of organic compounds are customarily presented in the fashion C;H,X.Y4. Carbon and hydrogen are

cited first, followed by the other atoms in alphabetical order. What are the molecular formulas of cysteine and serotonin?

e N
HO NHz
Hs OH AN
NH2 N
H

Cysteine Serotonin

1.7 Resonance and Curved Arrows

Sometimes more than one Lewis formula can be written for a molecule, especially if the molecule contains a double or triple bond. A simple example is
ozone (O3), for which we can write

Ozone occurs naturally in large quantities in the upper atmosphere where it screens the surface of the Earth from much of
the sun’s ultraviolet rays.

o
¥ 0//’(0“‘6?

We will express bond distances in both picometers (pm) and angstroms, a unit commonly used by organic chemists.
Picometer is an Sl unit (1 pm = 10~12 m). To convert pm to angstrom units (1 A = 10710 m), divide by 100.

This Lewis formula, however, is inconsistent with the experimentally determined structure. On the basis of the Lewis formula, we would expect ozone
to have two different O—O bond lengths, one of them similar to the OO single bond distance of 147 pm (1.47 A) in hydrogen peroxide (HO-OH) and
the other similar to the 121 pm (1.21 A) double bond distance in O,. In fact, both bond distances are the same (128 pm, 1.28 A)—somewhat

shorter than a single bond, somewhat longer than a double bond. The structure of ozone requires that the central oxygen must be identically
bonded to both terminal oxygens.
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An electrostatic potential map shows the equivalence of the two terminal oxygens. Notice, too, that the central oxygen is blue (positively charged)

and both terminal oxygens are red (negatively charged).

To deal with circumstances such as the bonding in ozone, yet retain Lewis formulas as a useful tool for representing molecular structure, the notion
of resonance was developed. According to the resonance concept, when two or more Lewis formulas that differ only in the distribution of electrons can
be written for a molecule, no single Lewis formula is sufficient to describe the true electron distribution. The true structure is said to be a resonance



hybrid of the various Lewis formulas, called contributing structures, that can be written for the molecule. In the case of ozone, the two Lewis
formulas are equivalent and contribute equally to the resonance hybrid. We use a double-headed arrow to signify resonance and read it to mean that the
Lewis formulas shown contribute to, but do not separately describe, the electron distribution in the molecule.

+ 5
Bomn oy i

07 00 07 o

Resonance attempts to correct a fundamental defect in Lewis formulas. Lewis formulas show electrons as being localized; they either are shared
between two atoms in a covalent bond or are unshared electrons belonging to a single atom. In reality, electrons distribute themselves in the way that
leads to their most stable arrangement. This means that a pair of electrons can be delocalized, or shared by several nuclei. In the case of ozone,
resonance attempts to show the delocalization of four electrons (an unshared pair of one oxygen plus two of the electrons in the double bond) over the
three oxygens.

It is important to remember that the double-headed resonance arrow does not indicate a process in which contributing Lewis formulas interconvert.
Ozone, for example, has a single structure; it does not oscillate back and forth between two contributors. An average of the two Lewis formulas is
sometimes drawn using a dashed line to represent a “partial” bond. In the dashed-line notation the central oxygen is linked to the other two by bonds that
are halfway between a single bond and a double bond, and the terminal oxygens each bear one half of a unit negative charge. The structure below
represents the resonance hybrid for ozone.

Resonance is indicated by a double-headed arrow «; equilibria are described by two arrows =.

&
O

Sl

~+07 04

Dashed-line notation

The main use of curved arrows is to show electron flow in chemical reactions and will be descrbed in Section 1.11. The
technique is also known as “arrow pushing” and is attr buted to the English chemist Sir Robert Robinson.

Writing the various Lewis formulas that contribute to a resonance hybrid can be made easier by using curved arrows to keep track of delocalized
electrons. We can convert one Lewis formula of ozone to another by moving electron pairs as shown:

_|: 5
Move electron pairs O to convert one 0
-t =4 4 P S
as shown by 10 =0 Lewis formula to 0% \‘0:
curved arrows - - another - o

Curved arrows show the origin and destination of a pair of electrons. In the case of ozone, one arrow begins at an unshared pair and becomes the second

half of a double bond. The other begins at a double bond and becomes an unshared pair of the other oxygen. _—
Page 22

All of the bonds in the carbonate ion (CO32_) are between C and O. Write Lewis formulas for the major resonance contributors, and

use curved arrows to show their relationship. Apply the resonance concept to explain why all of the C—O bond distances in
carbonate are equal.

In most cases, the various resonance structures of a molecule are not equivalent and do not contribute equally to the resonance hybrid. The electron
distribution in the molecule resembles that of its major contributor more closely than any of its alternative resonance structures. Therefore, it is
important that we develop some generalizations concerning the factors that make one resonance form more important (more stable) than another. Table
1.6 outlines the structural features that alert us to situations when resonance needs to be considered and lists criteria for evaluating the relative
importance of the contributing structures.






TABLE 1.6 Introduction to the Rules of Resonance

1.

When can resonance be considered?

The connectivity must be the same in all
contributing structures; only the electron
positions may vary among the various
contributing structures. Atom movement is
not allowed.

Each contributing structure must have the same
number of electrons and the same net charge. The
formal charges of individual atoms may vary among
the various Lewis formulas.

Each contributing structure must have the same
number of unpaired electrons.

»

. Contributing structures in which the octet rule is

exceeded for second-row elements make no
contribution. (The octet rule may be exceeded for
elements beyond the second row.)

. Which resonance form contributes more?

. As long as the octet rule is not exceeded for

second-row elements, the contributing structure
with the greater number of covalent bonds
contributes more to the resonance hybrid.
Maximizing the number of bonds and satisfying
the octet rule normally go hand in hand. This
rule is more important than rules 6 and 7.

. When two or more structures satisfy the octet rule,

the major contributor is the one with the smallest
separation of oppositely charged atoms.

TR

The Lewis formulas A and B are not resonance forms of the same compound.
They are isomers (different compounds with the same molecular formula).

The Lewis formulas A, C, and D are resonance forms of a single
compound.

fr f
N O INg OF

O:

\//\}‘_“H
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|
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H
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I-0O+

A C D

Structures A, C, and D (preceding example) all have 18 valence electrons
and a net charge of 0, even though they differ in respect to formal charges
on individual atoms. Structure E has 20 valence electrons and a net charge
of —2. It is not a resonance structure of A, C, or D.

H/N\E/(:.?:
|

H
E

Structural formula F has the same atomic positions and the same number
of electrons as A, C, and D, but is not a resonance form of any of them. F
has two unpaired electrons; all the electrons in A, C, and D are paired.
H
1 .
H” N_ ¢ el
|
H
F
Lewis formulas G and H are resonance contributors to the structure of

nitromethane. Structural formula | is not a permissible Lewis formula
because it has ten electrons around nitrogen.

O O O:
> C
_ON. — T e |
{07+ CH; 07 “CHj 07 “CH
G H |

Of the two Lewis formulas for formaldehyde, the major contributor J has
one more bond than the minor contributor K.

:0 0!
e i
H H H +°H
J (Major K (Minor
contributor) contributor)

The two structures L and M for methyl nitrite have the same number of
bonds, but L is the major contributor because it lacks the separation of
positive and negative charge that characterizes M.



7. Among structural formulas that satisfy the octet
rule and in which one or more atoms bear a

7 = +
ot;‘) LO-\ — ;Ox ’/O\
N " "'CHj TENT T CCHy
L (Major M (Minor
contributor) contributor)

The major contributing structure for cyanate ion is N because the negative
charge is on its oxygen.

formal charge, the major contributor is the one A e

in which the negative charge resides on the most :NECL_Of N=C=0:

electronegative atom, and the positive charge ) )
N (Major O (Minor

on the least electronegative element.

contributor) contributor)

In O the negative charge is on nitrogen. Oxygen is more electronegative
than nitrogen and can better support a negative charge.

. What is the effect of resonance?

Electron delocalization stabilizes a molecule.
Resonance is a way of showing electron
delocalization. Therefore, the true electron distribution
is more stable than any of the contributing structures.

Structures P, Q, and R for carbonate ion are equivalent and contribute
equally to the electron distribution. The true structure of carbonate ion is a
hybrid of P, Q, and R and is more stable than any of them.

The degree of stabilization is greatest when the ;ﬁ_:) :C|)'_(‘ :?:
contributing structures are of equal stability. e eyl e By
O O H O O O
P Q R
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Write the resonance structure obtained by moving electrons as indicated by the curved arrows. Compare the stabilities of the
two Lewis formulas according to the guidelines in Table 1.6. Are the two structures equally stable, or is one more stable than the
other? Why?

H Ty ‘é._

+>£E:'J\: H-CIN-H  H— - NS

H H Vo H_H 0 O
(a) (b) (c) (d)

Sample Solution (a) The curved arrow shows how we move an unshared electron pair assigned to oxygen so that it becomes
shared by carbon and oxygen. This converts a single bond to a double bond and leads to a formal charge of +1 on oxygen.

H o~

) Ho
+>; 0\: >_O\:
H H H H

The structure on the right is more stable because it has one more covalent bond than the original structure. Carbon did not have an
octet of electrons in the original structure, but the octet rule is satisfied for both carbon and oxygen in the new structure.

It is good chemical practice to represent molecules by their most stable contributing structure. However, the ability to write alternative
resonance forms and to assess their relative contributions can provide insight into both molecular structure and chemical behavior.
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1.8 Sulfur and Phosphorus-Containing Organic Compounds and the Octet Rule

Applying the Lewis rules to compounds that contain a third-row element such as sulfur is sometimes complicated by a conflict between minimizing

charge separation and following the octet rule. Consider the two structural formulas A and B for dimethyl sulfoxide:

T4
“\“CH3

=0

~

HsC

=



According to resonance, A and B are contributing structures, and the actual structure is a hybrid of both. The octet rule favors A, but maximizing

bonding and eliminating charge separation favor B. The justification for explicitly considering B is that sulfur has vacant 34 orbitals that permit it to
accommodate more than eight electrons in its valence shell.

The situation is even more pronounced in dimethyl sulfone in which structural formula C has 8 electrons in sulfur’s valence shell, D has 10, and E
has 12.

:0 0 O:

s, i i
HC—SZCH;  HC—$TCHy  HC—S—CH;
0: 0: O:

c D E

The 2008 IUPAC Recommendations “Graphical Representation Standards for Chemical Structure Diagrams” can be

accessed at http://www.iupac.org/publications/pac/80/2/0277/. For more on the IUPAC, see the boxed essay “What’s in a
Name? Organic Nomenclature” in Chapter 2.

There is no consensus regarding which Lewis formula is the major contributor in these and related sulfur-containing compounds. The IUPAC
recommends writing double bonds rather than dipolar single bonds; that is, B for dimethyl sulfoxide and E for dimethyl sulfone.

Similarly, compounds with four atoms or groups bonded to phosphorus can be represented by contributing structures of the type F and G shown for
trimethylphosphine oxide.

0:
|+ Il
H_lc—lr—cm H3C—]|3—Cl—13
CH}. CH_’E
F G

Phosphorus shares 8 electrons in F, 10 in G. The octet rule favors F; involvement of 3d orbitals allows G. As with sulfur-containing compounds, the
IUPAC recommends G, but both formulas have been used. Many biochemically important compounds—adenosine triphosphate (ATP), for example—

are phosphates and can be written with either a PLJO or *P—O~ unit. The same recommendation applies to them; the double-bonded structure
is preferred. Page 25

Adenosine triphosphate

Listing the atoms in the order CHNOP, what is the molecular formula of ATP? (You can check your answer by entering adenosine
triphosphate in your web browser.) Show the location of all its unshared electron pairs. How many are there?

Before leaving this introduction to bonding in sulfur and phosphorus compounds, we should emphasize that the only valence orbitals available to
second-row elements (Li, Be, B, C, N, O, F, Ne) are 25 and 2p, and the octet rule cannot be exceeded for them.

Of the four structural formulas shown, three are permissible and one is not. Which one is not a permissible structure? Why?

e ¥ -
(CH3)sN=CH; (CH3z)sN—CH; (CH3)sP=CH, (CH3)3P—CH;

1.9 Molecular Geometries




So far we have emphasized structure in terms of “electron bookkeeping.” We now turn our attention to molecular geometry and will see how we can
begin to connect the three-dimensional shape of a molecule to its Lewis formula. Table 1.7 lists some simple compounds illustrating the geometries that
will be seen most often in our study of organic chemistry.

TABLE 1.7 VSEPR and Molecular Geometry ]

Arrangement
Structural Repulsive of repulsive Molecular Molecular
Compound formula electron pairs electron pairs shape model
109.5°
Meth riHmE‘ Carbon has fi ‘-vs(_
ethane ~E : arbon has four )
(CH.) 005 il bonded pairs Tetrahedral Tetrahedral
= 1005° ¢
105° Oxygen has two ‘r
Water 1 H bonded pairs v
(H,0) H"‘:':)- i Tetrahedral Bent LO
= two unshared pairs
o7
(o Nitrogen has three qu g
; )i :
ATI:InHO;a ~ N: bondef pais Tetrahedral Trigonal pyramidal '
|_’E one unshared pair @
.. 120°
Boron triflucride ) o Boron has three : .
(BF2) -.i::;’ B—F: bonded pairs Trigonal planar Trigenal planar a .
Carbon has two
H bonded pairs
Formaldehyde “e=0: + i : L’
(H,CO) e > e doublo bontl Trigonal planar Trigonal planar (-« .
which is counted as
one bonded pair
180° Carben has two double
Carbon dioxide bonds, which are . s
N ;
(CO3) 10=C=0: counted as two bonded Loz s LinEat . . .

pairs

As shown in Table 1.7, methane (CHy) has a tetrahedral geometry. Each hydrogen occupies a corner of the tetrahedron with the carbon at its center.
The table also shows a common method of representing three-dimensionality through the use of different bond styles. A solid wedge (=) stands for a

on the idea that an electron pair, either a bonded pair or an unshared pair, associated with a particular atom will be as far away from the atom’s other
electron pairs as possible. Thus, a tetrahedral geometry permits the four bonds of methane to be maximally separated and is characterized by H-C-H
angles of 109.5°, a value referred to as the tetrahedral angle.

Water, ammonia, and methane share the common feature of an approximately tetrahedral arrangement of four electron pairs. Because we describe
the shape of a molecule according to the positions of its atoms only rather than by the orientation of its electron pairs, water is said to be bent, and
ammonia is trigonal pyramidal.

Although reservations have been expressed concerning VSEPR as an explanation for molecular geometries, it remains a
useful tool for predicting the shapes of organic compounds.

The H-O-H angle in water (105°) and the H-N-H angles in ammonia (107°) are slightly smaller than the tetrahedral angle. These bond-angle
contractions are easily accommodated by VSEPR by reasoning that bonded pairs take up less space than unshared pairs. A bonded pair feels the
attractive force of two nuclei and is held more tightly than an unshared pair localized on a single atom. Thus, repulsive forces increase in ——————
the order: Page 26



Increasing force of repulsion between electron pairs

Bonded pair-bonded pair <  Unshared pair-bonded pair <  Unshared pair-unshared pair
Least repulsive Most repulsive

Repulsions among the four bonded pairs of methane give the normal tetrahedral angle of 109.5°. Repulsions among the unshared pair of nitrogen in
ammonia and the three bonded pairs cause the bonded pair-bonded pair H-N-H angles to be smaller than 109.5°. In water, a larger repulsive force exists
because of two unshared pairs, and the H-O-H angle is compressed further to 105°.

Boron trifluoride is a frigonal planar molecule. There are six electrons, two for each B-F bond, associated with the valence shell of boron. These
three bonded pairs are farthest apart when they are coplanar, with F-B—F bond angles of 120°.

Sodium borohydride, NaBH,, has an ionic bond between Na* and the anion BH4~. What are the H-B-H angles in borohydride
anion?

Page|27
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Molecular Models and Modeling

We can gain a clearer idea about the features that affect structure and reactivity when we examine the three-dimensional

shape of a molecule, using either a physical model or a graphical one. Physical models are tangible objects and first

appeared on the chemistry scene in the nineteenth century. They proved their worth in two of the pioneering scientific
achievements of the mid-twentieth century—Pauling’s protein a-helix and the Watson—-Crick DNA double helix. But physical
models are limited to information about overall shape, angles, and distances and have given way to computer graphics
rendering of models in twenty-first-century chemistry, biochemistry, and molecular biology.

At its lowest level, computer graphics substitutes for a physical molecular modeling kit. It is a simple matter to assemble
atoms into a specified molecule, then display it in a variety of orientations and formats. Three of these formats are illustrated
for methane in Ejgure 1.6. The most familiar are ball-and-stick models (Ejgure 1.6b), which direct attention to both the atoms
and the bonds that connect them. Framework models (Eigure 1.6a) and space-filling models (Eigure 1.6c) represent opposite
extremes. Framework models emphasize a molecule’s bonds while ignoring the sizes of the atoms. Space-filling models
emphasize the volume occupied by individual atoms at the cost of a clear depiction of the bonds; they are most useful in those
cases where we wish to examine the overall molecular shape and to assess how closely nonbonded atoms approach each

| «
("

(b) (©)

Figure 1.6

Molecular models of methane (CHy). (a) Framework models show the bonds connecting the atoms but not the atoms

themselves. (b) Ball-and-stick models show the atoms as spheres and the bonds as sticks. (c) Space-filling models portray
overall molecular size; the radius of each sphere approximates the van der Waals radius of the atom.

Collections such as the Protein Data Bank (PDB) are freely available on the Internet along with viewers for manipulating
the models. As of 2015 the PDB contains experimentally obtained structural data for more than 105,000 “biological
macromolecular structures”—mainly proteins—and serves as a resource for scientists seeking to understand the structure and
function of important biomolecules. Figure 1.7 shows a model of human insulin in a display option in which the two chains are
shown as ribbons of different colors.




Figure 1.7

A ribbon model of the two strands of human insulin. The model may be accessed, viewed, and downloaded in various formats
by entering 2KJJ as the PDB ID at http://www.rcsb.org/pdb/home/home.do.

Source: From coordinates deposited with the Protein Data Bank, PDB ID: 2KJJ Q X Hua, M A Weiss, “Dynamics of Insulin Probed by IHNMR Amide Proton
Exchange Anomalous Flexibility of the Receptor-Binding Surface ™ http://www rcsb org/pdb/home/home do

Computational chemistry takes model making to a yet higher level. Most modeling software also incorporates programs
that identify the most stable geometry of a molecule by calculating the energies of possible candidate structures. More than
this, the electron distribution in a molecule can be calculated and displayed as described in the boxed essay Electrostatic
Potential Maps earlier in this chapter.

Molecular models of various types are used throughout this text. Their number and variety of applications testify to their
importance in communicating the principles and applications of molecular structure in organic chemistry. )

A multiple bond (double or triple) is treated as a unit in the VSEPR model. Formaldehyde is a trigonal planar molecule in which the electrons of the
double bond and those of the two single bonds are maximally separated. A linear arrangement of atoms in carbon dioxide allows the electrons in one
double bond to be as far away as possible from the electrons in the other double bond.

Raga.8

Specify the shape of the following:

+ O T
H—C=N: HaN ‘N=N=N: CO3%-
Hydrogen cyanide Ammonium ion Azide ion Carbonate ion
(@) (b) (c) (d)

Sample Solution (a) The structure shown accounts for all the electrons in hydrogen cyanide. No unshared electron pairs are
associated with carbon, and so the structure is determined by maximizing the separation between its single bond to hydrogen and
the triple bond to nitrogen. Hydrogen cyanide is a linear molecule.

1.10 Molecular Dipole Moments

We can combine our knowledge of molecular geometry with a feel for the polarity of chemical bonds to predict whether a molecule has a dipole moment
or not. The molecular dipole moment is the resultant of all of the individual bond dipole moments of a substance. Some molecules, such as carbon
dioxide, have polar bonds, but lack a dipole moment because their geometry causes the individual COO bond dipoles to cancel.

:0=C=0:  Dipole moment=0D
Carbon dioxide

Carbon tetrachloride, with four polar C—Cl bonds and a tetrahedral shape, has no net dipole moment, because the result of the four bond dipoles, as
shown in Figure 1.8, is zero. Dichloromethane, on the other hand, has a dipole moment of 1.62 D. The C—H bond dipoles reinforce the C—CI bond

dipoles.
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(a) There is a mutual cancellation of individual bond dipoles in carbon (b) The H—C bond dipoles reinforce the C—Cl bond moment in
tetrachloride. It has no dipole moment. dichloromethane. The molecule has a dipole moment of 1.62 D.

Figure 1.8

Contribution of individual bond dipole moments to the molecular dipole moments of (a) carbon tetrachloride (CClg) and (b) dichloromethane
(CH2Clp).

Which of the following compounds would you expect to have a dipole moment? If the molecule has a dipole moment, specify its
direction.

(a) BF3
(b) HO
(c) CHq
(d) CHaCl
(€) CH,0
(f) HCN

Sample Solution (a) As we saw in JTable 1.7, boron trifluoride is planar with 120° bond angles. Although each boron—fluorine bond is
polar, their combined effects cancel and the molecule has no dipole moment.

:i:.:‘
FONE

u=0D

The opening paragraphs of this chapter emphasized that the connection between structure and properties is central to understanding
organic chemistry. We have just seen one such connection. From the Lewis formula of a molecule, we can use electronegativity to tell us Page 29
about the polarity of bonds and combine that with VSEPR to predict whether the molecule has a dipole moment. In the next several sections ~
we’ll see a connection between structure and chemical reactivity as we review acids and bases.

1.11 Curved Arrows, Arrow Pushing, and Chemical Reactions

In Section 1.7 we introduced curved arrows as a tool for systematically converting one resonance contributor to another. Their more common use is to
track electron flow in chemical reactions. The remainder of this chapter introduces acid-base chemistry and illustrates how curved-arrow notation
enhances our understanding of chemical reactions by focusing on electron movement.

There are two kinds of curved arrows. A double-barbed arrow (A) shows the movement of a pair of electrons, either a bonded pair or a lone pair. A

single-barbed, or fishhook, arrow (A ) shows the movement of one electron. For now, we’ll concern ourselves only with reactions that involve electron
pairs and focus on double-barbed arrows.

We’ll start with some simple examples—reactions involving only one electron pair. Suppose the molecule A-B dissociates to cation A* and anion
B™. A chemical equation for this ionization could be written as

AB — AY 4+ B~



Altematively, we could write

ey
A—B » At 4+ B~

The reaction is the same but the second equation provides more information by including the bond that is broken during ionization and showing the flow
of electrons. The curved arrow begins where the electrons are originally—in the bond—and points to atom B as their destination where they become an

unshared pair of the anion B™.
Dissociations of this type are common in organic chemistry and will be encountered frequently as we proceed through the text. In many cases, the

species A has its positive charge on carbon and is referred to as a carbocation. Dissociation of an alkyl bromide, for example, involves breaking a C—
Br bond with the two electrons in that bond becoming an unshared pair of bromide ion.

/?K — /Y + Bl_
:Br:

An alkyl bromide A carbocation ~ Bromide ion

Charge is conserved, as it must be in all reactions. Here, the reactant is uncharged, and the net charge on the products is 0. In a conceptually related
dissociation, a net charge of +1 is conserved when a positively charged reactant dissociates to a carbocation and a neutral molecule.

/}< % /\F + :N=N:
s

1]
N

A diazonium ion A carbocation Nitrogen

These a kyl bromide and diazonium ion dissociations are discussed in detail in Sections 7.18 and 2215, respectively.

Using the curved arrow to guide your reasoning, show the products of the following dissociations. Include formal charges and
unshared electron pairs. Check your answers to ensure that charge is conserved.

H
+(I)n (>\
@ -N ® 367
H
Sample Solution (a) The curved arrow tells us that the C—O bond breaks and the pair of electrons in that bond becomes an
unshared electron pair of oxygen.

N H
5 r) N o
t0 — - :0:

H \< H, + \(

Water is one product of the reaction. The organic species produced is a cation. Its central carbon has six electrons in its valence
shell and a formal charge of +1. Charge is conserved in the reaction. The net charge on both the left and right side of the equation
is +1.

The reverse of a dissociation is a combination, such as the formation of a covalent bond between a cation A* and an anion :B™.
A+ MBT —— A-B

Here the tail of the curved arrow begins at the middle of the unshared electron pair of :B™ and the head points to the location of the new bond—in this

case the open space just before A™. Electrons flow from sites of higher electron density to lower. The unshared electron pair of :B~ becomes the shared
pair in the A-B bond.



Write equations, including curved arrows, describing the reverse reactions of Problem 1.23.

Sample Solution (a) First write the equation for the reverse process. Next, use a curved arrow to show that the electron pair in the
C-0 bond in the product originates as an unshared electron pair of oxygen in water.

H\o > ) <
2 - - s :o_

/
x e X -X :

Many reactions combine bond making with bond breaking and require more than one curved arrow.

e N =
AY +*B~C — A—-B + :C

Note that the electron counts and, therefore, the formal charges of A and C, but not B, change. An example is a reaction that will be discussed in detail in
Section 6.3.

HO: + H-‘CEB.Y: — HO—CH3 + :Br:

An unshared electron pair of a negatively charged oxygen becomes a shared electron pair in a C—O bond. Again, notice that electrons flow from
electron-rich to electron-poor sites. Hydroxide ion is negatively charged and, therefore, electron-rich while the carbon of H3CBr is partially positive

because of the polarization of the C—Br bond (Section 1.4).
A very common process is the transfer of a proton from one atom to another as in the reaction that occurs when hydrogen bromide

dissolves in water. Page 31
H H
\ — N \+ P
0“4+ "H—Br: —= ‘O—H + Br:
i/ : 4 -
H H

Numerous other proton-transfer reactions will appear in the remainder of this chapter.

Curved-arrow notation is also applied to reactions in which double and triple bonds are made or broken. Only one component (one electron pair) of
the double or triple bond is involved. Examples include:

ANy N o
+ H—B‘r: —_— + :B'r:
H

~_H

N +
HaN:  + ‘>’:|“?" H;N 4{-'.,,(“)_—

H H

Reactions of the type shown are an important part of Chapter 21. Follow the arrows to predict the products. Show formal charges
and include all unshared electron pairs.

3 O:
HOL + H -
2 /U\f)

Before we conclude this section, we should emphasize an important point:

= Resist the temptation to use curved arrows to show the movement of atoms. Curved arrows always show electron flow.



Although our eyes are drawn to the atoms when we look at a chemical equation, following the electrons provides a clearer understanding of how
reactants become products.

1.12 Acids and Bases: The Bronsted—-Lowry View

Acids and bases are a big part of organic chemistry, but the emphasis is much different from what you may be familiar with from your general chemistry
course. Most of the attention in general chemistry is given to numerical calculations: pH, percent ionization, buffer problems, and so on. Some of this
returns in organic chemistry, but mostly we are concerned with acids and bases as reactants, products, and catalysts in chemical reactions. We’ll start by
reviewing some general ideas about acids and bases.

According to the theory proposed by Svante Arrhenius, a Swedish chemist and winner of the 1903 Nobel Prize in Chemistry, an acid is a substance
that ionizes to give protons when dissolved in water; a base ionizes to give hydroxide ions.

A more general theory of acids and bases was devised by Johannes Brensted (Denmark) and Thomas M. Lowry (England) in 1923. In the Brensted—
Lowry approach, an acid is a proton donor, and a base is a proton acceptor. The reaction that occurs between an acid and a base is proton transfer.

B + HCA=— B—H + A"
Base  Acid Conjugate  Conjugate
acid base

In the equation shown, the base uses an unshared pair of electrons to remove a proton from an acid. The base is converted to its conjugate acid, and the
acid is converted to its conjugate base. A base and its conjugate acid always differ by a single proton. Likewise, an acid and its conjugate base always
differ by a single proton.

In the Brensted—Lowry view, an acid doesn’t dissociate in water; it transfers a proton to water. Water acts as a base.
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H H

~ \,
0+ H+-A — /o—H + AT

H H
Water Acid Conjugate Conjugate
(base) acid of water base

The systematic name for the conjugate acid of water (H3O") is oxonium ion. Its common name is hydronium ion.

Write an equation for proton transfer from hydrogen chloride (HCI) to
(a) Ammonia (:NH3)
(b) Trimethylamine [(CH3)3N:]
Identify the acid, base, conjugate acid, and conjugate base and use curved arrows to track electron movement.

Sample Solution (a) We are told that a proton is transferred from HCI to :NH3. Therefore, HCI is the Brensted acid and :NHj is the
Brensted base.

s ™

H3N: g, H"—élt —_— H3EI—H i : C] 57
Ammonia Hydrogen Ammonium ion Chloride ion
(base) chloride (acid) (conjugate acid) (conjugate base)

The strength of an acid is measured by its acidity_constant K, defined as

_ [H0*"][:A7]
Ka= [HA]



Even though water is a reactant (a Brensted base), its concentration does not appear in the expression for K, because it is the solvent. The convention for
equilibrium constant expressions is to omit concentration terms for pure solids, liquids, and solvents.

Water can also be a Bronsted acid, donating a proton to a base. Sodium amide (NaNH,), for example, is a source of the strongly basic amide ion,
which reacts with water to give ammonia.

H H H H
- 4 ') / _ /
N:* + H—0: — N—H + 0O
H H
Amide ion Water Ammonia Hydroxide ion
(base) (acid) (conjugate acid)  (conjugate base)

Potassium hydride (KH) is a source of the strongly basic hydride ion (:H™).

Using curved arrows to track electron movement, write an equation for the reaction of hydride ion with water. What is the
conjugate acid of hydride ion?

A convenient way to express the strength of an acid is by its pK;, defined as
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pK, =—log oK,

Thus, acetic acid with K, = 1.8 x 10~ has a pK,, of 4.7. The advantage of pK, over K, is that it avoids exponentials. You are probably more familiar
with K, but most organic chemists and biochemists use pKj. It is a good idea to be comfortable with both systems, so you should practice converting K,
to pK, and vice versa.

Salicylic acid, the starting material for the preparation of aspirin, has a K, of 1.06 x 1073, What is its pPKy?

Hydrogen cyanide (HCN) has a pKj of 9.1. What is its K;?

Table 1.8 lists a number of acids, their acidity constants, and their conjugate bases. The list is more extensive than we need at this point, but we will
return to it repeatedly throughout the text as new aspects of acid—base behavior are introduced. The table is organized so that acid strength decreases
from top to bottom. Conversely, the strength of the conjugate base increases from top to bottom. Thus, the stronger the acid, the weaker its conjugate
base. The stronger the base, the weaker its conjugate acid.






TABLE 1.8 Acidity Constants (pK,) of Acids

Acid

Hydrogen iodide

Hydrogen bromide

Sulfuric acid

Hydrogen chloride
Protonated ethancl

Hydronium ion*
Nitric acid
Hydrogen sulfate ion

Hydrogen fluoride

Anilinium ion

Acetic acid

Pyridinium ion

Carbonic acid

Hydrogen sulfide

2,4-Pentanedione

Hydrogen cyanide

Ammonium ion

Glycine

Phenol

Hydrogen carbonate ion

Methanethiol

Dimethylammonium ion

Acid

PK,

-104

58

-39
-24

—=1.7

-1.4
20

31

46

4.7

52

6.4

7.0

9.1

93

9.6

10

10.2

10.7

10.7

PK,

Formula

i

Hér:
HOSO3H
HCl:
CHCH,0H,
H36:
HONO,
“0SO3H

HF

@ﬁ_H

HOCOH

HoS

ar
HOCO;
CH3SH

+
(CH 3)2NH;

Formula

“0SO3H
1o Ty
CH,CH,OH
H20
“ONO;

70s03

Discussed in Section

1.13:1.14

1.13;1.14

1.13;1.14

224

1.13;1.14; 195

1222;224

19.9

7:19

211

7.19

224

26.3

19.9

16.12

224

Discussed in Section

W



Ethyl acetoacetate

Piperidinium ion

Diethyl malonate

Methanol

2-Methylpropanal

Water*

Ethanol

Cyclopentadiene

Isopropyl alcohol

tert-Butyl alcohol

Acetone

Ethyl acetate

Acetylene
Hydrogen

Ammonia

Diisopropylamine

11

13

15.2

155

15.7

16

16

17

18

19

25.6

26

35

36

36

CH3CH,0H

H H
H/@\H
H H

:OH
N
¥

:0:
JkCHJ

211

224

211

1.13:154

12.20

211

211

9.5

218

1.13;1.14, 154

211

continued



Acid pK, Formula Conjugate base Discussed in Section

H 3! H i
Benzene 43 H H H = 15.4;15.5
- H H -

H H H
Ethylene 45 >:< }=< 9.4;95

H H H H
Methane 60 H3C—H HsC: 1.13;9.4;95; 15.4
Ethane 62 CH3CH,=H CH3CH, 155

*For acid-base reactions in which water is the solvent, the pX,, of H30" is zero and the pX, of H,0 is 14
*For acid-base reactions in which water is the solvent, the pK, of H30" is zero and the pK;, of HyO is 14
Web collections of pK, data include that of H Reich (University of Wisconsin) at https://www chem wisc edw/areas/reich/pkatable/
*For acid-base reactions in which water is the solvent, the pX,; of H30+ is zero and the pK, of HyO is 14

The Brensted—Lowry approach involving conjugate relationships between acids and bases makes a separate basicity constant Ky, unnecessary. Rather
than having separate tables listing K, for acids and Kj, for bases, the usual practice is to give only K, or pK, as was done in Table 1.8. Assessing relative
basicities requires only that we remember that the weaker the acid, the stronger the conjugate base and find the appropriate acid—base pair in the table.

Which is the stronger base in each of the following pairs? (Note: This information will prove useful when you get to Chapter 9.)

(a) Sodium ethoxide (NaOCH,CHs) or sodium amide (NaNH,)
(b) Sodium acetylide (NaCOCH) or sodium amide (NaNH>)

(c) Sodium acetylide (NaCOCH) or sodium ethoxide (NaOCH,CH3)

Sample Solution (a) NaOCH,CH3 contains the ions Na* and CH3CH,O™. NaNH, contains the ions Na* and HoN™. CH3CH,O™ is
the conjugate base of ethanol; HoN™ is the conjugate base of ammonia.

Base CH;CH,O™ H.N™
Conjugate acid CH3;CH,0OH NH;
pK;, of conjugate acid 16 36

The conjugate acid of CH3CH»O™ is stronger than the conjugate acid of HoN ™. Therefore, HoN™ is a stronger base than CH3CH,O ™.

1.13 How Structure Affects Acid Strength Page 36 Page35 Page34

In this section we’ll introduce some generalizations that will permit us to connect molecular structure with acidity in related compounds. The main ways
in which structure affects acidity in solution depend on:

1. The strength of the bond to the atom from which the proton is lost
2. The electronegativity of the atom from which the proton is lost
3. Electron delocalization in the conjugate base

Bond Strength. The effect of bond strength is easy to see by comparing the acidities of the hydrogen halides.



0 6@ ¢ @ ¢ O

HF HCI HBr HI
pK, 3.1 -39 -58 -104
Strongest H—X bond Weakest H—X bond
Weakest acid Strongest acid

In general, bond strength decreases going down a group in the periodic table. As the halogen X becomes larger, the H-X bond becomes longer and
weaker and acid strength increases. This is the dominant factor in the series HCI, HBr, HI and also contributes to the relative weakness of HF.

With HF, a second factor concems the high charge-to-size ratio of F. Other things being equal, processes that give ions in which the electric charge
is constrained to a small volume are less favorable than processes in which the charge is more spread out. The strong H-F bond and the high charge-to-

size ratio of F~ combine to make HF the weakest acid of the hydrogen halides.
Because of the conjugate relationship between acidity and basicity, the strongest acid (HI) has the weakest conjugate base (I"), and the weakest acid
(HF) has the strongest conjugate base (F").

Rage-37

Problem

Which is the stronger acid, HoO or HoS? Which is the stronger base, HO™ or HS™? Check your predictions against the data in Table
18

Electronegativity. The effect of electronegativity on acidity is evident in the following series involving bonds between hydrogen and the second-row

‘?" ‘3& %c Y

CH, NH; H,0 HF
pKa 60 36 15.7 3.1
Least electronegative Most electronegative
Weakest acid Strongest acid

As the atom (A) to which H is bonded becomes more electronegative, the polarization ¥H-A%" becomes more pronounced and the equilibrium constant
K, for proton transfer increases.

H\ l-‘\
0+ HCA — /(:) H + A
H H

Bond strength is more important than electronegativity when comparing elements in the same group of the periodic table as the pK,’s for the

hydrogen halides show. Fluorine is the most electronegative and iodine the least electronegative of the halogens, but HF is the weakest acid while HI is
the strongest. Electronegativity is the more important factor when comparing elements in the same row of the periodic table.

Problem 1.32



Try to do this problem without consulting Table 1.8.

+ +
(a) Which is the stronger acid: (CHa):NH or (CH3);0H?,

(b) Which is the stronger base: (CHz):N: or (CH3),0:7

Sample Solution (a) The ionizable proton is bonded to N in (CHz):NH and to O in (CH:),0H

CH3 CH3
AY]
N’CH3 H=O:
\

CH3 CH3

Nitrogen and oxygen are in the same row of the periodic table so their relative electronegatlwtles are the determining factor.
Oxygen is more electronegative than nitrogen; therefore, (CH3)2OH is a stronger acid than (CHa)aNH

In many acids, the acidic proton is bonded to oxygen. Such compounds can be considered as derivatives of water. Among organic
compounds, the ones most closely related to water are alcohols. Most alcohols are somewhat weaker acids than water. Page 38

HO—H CH;O0—H CHiCH,O0—H (CH;),CHO—H (CH;3);CO—H

Water Methanol Ethanol Isopropy! alcohol terr-Buty! alcohol
pKa 15.7 15.2 16 17 18

Which is a stronger base, ethoxide (CHaCH,0:) o tert-butoxide [(CHz)2CO: ],

Electronegative atoms in a molecule can affect acidity even when they are not directly bonded to the ionizable proton. Compare ethanol
(CH3CH,OH) with a related compound in which a CF3 group replaces the CH;3 group.

Gc c, Gc
‘“CQ 'g

CH;CH,0—H CF;CH, 0—H
Ethanol 2.2.2-Trifluoroethanol
pKa 16 113

We see that the substitution of C—H bonds by C—F increases the acidity of the O—H proton by 4.7 pK,, units, which corresponds to a difference of 10*7 in
K. The simplest explanation for this enhanced acidity is that the electronegative fluorines attract electrons and that this attraction is transmitted through
the bonds, increasing the positive character of the O—H proton.

Fl H
F—C—C—O—H®
111
F'H

The greater positive character, hence the increased acidity, of the O—H proton of 2,2,2-trifluoroethanol can be seen in the electrostatic potential maps
displayed in Figure 1.9.



Ethanol (CH;CH,OH)

Figure 1.9

Electrostatic potential maps of ethanol and 2,2 2-trifluoroethanol. As indicated by the more blue, less green color in the region near the OH
proton in 2,2 2-trifluoroethanol, this proton bears a greater degree of positive charge and is more acidic than the OH proton in ethanol. The
color scale is the same in both maps.

We can also explain the greater acidity of CF3CH,OH relative to CH3CH,OH by referring to the equations for their ionization.

H” H H
\ / ot
N7 + :0: ——— AN{T o+ —0:
Tl % x:c” 0 S
H H
X = H: Ethanol X = H: Conjugate base of ethanol
X = F: 2,2,2-Trifluoroethanol X = F: Conjugate base of 2,2,2-trifluoroethanol

The conjugate base of 2,2,2-trifluoroethanol, the anion CF3CH,O, is stabilized by its three fluorines, which attract electrons from the
negatively charged oxygen, dispersing the negative charge. Because of this stabilization, the equilibrium for ionization of CF3CH,OH lies
farther to the right than that of CH;CH,OH.

Structural effects that are transmitted through bonds are called inductive effects. A substituent induces a polarization in the bonds between it and

some remote site.
The same kind of inductive effects that make CF3CH,OH a stronger acid than CH3;CH,OH makes the trifluoro derivative of acetic acid more than 4

pK,, units stronger than acetic acid.

® o
2 ‘0" J“"
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) |
CH;CO—H CF;CO—H
Acetic acid Trifluoroacetic acid
pKy 47 0.50

Problem 1.34

Hypochlorous and hypobromous acid (HOCI and HOBr) are weak acids. Write chemical equations for the ionization of each in water
and predict which one is the stronger acid.

Inductive effects depend on the electronegativity of the substituent and the number of bonds between it and the affected site. As the number of bonds
between the two units increases, the inductive effect decreases. For instance, the two butanoic acids differ in the placement of chlorines by two bonds
and differ by more than 1.5 pKj, units.



eb“: e 2
& 900" :L"_Q,'&

. C

0 0
CHJCHZCHC”‘OH CICH,CH,CH }()H
&
2-Chlorobutanoic acid 4-Chlorobutanoic acid
pKa 2.8 45

Electron Delocalization in the Conjugate Base. With a pK, of —1.4, nitric acid is almost completely ionized in water. If we look at the Lewis formula

of nitric acid in light of what we have said about inductive effects, we can see why. The N atom in nitric acid is not only electronegative in its own right,
but bears a formal charge of +1, which enhances its ability to attract electrons away from the —OH group. But inductive effects are only part of the story.
When nitric acid transfers its proton to water, nitrate ion is produced.

0 H 0 H
), SR P N o o el
+N—O—H + :0: — +N—O7 + H—O:
A \ [ ¥ \
_:Q: |3} _:Q: —
Nitric acid Water Nitrate ion Hydronium ion
(acid) (base) (conjugate base) (conjugate acid)

Nitrate ion is stabilized by electron delocalization, which we can represent in terms of resonance between three equivalent contributing

structures: Page 40
0 O: O
\\r)\l O N=0 N—O:
+ —_— «— > + —— P > + —
v i)\ /
_:Q: _:Q: O

The negative charge is shared equally by all three oxygens. Stabilization of nitrate ion by electron delocalization increases the equilibrium constant for
its formation.

What is the average formal charge on each oxygen in nitrate ion?

Acetic acid, with a pK;, of 4.7, derives its acidity from the electron delocalization of its conjugate base acetate ion. Acetic acid is over 11 pK;, units lower
than ethanol.

0O: H 0O: H
7 czmcn gl ” + /
CH,—C “+ 0 e CH;—C + H-O
: \of) ol \ : \
:0—H H :0: H
Acetic acid Water Acetate ion Hydronium ion
(acid) (base) (conjugate base) (conjugate acid)

The two equivalent resonance contributors with the negative charge shared equally on both oxygen atoms stabilize this structure.



7}
_C_):
0

CH;—C\
:Q:' 0:

c O O:
)\/ILOH /\)I\@H
Cl
3-Chlorobutanoic acid 2-Chlorobutanoic acid

Show by writing appropriate resonance structures that the two compounds shown form the same conjugate base on ionization.
Which atom in the conjugate base, O or S, bears the greater share of negative charge?

6: s
—{ and %
:S—H :Q--H

Electron delocalization in the conjugate base is also responsible for the increased acidity of phenols compared to alcohols. —
age

:\/H g /H / \ o +/H
O; + .()\? _— Q <+ H—()\? pKu: 10
h H — H

This electron delocalization is represented by resonance among the various contributing structures:

QR :0
H A H H H
ﬁ - A
H H H Y H
H H

Rank the following phenols in order of increasing acidity. Explain your reasoning.

Cl

Organic chemistry involves a good bit of reasoning by analogy and looking for trends. At the beginning of this section we listed three ways that
structure can affect acidity. The last two—electronegativity of the atom from which the proton is lost, and electron delocalization in the conjugate base
—are both related to the stability of the conjugate base. A useful trend emerges: factors that stabilize the conjugate base increase the acidity of the
parent acid.




1.14 Acid-Base Equilibria

In any proton-transfer reaction:

Acid + Base < Conjugate acid + Conjugate base

we are concerned with the question of whether the position of equilibrium lies to the side of products or reactants. There is an easy way to determine
this. The reaction proceeds in the direction that converts the stronger acid and the stronger base to the weaker acid and the weaker base.

K>1 .
Stronger acid + Stronger base —=— Weaker acid + Weaker base

This generalization can be stated even more simply. The reaction will be favorable when the stronger acid is on the left and the weaker acid is on the
right. The equilibrium favors dissociation of the stronger acid.

Consider first the case of adding a strong acid such as HBr to water. The equation for the Bronsted acid—base reaction that occurs between them is:

H H

\ T \+ e

:/(,). + H—Br: ——= 1/()—H + :Br:
H H
Water Hydrogen Hydronium Bromide

bromide ion ion
pKa=-5.8 pKa=0
stronger acid weaker acid

For acid-base reactions in which water is the solvent, the pK, of H30* = 0. See Table 1.8

We identify the acid on the left and the acid on the right and compare their pK}’s to decide which is stronger. (Remember, the more negative the pK,, the
stronger the acid.) The acid on the left is HBr, which has a pK,, of —5.8. The acid on the right is H30™, which has a pK;, of 0. The stronger acid

(HBr) is on the left and the weaker acid (H30™) is on the right, so the position of equilibrium lies to the right. The equilibrium constant Keq
for an acid-base reaction is given by the ratio of the K, of the reactant acid to the K, of the product acid.
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K, of reactant acid
“™ K, of product acid

Since 10 PX2 = K we rewrite the expression as:

10~ P%: of reactant acid
107X of product acid

Ko =

and substitute the pK, values of HBr and H30™ to calculate K.

10>

Ky = 10°

This equilibrium constant is so large that we consider HBr to be completely ionized in water.
Compare the reaction of HBr with water to that of acetic acid with water.



Water Acetic acid Hydronium Acetate
ion ion
pKa =47 pKa =0
weaker acid stronger acid

Here, the weaker acid (acetic acid) is on the left and the stronger acid (hydronium ion) is on the right. The equilibrium constant Koq = 10%7, and the
position of equilibrium lies far to the left.

What is the equilibrium constant for the following acid-base reactions?
(a) ammonia and acetic acid
(b) fluoride ion and acetic acid
(c) ethanol and hydrobromic acid

Sample Solution (a) Always start with an equation for an acid-base reaction. Ammonia is a Brensted base and accepts a proton
from the —OH group of acetic acid. Ammonia is converted to its conjugate acid, and acetic acid to its conjugate base.

H :0 H :0
H \ \ H \\ +
=N + H_.. — N—H + ___Jl\
/ /O H/ :0
H (PAN -
Ammonia Acetic acid Ammonium ion Acetate
pKa =47 pK3 =93 ion
stronger weaker acid
acid

From their respective pKj3's, we see that acetic acid is a much stronger acid than ammonium ion. Therefore, the equilibrium lies to
the right. The equilibrium constant for the process is

10~"% of acetic acid (reactant) 102

= 1046

K = = —
“*™ 107" of ammonium ion (product) ~ 10~%3

An unexpected fact emerges by working through this exercise. We see that although acetic acid is a weak acid and ammonia is a
weak base, the acid-base reaction between them is virtually complete.

Two important points come from using relative pK,’s to analyze acid-base equilibria:
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1. They permit clear-cut distinctions between strong and weak acids and bases. 4 strong acid is one that is stronger than H30". Conversely,
a weak acid is one that is weaker than H30™.
Example: The pK’s for the first and second ionizations of sulfuric acid are —4.8 and 2.0, respectively. Sulfuric acid (HOSO,OH) is a strong acid;
hydrogen sulfate ion (HOSO,0") is a weak acid.
A strong base is one that is stronger than HO™.
Example: A common misconception is that the conjugate base of a weak acid is strong. This is sometimes, but not always, true. It is true, for

example, for ammonia, which is a very weak acid (pK, 36). Its conjugate base amide ion (HpN") is a much stronger base than HO . It is not true,

however, for acetic acid; both acetic acid and its conjugate base acetate ion are weak. The conjugate base of a weak acid will be strong only when
the acid is a weaker acid than water.

2. The strongest acid present in significant amounts at equilibrium after a strong acid is dissolved in water is H30". The strongest acid present in
significant amounts when a weak acid is dissolved in water is the weak acid itself.

Example: [H30"] = 1.0 M in a 1.0 M aqueous solution of HBr. The concentration of undissociated HBr molecules is near zero. [H30'] = 0.004 M

in a 1.0 M aqueous solution of acetic acid. The concentration of undissociated acetic acid molecules is near 1.0 M. Likewise, HO™ is the strongest



base that can be present in significant quantities in aqueous solution.

Rank the following in order of decreasing concentration in a solution prepared by dissolving 1.0 mol of sulfuric acid in enough water
to give 1.0 L of solution. (It is not necessary to do any calculations.)

H,S0,, HSO, ", SO.*", H,0*

Analyzing acid-base reactions according to the Brensted-Lowry picture provides yet another benefit. Table 1.8, which lists acids according to their
strength in descending order along with their conjugate bases, can be used to predict the direction of proton transfer. Acid-base reactions in which a
proton is transferred from an acid to a base that lies below it in the table have favorable equilibrium constants. Proton transfers from an acid to a base
that lies above it in the table are unfavorable. Thus, the equilibrium constant for proton transfer from phenol to hydroxide ion is greater than 1, but that
for proton transfer from phenol to hydrogen carbonate ion is less than 1.

/ \ (‘~/HA K>1 AT H\
O: + :0—H S o: + :O—H

Phenol Hydroxide ion Phenoxide ion Water
/ \ C'\/H O K < I . H\ o
O: + :0 —— O: - : ( l—<
— OH OH
Phenol Hydrogen Phenoxide ion Carbonic acid

carbonate ion

Hydroxide ion lies below phenol in Table 1.8; hydrogen carbonate ion lies above phenol. The practical consequence of the reactions shown is that NaOH
is a strong enough base to convert phenol to phenoxide ion, but NaHCOj3 is not.

T)M

Verify that the position of equilibrium for the reaction between phenol and hydroxide ion lies to the right by comparing the pKj of the
acid on the left to the acid on the right. Which acid is stronger? Do the same for the reaction of phenol with hydrogen carbonate ion.

1.15 Acids and Bases: The Lewis View

The same G. N. Lewis who gave us electron dot formulas also suggested a way to classify acids and bases that is more general than the Brensted-Lowry
approach. Where Bronsted and Lowry viewed acids and bases as donors and acceptors of protons (positively charged), Lewis took the opposite view and
focused on electron pairs (negatively charged). According to Lewis, an acid is an electron-pair acceptor, and a base is an electron-pair donor.

AF L NB — A—B

Lewis acid Lewis base

An unshared pair of electrons from the Lewis base is used to form a covalent bond between the Lewis acid and the Lewis base. The Lewis acid and the
Lewis base are shown as ions in the equation, but they need not be. If both are neutral molecules, the corresponding equation becomes:

P R - +
A + B — A—B

Lewis acid Lewis base

We can illustrate this latter case by the reaction:



B—F 4 0 — B—0:
/ /
Boron trifluoride Diethyl ether “Boron trifluoride etherate™
(Lewis acid) (Lewis base) (Lewis acid/Lewis base complex)

Verify that the formal charges on boron and oxygen in “boron trifluoride etherate” are correct.

The product of this reaction, a Lewis acid/I.ewis base complex called informally “boron trifluoride etherate,” may look unusual but it is a stable species
with properties different from those of the reactants. Its boiling point (126°C), for example, is much higher than that of boron trifluoride—a gas with a
boiling point of —100°C—and diethyl ether, a liquid that boils at 34°C.

Write an equation for the Lewis acid/Lewis base reaction between boron trifluoride and each of the following. Use curved arrows to
track the flow of electrons and show formal charges if present.

(a) Fluoride ion
(b) Dimethyl sulfide [(CH3),S]
(c) Trimethylamine [(CH3)3N]

Sample Solution (a) Fluoride ion has 8 electrons (4 pairs) in its valence shell. It acts as a Lewis base and uses one pair to bond to
boron in BF5.

F R H #‘Z
s . oNEL T
B-F: + 'F: U B—F:
: F : :F:
Boron Fluoride Tetrafluoroborate
trifluoride lon ion

The Lewis acid/Lewis base idea also includes certain substitution reactions in which one atom or group replaces another.
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HO™  + Hg‘c—%}: ==HO—CH; + :Br:
Hydroxide ion ~ Bromomethane Methanol Bromide ion
(Lewis base) (Lewis acid)

The carbon atom in bromomethane can accept an electron pair if its covalent bond with bromine breaks with both electrons in that bond becoming an
unshared pair of bromide ion. Thus, bromomethane acts as a Lewis acid in this reaction.

Notice the similarity of the preceding reaction to one that is more familiar to us.

— ~

HO:~ + H—Br: =——=HO—H+ :Br:
Hydroxide ion =~ Hydrogen bromide Water Bromide ion
(Lewis base) (Lewis acid)

The two reactions are analogous and demonstrate that the reaction between hydroxide ion and hydrogen bromide is simultaneously a Brensted-Lowry
acid-base reaction and a Lewis acid/Lewis base reaction. Bronsted—Lowry acid—base reactions constitute a subcategory of Lewis acid/Lewis base
reactions.

Many important biochemical reactions involve Lewis acid/Lewis base chemistry. Carbon dioxide is rapidly converted to hydrogen carbonate ion in
the presence of the enzyme carbonic anhydrase.



O: carbonic 0:

v ~ " anhydrase .. //
HO: . ("‘ — H(ﬂ)—(‘\
?OD O =
Hydroxide ion ~ Carbon dioxide Hydrogen carbonate ion
(Lewis base) (Lewis acid)

Recall that the carbon atom of carbon dioxide bears a partial positive charge because of the electron-attracting power of its attached oxygens. When
hydroxide ion (the Lewis base) bonds to this positively polarized carbon, a pair of electrons in the carbon—oxygen double bond leaves carbon to become
an unshared pair of oxygen.

Lewis bases use an unshared pair to form a bond to some other atom and are also referred to as nucleophiles (“nucleus seckers”). Conversely, Lewis
acids are electrophiles (“electron seekers™). We will use these terms hundreds of times throughout the remaining chapters.

Examine the detailed table of contents. What chapters include terms related to nucleophile or electrophile in their title?

Section 1.1 A review of some fundamental knowledge about atoms and electrons leads to a discussion of wave functions, orbitals, and
the electron configurations of atoms. Neutral atoms have as many electrons as the number of protons in the nucleus. These
electrons occupy orbitals in order of increasing energy, with no more than two electrons in any one orbital. The most
frequently encountered atomic orbitals in this text are s orbitals (spherically symmetrical) and p orbitals (“dumbbell-shaped™).

Boundary surface of a carbon 2s orbital Boundary surface of a carbon 2p orbital

Section 1.2 An ionic bond is the force of electrostatic attraction between two oppositely charged ions. Atoms at the upper right Page 46
of the periodic table, especially fluorine and oxygen, tend to gain electrons to form anions. Elements toward the left
of the periodic table, especially metals such as sodium, tend to lose electrons to form cations. Ionic bonds in which
carbon is the cation or anion are rare.

Section 1.3 The most common kind of bonding involving carbon is covalent bonding: the sharing of a pair of electrons between two
atoms. Lewis formulas are written on the basis of the octet rule, which limits second-row elements to no more than eight
electrons in their valence shells. In most of its compounds, carbon has four bonds. Many organic compounds have double or
triple bonds to carbon. Four electrons are involved in a double bond, six in a triple bond.

1 5B
H—C—C—O—H Co=C H—C=C—H
|| /N
H H H H
Each carbon has four bonds in ethyl alcohol; Ethylene has a carbon—  Acetylene has a carbon—
oxygen and each carbon are surrounded by eight electrons.  carbon double bond. carbon triple bond.

Section 1.4 When two atoms that differ in electronegativity are covalently bonded, the electrons in the bond are drawn toward the more
electronegative element.



Section 1.5

Section 1.6

Section 1.7

Section 1.8

SN o~
/

The electrons in a carbon—fluorine bond are
drawn away from carbon, toward fluorine.

Counting electrons and assessing charge distribution in molecules is essential to understanding how structure affects
properties. A particular atom in a Lewis formula may be neutral, positively charged, or negatively charged. The formal
charge of an atom in the Lewis formula of a molecule can be calculated by comparing its electron count with that of the
neutral atom itself.

Formal charge = Group number in periodic table — Electron count

where

Electron count = %(Number of shared electrons)
+ Number of unshared electrons

Table 1.5 in this section sets forth the procedure to be followed in writing Lewis formulas for organic molecules. It begins
with experimentally determined information: the molecular formula and the connectivity (order in which the atoms are
connected).

]il :?:
H—(Iz—c—{j—u
B

The Lewis formula of acetic acid

Different compounds that have the same molecular formula are called isomers. If they are different because their atoms are
connected in a different order, they are called constitutional isomers.

(0] H H
\ / \
—N: C=N
/ \ / \
H H H O—H

Formamide (/eff) and formaldoxime (right) are constitutional isomers; both have the same molecular formula (CH5NO), but
the atoms are connected in a different order.
Condensed formulas and line formulas are used to economize the drawing of organic structures.
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CH,CH,CH,CH,OH
or
CH5(CH,),CH,0H <" oH
condensed formula line formula

Many molecules can be represented by two or more Lewis formulas that differ only in the placement of electrons. In such
cases the electrons are delocalized, and the real electron distribution is a hybrid of the contributing structures. The rules of
resonance are summarized in Table 1.6.

:0 H :0: H
\ / \ /
C—N: — > C=N+
4 \ / \

H H H H

Two Lewis structures (resonance contributors) of formamide; the atoms are
connected in the same order, but the arrangement of the electrons is different.



Section 1.9

Section 1.10

Section 1.11

Section 1.12

Section 1.13

The octet rule can be exceeded for second-row elements. Resonance contributors in which sulfur contains 10 or 12 electrons
in its valence shell are permissible, as are phosphorus compounds with 10 electrons. Familiar examples include sulfuric acid
and phosphoric acid.

o, M _ss O |
HO—S—0H HO—P—0H
Q: :(_)_H
The shapes of molecules can often be predicted on the basis of valence shell electron-pair repulsions. A tetrahedral

arrangement gives the maximum separation of four electron pairs (leff); a trigonal planar arrangement is best for three
electron pairs (center), and a linear arrangement for two electron pairs (right).

C
‘.4

Knowing the shape of a molecule and the polarity of its various bonds allows the presence or absence of a molecular dipole
moment and its direction to be predicted.
N

H H O—t :0

Both water and carbon dioxide have polar bonds,
but water has a dipole moment while carbon dioxide does not.

Curved arrows increase the amount of information provided by a chemical equation by showing the flow of electrons
associated with bond making and bond breaking. In the process:

- V) = SN . _ +
BI_CH3 :NH:; — ¢Br1 + H3C_NH3

an electron pair of nitrogen becomes the pair of electrons in a C—N bond. The C—Br bond breaks, with the pair of electrons in
that bond becoming an unshared pair of bromide ion.

According to the Brensted-Lowry definitions, an acid is a proton donor and a base is a proton acceptor. Page 48

. )
B/+ HCA = B—H + :A-

Base Acid Conjugate  Conjugate
acid base
The strength of an acid is given by its equilibrium constant K, for ionization in aqueous solution:
K. = [H;0"]:A7]
: [HA]

or more conveniently by its pK:

pK, =—log;oK,



The strength of an acid depends on the atom to which the proton is bonded. Two important factors are the strength of the H-X
bond and the electronegativity of X. Bond strength is more important for atoms in the same group of the periodic table;
electronegativity is more important for atoms in the same row. Electronegative atoms elsewhere in the molecule can increase
the acidity by inductive effects.

Electron delocalization in the conjugate base, usually expressed via resonance between contributing Lewis formulas,
increases acidity by stabilizing the conjugate base.

Section 1.14  The position of equilibrium in an acid-base reaction lies to the side of the weaker acid.

K>1
Stronger acid + Stronger base —<——" Weaker acid + Weaker base

This is a very useful relationship. You should practice writing equations according to the Brensted—Lowry definitions of acids
and bases and familiarize yourself with Table 1.8, which gives the pK,’s of various Brensted acids.

Section 1.15  The Lewis definitions of acids and bases provide for a more general view of acid-base reactions than the Bronsted-Lowry

picture. A Lewis acid is an electron-pair acceptor. A Lewis base is an electron-pair donor. The Lewis approach incorporates
the Brensted—Lowry approach as a subcategory in which the atom that accepts the electron pair in the Lewis acid is a
hydrogen.

Structural Formulas

1.43

1.44

1.45

1.46

1.47

Write a Lewis formula for each of the following organic molecules:
(a) CH3Cl (vinyl chloride: starting material for the preparation of PVC plastics)
(b) CoHBCIF; (halothane: a nonflammable inhalation anesthetic; all three fluorines are bonded to the same carbon)
(c) CoClyF4 (Freon 114: formerly used as a refrigerant and as an aerosol propellant; each carbon bears one chlorine)

Write structural formulas for all the constitutionally isomeric compounds having the given molecular formula.
() C4Hyg
(b) CsHyp
() CoH4Cl
(d) C4HoBr
(e) C3HgN

Write structural formulas for all the constitutional isomers of
(a) C3Hg
(b) C3Hg
() C3Hy

Write structural formulas for all the constitutional isomers of molecular formula C3HgO that contain
(a) Only single bonds
(b) One double bond

Expand the following structural representations so as to more clearly show all the atoms and any unshared electron pairs. What are
their molecular formulas? Are any of them isomers?



0
(a) )\/\)k/ (d) )j\/\/\

Occurs in bay and verbena oil Found in Roquefort cheese
P
OCCH3
(b) @ ©:
COH
|
Pleasant-smelling substance 0
found in marjoram oil Aspirin
OH H ©O

Br N
(©) )\/\/\ ) O o O
Present in oil of cloves N B
r
o H

Tyrian purple: a purple
dye extracted from a
species of Mediterranean
sea snail

Formal Charge and Resonance

1.48 Each of the following species will be encountered at some point in this text. They all have the same number of electrons binding the
same number of atoms and the same arrangement of bonds; they are isoelectronic. Specify which atoms, if any, bear a formal charge
in the Lewis formula given and the net charge for each species.

(a) :N—N=N: and :N=N=N: (©) :N—N=N: and :N—N—N:
(b) :N—N=N: and N—N=N:

1.49 Consider Lewis formulas A, B, and C:

H,C—N=N: H,C=N=N: H,C—N=N:
A B C

(a) Are A, B, and C constitutional isomers, or are they resonance contributors?
(b) Which have a negatively charged carbon?

(c) Which have a positively charged carbon?

(d) Which have a positively charged nitrogen?

(e) Which have a negatively charged nitrogen?

(f) What is the net charge on each?

(g) Which is a more stable structure, A or B? Why?

(h) Which is a more stable structure, B or C? Why?

(1) What is the CNN geometry in each according to VSEPR?

1.50 In each of the following pairs, determine whether the two represent resonance contributors of a single species or depict different
substances. If two structures are not resonance contributors, explain why.

(a) :I};—NEN: and :N=N=N: () :N—N=N:  and N_N_N
(b) :N—NEN: and ‘N—N=N:

1.51 (a) Which one of the following is not a permissible contributing structure? Why?




H.C HZC\ zc\\ H,C
/N—o:‘ +N—OT N=0 +/N=O
O )
H,C H,C HC HiC
A B C D

(b) Rank the three remaining structures in order of their contribution to the resonance hybrid. Explain your reasoning.

(c) Using curved arrows, show the electron movement that connects the three resonance contributors.

1.52 Of two possible structures A and B for the conjugate acid of guanidine, the more stable is the one that is better stabilized by electron
delocalization. Which one is it? Write resonance structures showing this electron delocalization.

H,N”~ ~NH, H,N~ ~NH; H,N” “NH,
Guanidine A B

1.53 Write a more stable contributing structure for each of the following. Use curved arrows to show how to transform the original Lewis
formula to the new one. Be sure to specify formal charges, if any.

(a) HC—N=N: (d) HoC—CH=CH—CH, (g) H—C—0:
07 p
s + .
® H—C (e) H,C—CH=CH—{" (h) H,C—OH
o ;
( 5 .
+ L = // NH’.’
(c) HXC—CH>» (f) H,C—C = ol
\y (i) HC—N

Dipole Moment

1.54 The connectivity of carbon oxysulfide is OCS.
(a) Write a Lewis formula for carbon oxysulfide that satisfies the octet rule.
(b) What is the molecular geometry according to VSEPR?
(c) Does carbon oxysulfide have a dipole moment? If so, what is its direction?

1.55 For each of the following molecules that contain polar covalent bonds, indicate the positive and negative ends of the dipole, using
the symbol +>. Refer to Table 1.3 as needed.

(a) HCI
(C) Hzo
(b) HI
(d) HOCl

1.56 The compounds FCl and ICI have dipole moments p that are similar in magnitude (0.9 and 0.7 D, respectively) but opposite in
direction. In one compound, chlorine is the positive end of the dipole; in the other it is the negative end. Specify the direction of the
dipole moment in each compound, and explain your reasoning.

1.57 Which compound in each of the following pairs would you expect to have the greater dipole moment p? Why?
(a) HF or HCI1
(d) CHC13 or CC13F

(b) HF or BF;3
(e) CH3NI'12 or CH30H



(¢) (CH3)3CH or (CH3)3CCl
(f) CH3NH2 or CH3N02

Acids and Bases

1.58 With a pKj, of 11.6, hydrogen peroxide is a stronger acid than water. Why?

1.59 The structure of montelukast, an antiasthma drug, is shown here.

H3é CH,

(a) Use Table 1.8 to identify the most acidic and most basic sites in the molecule. (Although you won’t find an exact match in
structure, make a prediction based on analogy with similar groups in simpler molecules.)

(b) Write the structure of the product formed by treating montelukast with one equivalent of sodium hydroxide.
(c) Write the structure of the product formed by treating montelukast with one equivalent of HCL

1.60 (a) One acid has a pK,, of 2, the other has a pK, of 8. What is the ratio of their K;,’s?
(b) Two acids differ by a factor of 10,000 in their K’s. If the pK, of the weaker acid is 5, what is the pK;, of the stronger acid?

1.61 Calculate K, for each of the following acids, given its pK,. Rank the compounds in order of decreasing acidity.

o)
= o 0 0 i
A e Y
H OH 0
CH; HO OH
Aspirin Vitamin C Formic acid Oxalic acid
pKa=348 pKa=4.17 pKa=3.75 pKa = 1.19
(ascorbic acid) (present in (poisonous substance
sting of ants) in certain berries)

1.62 Rank the following in order of decreasing acidity. Although none of these specific structures appear in Table 1.8, you can use
analogous structures in the table to guide your reasoning.

*? T Q /N\
H H HO CH, H CH,

1.63 Rank the following in order of decreasing basicity. As in the preceding problem, Table 1.8 should prove helpful.

o
i NN /\)I\Q:— PR

1.64 Consider 1.0 M aqueous solutions of each of the following. Which solution is more basic?
(a) Sodium cyanide (NaCN) or sodium fluoride (NaF)



1.65

1.66

1.67

1.68

[
(b) Sodium carbonate (NayCO3) or sodium acetate (CH;CONa)
(c) Sodium sulfate (Na;SO4) or sodium methanethiolate (NaSCHj3)

Write an equation for the Brensted—Lowry acid-base reaction that occurs when each of the following acids reacts with Page 52

water. Show all unshared electron pairs and formal charges, and use curved arrows to track electron movement.

5 O-H
H—C=N il e Hsc~</
H H :0—CHj;

(@) (b) (©)

Write an equation for the Brensted-Lowry acid—base reaction that occurs when each of the following bases reacts with water. Show
all unshared electron pairs and formal charges, and use curved arrows to track electron movement.

H,C—CmC: O BT_N\

H H
(a) (b) (c)

All of the substances shown in the following acid—base reactions are found in Table 1.8, and the equilibrium lies to the right in each

case. Following the curved arrows, complete each equation to show the products formed. Identify the acid, base, conjugate acid, and
conjugate base. Calculate the equilibrium constant for each reaction.

T e DN
(a) 07 + H—-SCH; =—=

:6 /—\
(b) >—o' + H(—\():
:0:

|

Y Y
)Y,
|

Each of the following acid-base reactions involves substances found in Tgble 1.8. Use the pKj, data in the table to help you predict

the products of the reactions. Use curved arrows to show electron flow. Predict whether the equilibrium lies to the left or to the right
and calculate the equilibrium constant for each reaction.



(@ HC=CH 4+ —NH, =—=

(b) HC=CH + :OCH;

(0] (0}
©) )I\/”\ + TQCH3 T
(0]

|

d) )]\o/\ e SHOCH,

0]
o X+ Al —

1.69 With a pK, of 1.2, squaric acid is unusually acidic for a compound containing only C, H, and O. Page 53

:0 :OH

T
:9/ OH

Squaric acid

Write a Lewis formula for the conjugate base of squaric acid and, using curved arrows, show how the negative charge is shared by
two oxygens.

1.70 What are the products of the following reaction based on the electron flow represented by the curved arrows? Which compound is
the Lewis acid? Which is the Lewis base?

HzN /_\

§: + HC-—Br:
HoN )

Amide Lewis Structural Formulas

Lewis formulas are the major means by which structural information is communicated in organic chemistry. These structural formulas show the
atoms, bonds, location of unshared pairs, and formal charges.

Two or more Lewis formulas, differing only in the placement of electrons, can often be written for a single compound. In such cases the

separate structures represented by the Lewis formulas are said to be in resonance, and the true electron distribution is a hybrid of the electron
distributions of the contributing structures.

The amide function is an important structural unit in peptides and proteins. Formamide, represented by the Lewis structure shown, is the

simplest amide. It is a planar molecule with a dipole moment of 3.7 D. Lewis structures I-IV represent species that bear some relationship to the
Lewis structure for formamide.

+/H ../H o _
:0 :0: (0}
TN N Y
A S X
H/ \I/ H/ \l/ H/ \Iili H/ \IiI H/ \III+/
H H H H

Formamide I i | I v



1.7 Formamide is a planar molecule. According to VSEPR, does the structural formula given for formamide satisfy this requirement?
A. Yes
B. No

1.72 Which Lewis formula is both planar according to VSEPR and a resonance contributor of formamide?
Al
B.II
C.III
D.IV

1.73 According to VSEPR, which Lewis formula has a pyramidal arrangement of bonds to nitrogen?
Al
B.II
C.III
D.IV

1.74 Which Lewis formula is a constitutional isomer of formamide?
Al
B. I
C.1II
D. IV

1.75 Which Lewis formula is a conjugate acid of formamide?
Al
B.II
C.II
D.IV

1.76 Which Lewis formula is a conjugate base of formamide?
Al
B.II
C.II
D.IV

‘A glossary of the terms shown in boldface may be found immediately before the index at the back of the book
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Chapter

In our solar system, only Earth and Titan, a moon of Saturn, are known to possess lakes. The spacecraft Cassini arrived at Saturn in 2004 and stayed operational
until September 2017. Cassini and its European-built probe Huygens, which landed on Titan’s surface in 2005, revealed that instead of lakes of water, Titan’s
low temperature of =179 C allows for lakes of methane and ethane. The scientific community continues to discuss the origins of hydrocarbons on Titan.

(Left): Source: NASA/JPL-Caltech/USGS; (right): Source: NASA/JPL-Caltech/Space Science Institute
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Alkanes and Cycloalkanes: Introduction to Hydrocarbons

This chapter continues the connection between structure and properties begun in Chapter 1. In it we focus on the simplest organic compounds—those that
contain only carbon and hydrogen, called hydrocarbons. These compounds occupy a key position in the organic chemical landscape. Their framework of
carbon—carbon bonds provides the scaffolding on which more reactive functional groups are attached. We’ll introduce functional groups in a preliminary
way in this chapter but will have much more to say about them beginning in Chapter 5.

By focusing on hydrocarbons, we’ll expand our picture of bonding by introducing two approaches that grew out of the idea that electrons can be
described as waves: the valence bond and molecular orbital models. In particular, one aspect of the valence bond model, called orbital hybridization, will be
emphasized.

A major portion of this chapter deals with how we name organic compounds. The system used throughout the world is based on a set of rules for naming
hydrocarbons, then extending the rules to include compounds that contain functional groups.
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2.1 Classes of Hydrocarbons

Hydrocarbons are divided into two main classes: aliphatic and aromatic. This classification dates from the nineteenth century, when organic chemistry was
devoted almost entirely to the study of materials from natural sources, and terms were coined that reflected a substance’s origin. Two sources were fats and
oils, and the word aliphatic was derived from the Greek word aleiphar meaning “fat.” Aromatic hydrocarbons, irrespective of their own odor, were typically
obtained by chemical treatment of pleasant-smelling plant extracts.

Aliphatic hydrocarbons include three major groups: alkanes, alkenes, and alkynes. Alkanes are hydrocarbons in which all the bonds are single bonds,
alkenes contain at least one carbon—carbon double bond, and alkynes contain at least one carbon—carbon triple bond. Examples of the three classes of
aliphatic hydrocarbons are the two-carbon compounds ethane, ethylene, and acetylene. Another name for aromatic hydrocarbons is arenes. The most
important aromatic hydrocarbon is benzene.
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H H H H C—C
| Yo gf 7\
H—(lj—?—H /C=C\ H—C=C—H H-=C C—H
H H H H C=C
/ AN
Ethane Ethylene Acetylene H H
(alkane) (alkene) (alkyne)
’ Benzene

Larene)

Difterent properties in these hydrocarbons are the result of the different types of bonding involving carbon. The shared electron pair, or Lewis model of
chemical bonding described in Section 1.3, does not account for all of the differences. In the following sections, we will consider two additional bonding
theories: the valence bond model and molecular orbital model.

2.2 Electron Waves and Chemical Bonds

De Broglie’s and Schrédinger’s contributions to our present understanding of electrons were descr bed in Section 1.1.



G. N. Lewis proposed his shared electron-pair model of bonding in 1916, almost a decade before Louis de Broglie’s theory of wave—particle duality. De
Broglie’s radically different view of an electron, and Erwin Schrodinger’s success in using wave equations to calculate the energy of an electron in a
hydrogen atom, encouraged the belief that bonding in molecules could be explained on the basis of interactions between electron waves. This thinking
produced two widely used theories of chemical bonding; one is called the valence bond model, the other the molecular orbital model.

All of the forces in chemistry, except for nuclear chemistry, are electrical. Opposite charges attract; like charges repel. This
simple fact can take you a long way.

Before we describe these theories in the context of organic molecules, let’s first think about bonding between two hydrogen atoms in the most
fundamental terms. We’ll begin with two hydrogen atoms that are far apart and see what happens as the distance between them decreases. The forces
involved are electron—electron (—) repulsions, nucleus—nucleus (++) repulsions, and electron—nucleus (—+) attractions. All of these forces increase as the
distance between the two hydrogens decreases. Because the electrons are so mobile, however, they can choreograph their motions so as to minimize their
mutual repulsion while maximizing their attractive forces with the protons. Thus, as shown in Figure 2.1, a net, albeit weak, attractive force exists between
the two hydrogens even when the atoms are far apart. This interaction becomes stronger as the two atoms approach each other—the electron of each
hydrogen increasingly feels the attractive force of two protons rather than one, the total energy decreases, and the system becomes more stable. A potential
energy minimum is reached when the separation between the nuclei reaches 74 pm (0.74 A), which corresponds to the H-H bond length in H,. At distances

shorter than this, nucleus—nucleus and electron—electron repulsions dominate, and the system becomes less stable.
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Figure 2.1

Plot of potential energy versus distance for two hydrogen atoms. At long distances, there is a weak attractive force. As the distance decreases,
the potential energy decreases, and the system becomes more stable because each electron now “feels” the attractive force of two protons rather
than one. The lowest energy state corresponds to a separation of 74 pm (0.74 A), which is the normal bond distance in Ho. At shorter distances,

nucleus—nucleus and electron—electron repulsions are greater than electron—nucleus attractions, and the system becomes less stable.

Valence bond and molecular orbital theory both incorporate the wave description of an atom’s electrons into this picture of Hy, but in somewhat different

ways. Both assume that electron waves behave like more familiar waves, such as sound and light waves. One important property of waves is called
interference in physics. Constructive interference occurs when two waves combine so as to reinforce each other (in phase); destructive interference occurs
when they oppose each other (out of phase) (Figure 2.2).

Waves reinforce Waves cancel

Distance

b Distance

Nuclei

(ez) Amplitudes of wave functions added (b) Amplitudes of wave functions subtracted

Figure 2.2

Interference between waves. (a) Constructive interference occurs when two waves combine in phase with each other. The amplitude of the
resulting wave at each point is the sum of the amplitudes of the original waves. (b) Destructive interference decreases the amplitude when two
waves are out of phase with each other.



Recall from Section 1.1 that electron waves in atoms are characterized by their wave function, which is the same as an orbital. For an electron in the most
stable state of a hydrogen atom, for example, this state is defined by the 1s wave function and is often called the 1s orbital. The valence bond model bases
the connection between two atoms on the overlap between half-filled orbitals of the two atoms. The molecular orbital model assembles a set of molecular
orbitals by combining the atomic orbitals of a// of the atoms in the molecule.

For a molecule as simple as Hj, valence bond and molecular orbital theory produce very similar pictures. The next two sections describe these two
approaches.

2.3 Bonding in H3: The Valence Bond Model

The characteristic feature of valence bond theory is that it pictures a covalent bond between two atoms in terms of an in-phase overlap of a half-filled
orbital of one atom with a half-filled orbital of the other, illustrated for the case of H, in Figure 2.3. Two hydrogen atoms, each containing an electron in a ls
orbital, combine so that their orbitals overlap to give a new orbital associated with both of them. In-phase orbital overlap (constructive interference)
increases the probability of finding an electron in the region between the two nuclei where it feels the attractive force of both of them. Electrostatic potential
maps show this build-up of electron density in the region between two hydrogen atoms as they approach each other closely enough for their orbitals to
overlap.

(a) The 1s orbitals of two separated hydrogen
atoms, sufficiently far apart so that
essentially no interaction takes place
between them. Each electron is associated
with only a single proton.

(b) As the hydrogen atoms approach each
other, their 1s orbitals begin to overlap and
each electron begins to feel the attractive
force of both protons.

(¢) The hydrogen atoms are close enough so
that appreciable overlap of the two 1s
orbitals occurs. The concentration of
electron density in the region between the
two protons is more readily apparent.

{d) A molecule of H,. The center-to-center
distance between the hydrogen atoms is
74 pm (0.74 A). The two individual 1s
orbitals have been replaced by a new
orbital that encompasses both hydrogens
and contains both electrons. The electron
density is greatest in the region between
the two hydrogens.

Figure 2.3

Valence bond picture of bonding in Ha as illustrated by electrostatic potential maps. The 1s orbitals of two hydrogen atoms overlap to give an
orbital that contains both electrons of an H, molecule.

A bond in which the orbitals overlap along a line connecting the atoms (the internuclear axis) is called a sigma (¢)_bond. The electron
distribution in a o bond is cylindrically symmetrical; were we to slice through a ¢ bond perpendicular to the internuclear axis, its cross section Page 57
would appear as a circle. Another way to see the shape of the electron distribution is to view the molecule end-on.
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Orbitals overlap along a line Circular electron distribution
connecting the two atoms when viewing down the H—H bond

We will use the valence bond approach extensively in our discussion of organic molecules and expand on it shortly. First though, let’s introduce the
molecular orbital method to see how it uses the 1s orbitals of two hydrogen atoms to generate the orbitals of an H, molecule.

2.4 Bonding in Ha: The Molecular Orbital Model

The molecular orbital theory of chemical bonding rests on the notion that, as electrons in atoms occupy atomic orbitals, electrons in molecules occupy
molecular orbitals. Just as our first task in writing the electron configuration of an atom is to identify the atomic orbitals that are available to it, so too must
we first describe the orbitals available to a molecule. In the molecular orbital method this is done by representing molecular orbitals as

combinations of atomic orbitals, the linear combination of atomic orbitals-molecular orbital (LCAO-MO) method. Page 58

Two molecular orbitals (MOs) of H, are generated by combining the 1s atomic orbitals (AOs) of two hydrogen atoms. In one combination, the

two wave functions are added; in the other they are subtracted. The two new orbitals that are produced are portrayed in Figure 2.4. The additive combination
generates a bonding orbital; the subtractive combination generates an antibonding orbital. Both the bonding and antibonding orbitals have ¢ symmetry,
meaning that they are symmetrical with respect to the internuclear axis. The two are differentiated by calling the bonding orbital ¢ and the antibonding
orbital o* (“sigma star”). The bonding orbital is characterized by a region of high electron probability between the two atoms, whereas the antibonding

orbital has a nodal plane between them.

(@) Add the 1s wave functions of two hydrogen atoms to (b) Subtract the 1s wave function of one hydrogen atom from the
generate a bonding molecular orbital (6) of H,. There is a other to generate an antibonding molecular orbital (o%) of H,.
high probability of finding both electrons in the region There is a nodal plane where there is a zero probability of
between the two nuclei. finding the electrons in the region between the two nuclei.
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i
+ _ —_— — = I
I
|
|
Add 1s wave functions o Orbital (bonding) Subtract 15 wave functions o* Orbital (antibonding)

Figure 2.4

Generation of o and o* molecular orbitals of Hp by combining 1s orbitals of two hydrogen atoms.

A molecular orbital diagram for H, is shown in Figure 2.5. The customary format shows the starting AOs at the left and right sides and the MOs in the

middle. It must always be true that the number of MOs is the same as the number of AOs that combine to produce them. Thus, when the 1s AOs of two
hydrogen atoms combine, two MOs result. The bonding MO (o) is lower in energy and the antibonding MO (c*) higher in energy than either of the original

1s orbitals.

Antibonding

I
& . \
E‘ 1y — — |y
an Y
5
z
= T |
Y
Bonding
Hydrogen 1s Molecular orbitals Hydrogen 1s
atomic orbital of H, atomic orbital
Figure 2.5

Two molecular orbitals (MOs) are generated by combining two hydrogen 1s atomic orbitals (AOs). The bonding MO is lower in energy than either
of the AOs that combine to produce it. The antibonding MO is of higher energy than either AO. Each arrow indicates one electron, and the



electron spins are opposite in sign. Both electrons of H, occupy the bonding MO.

When assigning electrons to MOs, the same rules apply as for writing electron configurations of atoms. Electrons fill the MOs in order of increasing
orbital energy, and the maximum number of electrons in any orbital is two. Both electrons of H, occupy the bonding orbital and have opposite spins, and

both are held more strongly than they would be in separated hydrogen atoms. There are no electrons in the antibonding orbital.
For a molecule as simple as H,, it is hard to see much difference between the valence bond and molecular orbital methods. The most important

differences appear in molecules with more than two atoms. In those cases, the valence bond method continues to view a molecule as a collection of bonds
between connected atoms. The molecular orbital method, however, leads to a picture in which the same electron can be associated with many, or even all, of
the atoms in a molecule. We’ll have more to say about the similarities and differences in valence bond and molecular orbital theory as we

continue to develop their principles, beginning with the simplest alkanes: methane, ethane, and propane. Page 59

Construct a diagram similar to Figure 2.5 for diatomic helium (Hey). Why is helium monatomic instead of diatomic?

2.5 Introduction to Alkanes: Methane, Ethane, and Propane

Alkanes have the general molecular formula C,H,,,. The simplest one, methane (CHy), is also the most abundant. Large amounts are present in our

atmosphere, in the ground, and in the oceans. Methane has been found on Mars, Jupiter, Saturn, Uranus, Neptune, and Pluto, on Halley’s Comet, even in the
atmosphere of a planet in a distant solar system. About 2—8% of the atmosphere of Titan, Saturn’s largest moon, is methane.

Ethane (C,Hg: CH3CHj3) and propane (C3Hg: CH3CH,CH3) are second and third, respectively, to methane in many ways. Ethane is the alkane next to

methane in structural simplicity, followed by propane. Ethane (=10%) is the second and propane (=5%) the third most abundant component of natural gas,
which is =75% methane. Natural gas is colorless and nearly odorless, as are methane, ethane, and propane. The characteristic odor of the natural gas we use
for heating our homes and cooking comes from trace amounts of unpleasant-smelling sulfur-containing compounds, called thiols, that are deliberately added
to it to warn us of potentially dangerous leaks.

Boiling points cited in this text are at 1 atm (760 mm Hg) unless otherwise stated.

Methane is the lowest boiling alkane, followed by ethane, then propane.

CH, CH,CH; CH;CH,CH,

Methane Ethane Propane
Boiling point: —1607C —89°C —42°C

All the alkanes with four or fewer carbons are gases at room temperature and atmospheric pressure. With the highest boiling point of the three, propane is the
easiest one to liquefy. We are all familiar with “propane tanks.” These are steel containers in which a propane-rich mixture of hydrocarbons called liqguefied
petroleum gas (LPQ) is maintained in a liquid state under high pressure as a convenient clean-burning fuel.

It is generally true that as the number of carbon atoms increases, so does the boiling point. The Cyy-alkane heptacontane [CH3(CH,)ggCH3] boils at
653°C, and its Cy analog hectane at 715°C.
The structural features of methane, ethane, and propane are summarized in Figure 2.6. All of the carbon atoms have four bonds, all of the bonds are

single bonds, and the bond angles are close to tetrahedral. In the next section we’ll see how to adapt the valence bond model to accommodate the observed
structures.
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Figure 2.6

Structures of methane, ethane, and propane showing bond distances and bond angles.



2.6 sp° Hybridization and Bonding in Methane Page 60

Before we describe the bonding in methane, it i1s worth emphasizing that bonding theories attempt to describe a molecule on the basis of its component
atoms; bonding theories do not attempt to explain 7ow bonds form. The world’s methane does not come from the reaction of carbon atoms with hydrogen
atoms; it comes from biological processes. The boxed essay Methane and the Biosphere tells you more about the origins of methane and other
organic compounds. Page 61

( . )
Methane and the Biosphere

One of the things that environmental scientists do is to keep track of important elements in the biosphere—in what form do these
elements normally occur, to what are they transformed, and how are they retumed to their normal state? Careful studies have
given clear, although complicated, pictures of the “nitrogen cycle,” the “sulfur cycle,” and the “phosphorus cycle,” for example. The
“carbon cycle” begins and ends with atmospheric carbon dioxide. It can be represented in an abbreviated form as:

photosynthesis
CO, + H,O + energy —m‘ carbohydrates

naturally occurring

substances of
numerous types

Methane is one of literally millions of compounds in the carbon cycle, but one of the most abundant. It is formed when carbon-
containing compounds decompose in the absence of air (anaerobic conditions). The organisms that bring this about are called
methanoarchaea. Cells can be divided into three types: archaea, bacteria, and eukarya. Methanoarchaea convert carbon-
containing compounds, including carbon dioxide and acetic acid, to methane. Virtually anywhere water contacts organic matter in
the absence of air is a suitable place for methanoarchaea to thrive—at the bottom of ponds, bogs, rice fields, even on the ocean
floor. They live inside termites and grass-eating animals; one source quotes 20 L/day as the methane output of a large cow.

The scale on which the world’s methanoarchaea churn out methane, estimated to be 1011-1012 Ib/year, is enormous. About
10% of this amount makes its way into the atmosphere, but most of the rest simply ends up completing the carbon cycle. It exits
the anaerobic environment where it was formed and enters the aerobic world where it is eventually converted to carbon dioxide.
But not all of it. Much of the world’s methane lies trapped beneath the Earth’s surface. Firedamp, an explosion hazard to coal
miners, is mostly methane, as is the natural gas that accompanies petroleum deposits. When methane leaks from petroleum under
the ocean floor and the pressure is high enough (50 atm) and the water cold enough (4°C), individual methane molecules become
trapped inside clusters of 6—18 water molecules as methane clathrates or methane hydrates (Eigure 2.7). Aggregates of these
hydrates remain at the bottom of the ocean in what looks like a lump of dirty ice, ice that burns (Eigure 2.8). Far from being mere
curiosities, methane hydrates are potential sources of energy on a scale greater than that of all the known oil reserves combined.
The extraction of methane from hydrates has been demonstrated on a small scale, and estimates suggest some modest
contribution to the global energy supply by 2020.

Methane hydrates contributed to the 2010 environmental disaster in the Gulf of Mexico in an unexpected and important way.
Because the hydrates are stable only under the extreme conditions of pressure and temperature found in the deep ocean, their
effect on the methods used to repair damage to the oil rigs proved difficult to anticipate and their ice-like properties interfered with
attempts to cap the flow of oil in its early stages.

In a different vein, environmental scientists are looking into the possibility that methane hydrates contributed to a major global
warming event that occurred 55 million years ago, lasted 40,000 years, and raised the temperature of the Earth some 5°C. They
speculate that a modest warming of the oceans encouraged the dissociation of hydrates, releasing methane into the atmosphere.
Methane is a potent greenhouse gas, and the resulting greenhouse effect raised the temperature of the Earth. This, in turn,
caused more methane to be released from the oceans into the atmosphere, causing more global warming. Eventually a new,
warmer equilibrium state was reached.

Figure 2.7




In a hydrate a molecule of methane is surrounded by a cage of hydrogen-bonded water molecules. The cages are of various sizes;
the one shown here is based on a dodecahedron. Each vertex corresponds to one water molecule, and the lines between them
represent hydrogen bonds (O-H.....O).

Figure 2.8

Methane burning as it is released from a clathrate.
Source: Photo by J Pinkston and L Stem, U S Geological Survey
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We begin with the experimentally determined three-dimensional structure of a molecule, then propose bonding models that are consistent with the
structure. We do not claim that the observed structure is a result of the bonding model. Indeed, there may be two or more equally satisfactory models.

Structures are facts; bonding models are theories that we use to try to understand the facts.
A vexing puzzle in the early days of valence bond theory concerned the fact that methane is CH, and that the four bonds to carbon are directed toward
the corners of a tetrahedron. Valence bond theory is based on the in-phase overlap of half-filled orbitals of the connected atoms. But with an electron

configuration of 1522;'221),(1217},1 carbon has only two half-filled orbitals (Eigure 2.9g). How, then, can it have four bonds?
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Figure 2.9

sp3 Hybridization. (a) Electron configuration of carbon in its most stable state. (b) Mixing the o orbital with the three p orbitals generates four sp3
hybrid orbitals. The four sp3 hybrid orbitals are of equal energy; therefore, the four valence electrons are distributed evenly among them. The

axes of the four sp3 orbitals are directed toward the comers of a tetrahedron.



In the 1930s Linus Pauling offered an ingenious solution to this puzzle. He suggested that the electron configuration of a carbon bonded to other atoms
need not be the same as that of a free carbon atom. By mixing (“hybridizing”) the 2s, 2p,, 2p,, and 2p, orbitals, four new orbitals are obtained (Figure 2.95).

These four new orbitals are called sp3 hybrid orbitals because they come from one s orbital and three p orbitals. Each sp3 hybrid orbital has 25% s character
and 75% p character. Among their most important features are the following:

1. All four sp3 orbitals are of equal energy. Therefore, according to Hund’s rule (Section 1.1) the four valence electrons of carbon are distributed equally
among them, making four half-filled orbitals available for bonding.

2. The axes of the sp3 orbitals point toward the corners of a tetrahedron. Therefore, sp3 hybridization of carbon is consistent with the tetrahedral structure
of methane. Each C—H bond is a ¢ bond in which a half-filled 1s orbital of hydrogen overlaps with a half-filled sp3 orbital of carbon along a line drawn
between them (Figure 2.10).
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Figure 2.10

Only the major orbital lobe of each sp? orbital is shown in (a) and in a commonly utilized stylized version (b). Each half-filled sp3 orbital overlaps
with a half-filled hydrogen 1s orbital along a line between them giving a tetrahedral arrangement of four o bonds. (c) All bond angles are 109.5°.

3. 6 Bonds involving sp3 hybrid orbitals of carbon are stronger than those involving unhybridized 2s or 2p orbitals. Each sp3 hybrid orbital has

two lobes of unequal size, making the electron density greater on one side of the nucleus than the other. In a C—H o bond, it is the larger lobe Page 62

of a carbon sp3 orbital that overlaps with a hydrogen 1s orbital. This concentrates the electron density in the region between the two atoms.

The orbital hybridization model accounts for carbon having four bonds rather than two, the bonds are stronger than they would be in the absence of
hybridization, and they are arranged in a tetrahedral fashion around carbon.

2.7 Bonding_j in Ethane

The orbital hybridization model of covalent bonding is readily extended to carbon—carbon bonds. As Figure 2.11 illustrates, ethane is described in terms of a

carbon—carbon ¢ bond joining two CH3 (methyl) groups. Each methyl group consists of an sp3-hybridized carbon attached to three hydrogens by sp>—1s &

bonds. Overlap of the remaining half-filled sp3 orbital of one carbon with that of the other generates a ¢ bond between them. Here is a third kind of ¢ bond,

one that has as its basis the overlap of two half-filled sp3-hybridized orbitals. In general, you can expect that carbon will be sp3 -hybridized when it is directly
bonded to four atoms.
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(a) The carbons in ethane are tetrahedral. The C—C bond length is 153 pm (1.53 A). (b) The C—-C o bond of ethane is viewed as a combination of
two half-filled sp3 orbitals (c).
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Describe the bonding in propane according to the orbital hybridization model.

In the next few sections we’ll examine the application of the valence bond-orbital hybridization model to alkenes and alkynes, then return to other
aspects of alkanes in Section 2.12. We’ll begin with ethylene.

2.8 sp2 Hybridization and Bonding in Ethylene

Ethylene is planar with bond angles close to 120° (Figure 2.12); therefore, some hybridization state other than sp3 is required. The hybridization scheme is
determined by the number of atoms to which carbon is directly attached. In sp3 hybridization, four atoms are attached to carbon by ¢ bonds, and so four
equivalent sp> hybrid orbitals are required. In ethylene, three atoms are attached to each carbon, so three equivalent hybrid orbitals are needed. As shown in
Figure 2.13, these three orbitals are generated by mixing the carbon 2s orbital with two of the 2p orbitals and are called sp2 hybrid orbitals. One
of the 2p orbitals is left unhybridized. The three sp2 orbitals are of equal energy; each has one-third s character and two-thirds p character. Their Page 64
axes are coplanar, and each has a shape much like that of an sp3 orbital. The three sp2 orbitals and the unhybridized p orbital each contain one

electron.
/?\ 134 pm (1.34 &)
Hf.f;,
112e —/c-""“““H 110 pm (1.10 A)
&/H'(:_] \H/
121.4°
(@) (b)
Figure 2.12

(a) All the atoms of ethylene lie in the same plane, the bond angles are close to 120°, and the carbon—carbon bond distance is significantly
shorter than that of ethane. (b) A space-filing model of ethylene.
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sp2 Hybridization. (a) Electron configuration of carbon in its most stable state. (b) Mixing the s orbital with two of the three p orbitals generates
three sp2 hybrid orbitals and leaves one of the 2p orbitals untouched. The axes of the three sp2 orbitals lie in the same plane and make angles of



120° with one another.

Each carbon of ethylene uses two of its sp? hybrid orbitals to form o bonds to two hydrogen atoms, as illustrated in the first part of Figure 2.14. The
remaining sp® orbitals, one on each carbon, overlap along the internuclear axis to give a 6 bond connecting the two carbons.

Begin with two sp™hybridized carbon atoms and four hyd.rogen atoms:
Half-filled 2p

/ orbital \\
’ ‘
sp*

sp” Hybrid orbitals of ca.rbon
overlap to form ¢ bonds to
C(2sp2—H(1s) hydrogens and to each other

o bond
% I| 2
/I

C(2sp?)—C(2sp”) o bond

p Orbitals that remain on carbons
overlap to form n bond

g o

The carbon—carbon double bond in ethylene has a ¢ component and a ™ component. The o component arises from overlap of spz-hybridized
orbitals along the internuclear axis. The 1 component results from a side-by-side overlap of 2p orbitals.

Figure 2.14

Each carbon atom still has, at this point, an unhybridized 2p orbital available for bonding. These two half-filled 2p orbitals have their axes perpendicular
to the framework of ¢ bonds of the molecule and overlap in a side-by-side manner to give a pi (z)_bond. The carbon—carbon double bond of ethylene is
viewed as a combination of a ¢ bond plus a 7 bond. The additional increment of bonding makes a carbon—carbon double bond both stronger and shorter than
a carbon—carbon single bond.

Electrons in a w bond are called 7 electrons. The probability of finding a © electron is highest in the region above and below the plane of the molecule.
The plane of the molecule corresponds to a nodal plane, where the probability of finding a & electron is zero.

In general, you can expect that carbon will be spZ-hybridized when it is directly bonded to three atoms in a neutral molecule.

Identify the orbital overlaps of all of the bonds in propene (H,C[ICHCH3) and classify them as o or 1 as appropriate.

2.9 sp Hybridization and Bonding in Acetylene Page 65

One more hybridization scheme is important in organic chemistry. It is called sp hybridization and applies when carbon is directly bonded to two atoms, as
in acetylene. The structure of acetylene is shown in Figure 2.15 along with its bond distances and bond angles. Its most prominent feature is its linear
geometry.
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Figure 2.15
Acetylene is a linear molecule as indicated in (a) the structural formula and (b) a space-filling model.
Because each carbon in acetylene is bonded to two other atoms, the orbital hybridization model requires each carbon to have two equivalent orbitals
available for o bonds as outlined in Figure 2.16. According to this model the carbon 2s orbital and one of its 2p orbitals combine to generate two sp hybrid
orbitals, each of which has 50% s character and 50% p character. These two sp orbitals share a common axis, but their major lobes are oriented at an angle of

180° to each other. Two of the original 2p orbitals remain unhybridized.

These two orbitals are not hybridized \
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Figure 2.16
sp Hybridization. (a) Electron configuration of carbon in its most stable state. (b) Mixing the s orbital with one of the three p orbitals generates two

sp hybrid orbitals and leaves two of the 2p orbitals untouched. The axes of the two sp orbitals make an angle of 180° with each other.

As portrayed in Figure 2.17, the two carbons of acetylene are connected to each other by a 2sp—2sp o bond, and each is attached to a hydrogen
substituent by a 2sp—1s o bond. The unhybridized 2p orbitals on one carbon overlap with their counterparts on the other to form two © bonds. ——
Page 66

The carbon—carbon triple bond in acetylene is viewed as a multiple bond of the ¢ + m + 7 type.
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Figure 2.17

Bonding in acetylene based on sp hybridization of carbon. The carbon—carbon triple bond is viewed as consisting of one o bond and two
bonds.

In general, you can expect that carbon will be sp-hybridized when it is directly bonded to two atoms in a neutral molecule.

The hydrocarbon shown, called vinylacetylene, is used in the synthesis of neoprene, a synthetic rubber. Identify the orbital overlaps
involved in the indicated bond. How many o bonds are there in vinylacetylene? How many 11 bonds?

H,C=CH—C=CH

2.10 Bonding in Water and Ammonia: Hybridization of Oxygen and Nitrogen

The valence bond model and the accompanying idea of orbital hybridization have applications beyond those of bonding in hydrocarbons. A very simple
extension to inorganic chemistry describes the bonding to the nitrogen of ammonia and the oxygen of water.

Like the carbon of methane, nitrogen is surrounded by four electron pairs in ammonia—three bonded pairs and an unshared pair. Oxygen in water has
two bonded pairs and two unshared pairs. As we saw when discussing the tetrahedral geometry of CHy, the pyramidal geometry of NHj3, and the bent

geometry of HyO in Section 1.9, all three are consistent with a tetrahedral arrangement of electron pairs. By associating a tetrahedral arrangement of electron
pairs with sp3 orbital hybridization, we see that CH4, NH3, and H,O share a common valence bond description, differing only in the number of their valence
electrons. C, N, and O are each sp3-hybridized, with ¢ bonds connecting them to four, three, and two hydrogens, respectively. The unshared pair of nitrogen

in NHj3 occupies an sp3-hybridized orbital. The two unshared pairs of oxygen in H,O occupy two sp3-hybridized orbitals. m
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As noted in Section 1.9, the H-N-H angle in ammonia (107°) and the H-O-H angle in water (105°) are slightly smaller than the tetrahedral angle of

109.5° because of the larger volume required by unshared pairs.
Figure 2.18 illustrates sp3 hybridization of nitrogen in ammonia. Except for the fact that nitrogen has one more valence electron than carbon, the diagram

is identical to that shown for methane in Figure 2.9.
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Figure 2.18

sp3 Hybridization of nitrogen. (a) Electron configuration of nitrogen in its most stable state. (b) Mixing the s orbital with the three p orbitals
generates four sp3 hybrid orbitals. The four sp3 hybrid orbitals are of equal energy. One sp3 orbital contains a pair of electrons; the other three

each contain a single electron.

Construct an orbital diagram to show the hybrid orbitals of sp3-hybridized oxygen in water.

Two contributing structures A and B that satisfy the octet rule can be written for formamide:

o 0
B g
HoN" H HNZ H
A B

(a) What is the hybridization of carbon and nitrogen in each?

(b) Formamide is planar or nearly so. Which structural formula better fits this fact?
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2.11 Molecular Orbitals and Bonding in Methane




Compared to the Lewis and orbital hybridization models, molecular orbital theory is the least intuitive and requires the most training, background, and
experience to apply. We have so far discussed molecular orbital theory only in the context of bonding in H, but have used the results of molecular orbital
theory without acknowledging it. Electrostatic potential maps, for example, are obtained by molecular orbital calculations. You will see other results of
molecular orbital theory often in this text, but the theory itself will be developed only as needed.

We saw in Section 2.6 that the valence bond model for bonding in methane rests on the overlap of a hydrogen 1s orbital with an sp3-hybridized orbital of
carbon. The pair of electrons in each of the four ¢ bonds is delocalized, but only between two atoms—carbon and the attached hydrogen. According to
molecular orbital theory, as illustrated in Figure 2.19, the bonding electrons in methane are more delocalized in that each of the four bonding orbitals
involves carbon and all of the hydrogens and each contains two of the eight valence electrons. The lowest-energy molecular orbital in the figure has no
nodes; each of the other three has one node. There are an equal number of antibonding orbitals, all of which are vacant; these plus the carbon 1s orbital and

its two electrons are not involved in bonding and are not shown in the figure.

L

Energy

Figure 2.19

Bonding molecular orbitals of methane. Each orbital contains two of the eight valence electrons. The carbon 1s orbital and its two electrons are
not shown.

Which theory of chemical bonding is best: Lewis, valence bond, or molecular orbital? The answer is that organic chemists use all three, depending on the
situation. The Lewis rules are straightforward and most familiar. Valence bond theory, especially when coupled with the concept of orbital hybridization,
enhances the information content of Lewis formulas by distinguishing among various types of atoms, electrons, and bonds. Molecular orbital theory,
although the least intuitive of the three methods, can provide insights into structure and reactivity that the Lewis and valence bond models cannot. All three
theories are used by chemists with the choice being determined according to which one seems most appropriate.

2.12 Isomeric Alkanes: The Butanes

Methane is the only alkane of molecular formula CHy, ethane the only one that is C,Hg, and propane the only one that is C3Hg. Beginning with C4H,

however, constitutional isomers (Section 1.6) are possible; two alkanes have this particular molecular formula. In one, called n-butane, four carbons are
joined in a continuous chain. The # in n-butane stands for “normal” and means that the carbon chain is unbranched. The second isomer has a o
Page

branched carbon chain and is called isobutane.
N >7

CH:CH,CH,CH;  CH;CHCH; or (CH3)sCH
|

CH;
n-Butane Isobutane
Boiling point: —0.4°C —10.2°C
Melting point: —139°C —160.9°C

As noted in Section 2.7, CHj is called a methy! group. In addition to having methyl groups at both ends, n-butane contains two CH,, or methylene groups.
Isobutane contains three methyl groups bonded to a CH unit. The CH unit is called a methine group.



“Butane” lighters contain about 5% n-butane and 95% isobutane in a sealed container. The pressure produced by the two
compounds (about 3 atm) is enough to keep them in the liquid state until opening a small valve emits a fine stream of the
vaporized mixture across a spark, which ignites it.

n-Butane and isobutane have the same molecular formula but differ in connectivity. They are constitutional isomers of each other and have different
properties. Both are gases at room temperature, but n-butane boils almost 10°C higher than isobutane and has a melting point that is over 20°C higher.

Bonding in n-butane and isobutane continues the theme begun with methane, ethane, and propane. All of the carbon atoms are sp3-hybridized, all of the
bonds are ¢ bonds, and the bond angles at carbon are close to tetrahedral. This generalization holds for all alkanes regardless of the number of carbons they
have.

213 Hig_]her n-Alkanes

n-Pentane and n-hexane are n-alkanes possessing five and six carbon atoms, respectively.

/\\/"\ //‘\//“"\/-’
CH1CH,CH>CH,CH3; CH1CH,CH>CH-CH>CH-
n-Pentane n-Hexane

The condensed formulas can be abbreviated by indicating within parentheses the number of methylene groups in the chain. Thus, n-pentane may be written
as CH3(CH,);CH3 and n-hexane as CH3(CH,)4CHj. This shortcut is especially convenient with longer-chain alkanes. The laboratory synthesis of the

“ultralong” alkane CH3(CH,)333CH3 was achieved in 1985; imagine trying to write its structural formula in anything other than an abbreviated way!

An n-alkane of molecular formula CogHsg has been isolated from a certain fossil plant. Write a condensed structural formula for this
alkane.

n-Alkanes have the general formula CH3(CH,),CH3 and constitute a homologous series of compounds. A homologous series is one in which successive
members differ by a -CH,— group.

Much of the communication between insects involves chemical messengers called pheromones. A species of cockroach secretes a
substance from its mandibular glands that alerts other cockroaches to its presence and causes them to congregate. One of the principal
components of this aggregation pheromone is the alkane shown. Give the molecular formula of this substance, and represent it by a
condensed formula.

e T e L g ST

2.14 The CsHq2 Isomers Page 70

Three isomeric alkanes have the molecular formula CsHy,. The unbranched isomer is n-pentane. The isomer with a single methyl branch is called
isopentane. The third isomer has a three-carbon chain with two methyl branches and is called neopentane.

n-Pentane: CH.CH,CH,CH,CH; or CH,(CH,);CH; or
[sopentane: CH _:C|'H CH-CH; or (CH;),CHCH.CH; or ™~ ™
CH-
CH_‘ L
| \/
Neopentane: CH3CCH; or (CHs),C OF: T Sy

CH;



Table 2.1 lists the number of possible alkane isomers according to the number of carbon atoms they contain. As the table shows, the number of isomers
increases enormously with the number of carbon atoms and raises two important questions:

The Number of Constitutionally Isomeric
Alkanes of Particular Molecular Formulas

Meolecular formula Number of constitutional isomers
CH, 1
CiHe 1
CsHg 1
CyHig 2
CsHyz 2
CeHia B
CiHie 9
CgHig 18
CoHao 35
CigHzo 15
CisHaz 4,347
CaoHaz 366,319
CagHsz 62,491,178,805,831

1. How can we tell when we have written all the possible isomers corresponding to a particular molecular formula?
2. How can we name alkanes so that each one has a unique name?

The answer to the first question is that you cannot easily calculate the number of isomers. The data in Table 2.1 were determined by a mathematician
who concluded that no simple expression can calculate the number of isomers. The best way to ensure that you have written all the isomers of a particular
molecular formula is to work systematically, beginning with the unbranched chain and then shortening it while adding branches one by one. It is essential
that you be able to recognize when two different-looking structural formulas are actually the same molecule written in different ways. The key —————
point is the connectivity of the carbon chain. For example, the following structural formulas do not represent different compounds; they are Page 71
just a portion of the many ways we could write a structural formula for isopentane. Each one has a continuous chain of four carbons witha —
methyl branch located one carbon from the end of the chain, and all represent the same compound.

$H3 C|‘H3 {'i"H :
CH-CHCH,CH; CH;CHCH,CH, CH;CH,CHCH; CH;CH-CHCH; CHCH-CH;
CH; CHj; CH;

Write condensed and bond-line formulas for the five isomeric CgH14 alkanes.

Sample Solution
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The answer to the second question—how to provide a name that is unique to a particular structure—is presented in the following section. It is worth
noting, however, that being able to name compounds in a systematic way is a great help in deciding whether two structural formulas represent isomers or are
the same compound written in two different ways. By following a precise set of rules, you will always get the same systematic name for a compound,
regardless of how it is written. Conversely, two different compounds will always have different names.
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2.15 IUPAC Nomenclature of Unbranched Alkanes

In the preceding section we saw that the three CsH;, isomers all incorporate “pentane” in their names and are differentiated by the prefixes “n-,” “iso,” and
“neo.” Extending this approach to alkanes beyond CsH, fails because we run out of descriptive prefixes before all the isomers have unique names. As
difficult as it would be to invent different names for the 18 constitutional isomers of CgH,g, for example, it would be even harder to remember which
structure corresponded to which name. For this and other reasons, organic chemists developed systematic ways to name compounds based on their structure.
The most widely used approach is called the IUPAC rules; /UPAC stands for the International Union of Pure and Applied Chemistry. (See the boxed essay
What's in a Name? Organic Nomenclature.)

Alkane names form the foundation of the IUPAC system; more complicated compounds are viewed as being derived from alkanes. The IUPAC names
assigned to unbranched alkanes are shown in Table 2.2. Methane, ethane, propane, and butane are retained for CHy, CH3CH;3, CH3CH,CHj3, and
CH;CH,CH,CHj, respectively. Thereafter, the number of carbon atoms in the chain is specified by a Greek prefix preceding the suffix -ane, which identifies
the compound as a member of the alkane family. Notice that the prefix n- is not part of the IUPAC system. The IUPAC name for CH;CH,CH,CHy3 is butane,

not n-butane.



TABLE 2.2 IUPAC Names of Unbranched Alkanes w

Number Number Number

of carbon of carbon of carbon

atoms Name atoms Name atoms Name
1 Methane 11 Undecane 21 Henicosane
2 Ethane 12 Dodecane 22 Docosane
3 Propane 13 Tridecane 23 Tricosane
- Butane 14 Tetradecane 24 Tetracosane
5 Pentane 15 Pentadecane 30 Triacontane
6 Hexane 16 Hexadecane 31 Hentriacontane
7 Heptane 17 Heptadecane 32 Dotriacontane
8 Octane 18 Octadecane 40 Tetracontane
9 Nonane 19 Nonadecane 50 Pentacontane

10 Decane 20 Icosane 100 Hectane

Refer to Table 2.2 as needed to answer the following questions:

(a) Beeswax (Figure 2.20) contains 8-9% hentriacontane. Write a condensed structural formula for hentriacontane.

5 ARsY

Figure 2.20
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Worker bees build the hive with an alkane-containing wax secreted from their abdominal glands.
©StudioSmart/Shutterstock

(b) Octacosane has been found to be present in a certain fossil plant. Write a condensed structural formula for octacosane.
(c) What is the IUPAC name of the alkane described in Problem 2.8 as a component of the cockroach aggregation pheromone?

Sample Solution (a) Note in Table 2.2 that hentriacontane has 31 carbon atoms. All the alkanes in Table 2.2 have unbranched carbon
chains. Hentriacontane has the condensed structural formula CH3(CH5)29CHs.

In Problem 2.9 you were asked to write structural formulas for the five isomeric alkanes of molecular formula CgH 4. In the next section you

will see how the IUPAC rules generate a unique name for each isomer. Page 73

2.16 Applying the IUPAC Rules: The Names of the CgH14 Isomers

We can present and illustrate the most important of the IUPAC rules for alkane nomenclature by naming the five C¢H4 isomers. By definition (see Table
2.2), the unbranched CgH 4 isomer is hexane.

CH5CH-CH,CH-CH-CH; or S TN TN

IUPAC name: hexane



The TUPAC rules name branched alkanes as substituted derivatives of the unbranched parent alkanes listed in Table 2.2. Consider the CgH 4 isomer

CH3(|?HCH3CH3CH3 or \’/\/
CH;
Step 1

Pick out the longest continuous carbon chain, and find the IUPAC name in Table 2.2 that corresponds to the unbranched alkane having that number of
carbons. This is the parent alkane from which the IUPAC name is to be derived.

represented by the structure

In this case, the longest continuous chain has five carbon atoms; the compound is named as a derivative of pentane. The key word here is continuous. It
does not matter whether the carbon skeleton is drawn in an extended straight-chain form or in one with many bends and turns. All that matters is the number
of carbons linked together in an uninterrupted sequence.

Step 2
Identify the substituent groups attached to the parent.
The parent pentane chain bears a methyl (CH3) group as a substituent.

Step 3
Number the longest continuous chain in the direction that gives the lowest number to the substituent at the first point of branching.
The numbering scheme

{'_'H_._'[i"H('_'H;(Z"H;{'_"H_ is equivalent to CH3('i"H('_"H;{'_"H;{:'H_>
CH; CH-

Both count five carbon atoms in their longest continuous chain and bear a methyl group as a substituent at the second carbon. An alternative numbering
sequence that begins at the other end of the chain is incorrect:

CH;CHCH,CH-CH; (methy! group attached to C-4)
CH;
Step 4

Write the name of the compound. The parent alkane is the last part of the name and is preceded by the names of the substituents and their numerical
locations (locants). Hyphens separate the locants from the words.

CH3C|HCHICH3CH3 or \(\/
CH,

IUPAC name: 2-methylpentane
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What'’s in a Name? Organic Nomenclature

Systematic Names and Common Names Systematic names are derived according to a prescribed set of rules, common names
are not.

Many compounds are better known by common names than by their systematic names.




Cl

| L
H—(|:—CI HOC—COH
Cl
Common name: Chloroform Oxalic acid
Systematic name:  Trichloromethane Ethanedioic acid
HiC CHs,
H5C
(e)
Common name: Camphor

Systematic name: 1,7,7-Trimethylbicyclo[2.2.1heptan-2-one

Common names, despite their familiarity in certain cases, suffer serious limitations compared with systematic ones. The number of
known compounds (more than 50 million) far exceeds our capacity to give each one a unique common name, and most common
names are difficult to connect directly to a structural formula. A systematic approach based on structure not only conveys structural
information, but also generates a unique name for each structural variation.

Evolution of the IUPAC Rules A single compound can have several acceptable systematic names but no two compounds can
have the same name.

As early as 1787 with the French publication of Méthode de nomenclature chimique, chemists suggested guidelines for naming
compounds according to chemical composition. Their proposals were more suited to inorganic compounds than organic ones, and
it was not until the 1830s that comparable changes appeared in organic chemistry. Later (1892), a group of prominent chemists
met in Geneva, Switzerland, where they formulated the principles on which our present system of organic nomenclature is based.

During the twentieth century, what we now know as the International Union of Pure and Applied Chemistry (IUPAC) carried out
major revisions and extensions of organic nomenclature culminating in the IUPAC Rules of 1979 and 1993. Both versions are
accessible via the Internet and are the basis for the names used in this text.* As of this writing, the 2013 rules are available only in
print form.

Our practice will be to name compounds in the manner of most active chemists and to use nomenclature as a tool to advance
our understanding of organic chemistry.

Other Nomenclatures Chemical Abstracts Service, a division of the American Chemical Society, surveys all the world’s leading
scientific journals and publishes brief abstracts of their chemistry papers. Chemical Abstracts nomenclature has evolved in a
direction geared to computerized literature searches and, although once similar to IUPAC, it is now much different. In general, it is
easier to make the mental connection between a structure and its IUPAC name than its Chemical Abstracts name.

The generic name of a drug is not derived from systematic nomenclature. The group responsible for most generic names in
the United States is the U.S. Adopted Names (USAN) Council, a private organization founded by the American Medical
Association, the American Pharmacists Association, and the U.S. Pharmacopeial Convention.

o USAN Acetaminophen
I INN  Paracetamol
HO NHCCH3 jyupAC N-{4-Hydroxyphenyl)acetamide

Tylenol

The USAN name is recognized as the official name by the U.S. Food and Drug Administration. International Nonproprietary
Names (INN) are generic names as designated by the World Health Organization.
*The 1979 and 1993 IUPAC rules may be accessed at http//www.acdlabs.com/iupac/nomenclature.

J

The same sequence of four steps gives the [UPAC name for the 1somer that has its methyl group attached to the middle carbon of the five-carbon chain.

CH;CHZ(ITHCHZCHJ or /ﬁ/\
CH,

IUPAC name: 3-methylpentane




Both remaining CgH4 isomers have two methyl groups as substituents on a four-carbon chain. Thus the parent chain is butane. When the same
substituent appears more than once, use the multiplying prefixes di-, tri-, tetra-, and so on. A separate locant is used for each substituent, and the locants are

separated from each other by commas and from the words by hyphens. Page 75
(Ij H 3 (IjH 3
CH;(ECHJZ‘H; or ></ CH;CH(leCH_; or
CH; CH;
IUPAC name: 2,2-dimethylbutane IUPAC name: 2,3-dimethylbutane

Phytane is the common name of a naturally occurring alkane produced by the alga Spirogyra and is a constituent of petroleum. The
IUPAC name for phytane is 2,6,10,14-tetramethylhexadecane. Write a bond-line formula for phytane. What is its molecular formula?

Give the IUPAC names for

(a) The isomers of C4Hyg © ﬁ\)\ () .>_<_
(b) The isomers of CsH,;
Sample Solution (a) There are two C4Hq isomers. Butane (see Table 2.2) is the IUPAC name for the isomer that has an unbranched

carbon chain. The other isomer has three carbons in its longest continuous chain with a methyl branch at the central carbon; its IUPAC
name is 2-methylpropane.

/‘\// >_
CH3CH,CH,CH; CH3CI:HCH3 or (CHz);CH
CH3
IUPAC name: butane IUPAC name: 2-methylpropane

So far, the only branched alkanes that we’ve named have methyl groups attached to the main chain. What about groups other than CH3? What do we call
these groups, and how do we name alkanes that contain them?

2.17 Alkyl Groups

An alkyl group lacks one of the hydrogens of an alkane. A methyl group (—CH3) is an alkyl group derived from methane (CH,4). Unbranched alkyl groups in
which the point of attachment is at the end of the chain are named in [UPAC nomenclature by replacing the -ane endings of Table 2.2 by -y/.

CH;CH,— CH:(CH,)sCH,— CH5(CH,),sCH,—
Ethyl group Heptyl group Octadecyl group

The dash at the end of the chain represents a potential point of attachment for some other atom or group.

Carbon atoms are classified according to their degree of substitution by other carbons. A primary carbon is directly attached to one other carbon.
Similarly, a secondary carbon is directly attached to two other carbons, a tertiary carbon to three, and a quaternary carbon to four. Alkyl groups are
designated as primary, secondary, or tertiary according to the degree of substitution of the carbon at the potential point of attachment.
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H  Primary ( Secondary & Tertiary
| o~ carbon | -~ carbon | L~ carbon
C— C|'— C —C|' i C —C|' —
H H 3
Primary alky! group Secondary alkyl group Tertiary alkyl group

Ethyl (CH3CH,-), heptyl [CH3(CH,)sCH,—], and octadecyl [CH3(CH,);sCH,—] are examples of primary alkyl groups.



Branched alkyl groups are named by using the longest continuous chain that begins at the point of attachment as the parent. Thus, the systematic names
of the two C3H7 alkyl groups are propyl and 1-methylethyl. Both are better known by their common names, n-propyl and isopropyl, respectively.

CH;
CH}CHECHE_ CH3CH_ or (CH3}1CH_
Propyl group 1-Methylethyl group
(common name: r -propyl) (common name: isopropyl)

An isopropyl group is a secondary alkyl group. Its point of attachment is to a secondary carbon atom, one that is directly bonded to two other carbons.
The C4Hg alkyl groups may be derived either from the unbranched carbon skeleton of butane or from the branched carbon skeleton of isobutane. Those
derived from butane are the butyl (n-butyl) group and the 1-methylpropyl (sec-butyl) group.

i
CH3CH:CH1CH1_ CH_‘qCH:CH_
Butyl group 1-Methylpropyl group
(common name: n-butyl) (common name: sec-butyl)

Those derived from isobutane are the 2-methylpropyl (isobutyl) group and the 1,1- dimethylethyl (fert-butyl) group. Isobutyl is a primary alkyl group
because its potential point of attachment is to a primary carbon. tert-Butyl is a tertiary alkyl group because its potential point of attachment is to a tertiary
carbon.

CH, tfm
CH;CHCH,— or (CH;),CHCH,— C‘]—I;Cl‘— or (CH;);C—
CH,
2-Methylpropyl group 1,1-Dimethylethyl group
{common name: isobutyl) (common name: fert-butyl)

Give the structures and IUPAC names of all the CgH 44 alkyl groups, and identify them as primary, secondary, or tertiary, as appropriate.

Sample Solution Consider the alkyl group having the same carbon skeleton as (CH3)4C. All the hydrogens are equivalent; replacing
any one of them by a potential point of attachment is the same as replacing any of the others.

. CHy
H3'c—'cl:—CH2— or  (CH3)3CCH;—
CH3

Numbering always begins at the point of attachment and continues through the longest continuous chain. In this case the ————
chain is three carbons and there are two methyl groups at C-2. The IUPAC name of this alkyl group is 2,2-dimethylpropyl. Page 77
(The common name for this group is neopentyl.) It is a primary alkyl group because the carbon that bears the potential point =
of attachment (C-1) is itself directly bonded to one other carbon.

The names and structures of the most frequently encountered alkyl groups are given on the inside back cover.

In addition to methyl and ethyl groups, n-propyl, isopropyl, n-butyl, sec-butyl, isobutyl, terz-butyl, and neopentyl groups will appear often throughout
this text. You should be able to recognize these groups on sight and to give their structures when needed.

2.18 IUPAC Names of Highly Branched Alkanes

By combining the basic principles of IUPAC notation with the names of the various alkyl groups, we can develop systematic names for highly branched
alkanes. We’ll start with the following alkane, name it, then increase its complexity by successively adding methyl groups at various positions.




S

CH:.CH:CHQCHCchH:CchHJ or
1 2 3 4 a

2 5 L] 7

As numbered on the structural formula, the longest continuous chain contains eight carbons, and so the compound is named as a derivative of octane.
Numbering begins at the end nearest the branch, and so the ethyl substituent is located at C-4, and the name of the alkane is 4-ethyloctane.

What happens to the [IUPAC name when a methyl group replaces one of the hydrogens at C-3?

?H -CH> /\)’

1 2 )

CH3CH3CI‘HCHCH3CH3CHICH3 or ~
T B

4 5 fi

CH;

The compound becomes an octane derivative that bears a C-3 methyl group and a C-4 ethyl group. When two or more different substituents are present, they
are listed in alphabetical order in the name. The IUPAC name for this compound is 4-ethyl-3-methyloctane.

Replicating prefixes such as di-, tri-, and fetra- (Section 2.16) are used as needed but are ignored when alphabetizing. Adding a second methyl group to
the original structure, at C-5, for example, converts it to 4-ethyl-3,5-dimethyloctane.

Cl'H -CH; /\/L
1 2 3
CH;CH:(ITHCHcl‘HCHgCHQCH_a; or 1/\//
4 3 6 T 2
CH: CH,
Italicized prefixes such as sec- and tert- are ignored when alphabetizing except when they are compared with each other. fert-Butyl precedes isobutyl, and
sec-butyl precedes fert-butyl.

Give an acceptable IUPAC name for each of the following alkanes:

ﬁ/iﬁ/’j\fw

() (b) (c)

Sample Solution (a) This problem extends the preceding discussion by adding a third methyl group to 4-ethyl-3,5-
dimethyloctane, the compound just described. It is, therefore, an ethyltrimethyloctane. Notice, however, that the numbering Page 78
sequence needs to be changed in order to adhere to the rule of numbering from the end of the chain nearest the first branch. =
When numbered properly, this compound has a methyl group at C-2 as its first-appearing substituent.

5-Ethyl-2,4,6-trimethyloctane

An additional feature of [UPAC nomenclature that concerns the direction of numbering is the “first point of difference” rule. Consider the two directions
in which the following alkane may be numbered:



2,2.6,6,7-Pentamethy loctane 2.3,3,7,7-Pentamethy loctane
(correct) (incorrect!)

When deciding on the proper direction, a point of difference occurs when one order gives a lower locant than another. Thus, although 2 is the first locant in
both numbering schemes, the tie is broken at the second locant, and the rule favors 2,2,6,6,7, which has 2 as its second locant, whereas 3 is the second locant
in2,3,3,7,7.

Finally, when the same group of locants are generated from two different numbering directions, choose the direction that gives the lower number to the
substituent that appears first in the name. (Remember, substituents are listed alphabetically.)

Tabular summaries of the [IUPAC rules for alkane and alkyl group nomenclature appear in Tables 2.4 and 2.5 on pages 91-92.

The IUPAC nomenclature system is inherently logical and incorporates healthy elements of common sense into its rules. Granted, some long, funny-
looking, hard-to-pronounce names are generated. Once one knows the code (rules of grammar) though, it becomes a simple matter to convert those long
names to unique structural formulas.

2.19 Cycloalkane Nomenclature

Cycloalkanes are one class of alicyclic (aliphatic cyclic) hydrocarbons.

Cycloalkanes are alkanes that contain a ring of three or more carbons. They are frequently encountered in organic chemistry and are characterized by the
molecular formula C,H,,,. They are named by adding the prefix cyclo- to the name of the unbranched alkane with the same number of carbons as the ring.

v O 0O CJO

Cyclopropane Cyclopentane Cyclohexane Cyclodecane

Substituents are identified in the usual way. Their positions are specified by numbering the carbon atoms of the ring in the direction that gives the lowest
number to the substituents at the first point of difference.

CH,CH; H:C CH;

CH,CH;

Ethylcyclopentane 3-Ethyl-1,1-dimethylcyclohexane
(not 1-ethyl-3,3-dimethy lcyclohexane, because first point of
difference rule requires 1,1,3 substitution rather than 1,3,3)

When the ring contains fewer carbon atoms than an alkyl group attached to it, the compound is named as an alkane, and the ring is treated as a
cycloalkyl substituent: Page 79

CH-CH,CHCH,CHs, o T

O

3-Cyclobutylpentane

Name each of the following compounds:



Co

(@) (B) (c)

Sample Solution (a) The molecule has a tert-butyl group bonded to a nine-membered cycloalkane. It is tert-butylcyclononane.
Alternatively, the tert-butyl group could be named systematically as a 1,1-dimethylethyl group, and the compound would then be named
(1,1-dimethylethyl)cyclononane. Parentheses are used when necessary to avoid ambiguity. In this case the parentheses alert the
reader that the locants 1,1 refer to substituents on the alkyl group and not to ring positions.

2.20 Introduction to Functional Groups

The IUPAC defines a functional group as an “atom, or a group of atoms that has similar chemical properties whenever it
occurs in different compounds.”

Much of the rich chemistry of organic compounds is associated with the presence of structural units called functional groups attached to or otherwise
incorporated within the carbon framework, and it is standard practice to classify a compound according to its functional group. Although we will defer a
more extensive presentation until Section 5.1, it is useful at this point to introduce the role of functional groups as an organizational tool.

A commonly used shorthand represents a generic alkyl group by the symbol R and a functionalized derivative of it as RX, where X is a functional group.
Thus, a reaction in which X is replaced by some other group Y is written as:

RX + ¥ —— RY + X
Table 5.1 lists the functional groups encountered most often in this text.

Among functional groups, hydroxyl (X = OH) and halogens, particularly chlorine (X = Cl) and bromine (X = Br), are especially frequently encountered.
A widely used method called functional class nomenclature for compounds that bear a functional group is to name the alkyl group followed by the

functional group as a separate word.
CH;
CHCH,Br & )\...DH D*DH
H

CH-
Ethyl bromide tert-Butyl chloride Isopropyl alcohol Cyclopentyl alcohol

2.21 Sources of Alkanes and Cycloalkanes

The word petroleum is derived from the Latin words for “rock” (petra) and “oil” (oleum).

As noted earlier, natural gas is mostly methane but also contains ethane and propane, along with smaller amounts of other low-molecular-weight alkanes.
Natural gas is often found associated with petroleum deposits. Petroleum is a liquid mixture containing hundreds of substances, including approximately 150
hydrocarbons, roughly half of which are alkanes or cycloalkanes. Distillation of crude oil gives a number of volatile fractions, which by custom
have the names given in Figure 2.21. High-boiling fractions such as kerosene and gas oil find wide use as fuels for diesel engines and furnaces, Page 80
and the nonvolatile residue can be processed to give lubricating oil, greases, petroleum jelly, paraffin wax, and asphalt. Jet fuels are obtained from

the naphtha—kerosene fractions.
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Distillation of crude oil yields a series of volatile fractions having the names indicated, along with a nonvolatile residue. The number of carbon
atoms that characterize the hydrocarbons in each fraction is approximate.

Figure 2.21

Although both are closely linked in our minds and by our own experience, the petroleum industry predated the automobile industry by half a century. The
first o1l well, drilled in Titusville, Pennsylvania, by Edwin Drake in 1859, provided “rock oil,” as it was then called, on a large scale. This was quickly
followed by the development of a process to “refine” it so as to produce kerosene. As a fuel for oil lamps, kerosene burned with a bright, clean flame and
soon replaced the vastly more expensive whale oil then in use (Eigure 2.22). Other oil fields were discovered, and uses for other petroleum products were
found—illuminating city streets with gas lights, heating homes with oil, and powering locomotives. There were oil refineries long before there were
automobiles. By the time the first Model T rolled off Henry Ford’s assembly line in 1908, John D. Rockefeller’s Standard Oil holdings had already made
him one of the half-dozen wealthiest people in the world.

Figure 2.22

The earliest major use for petroleum was as a fuel for oil lamps.
©J Lekavicius/Shutterstock

Modern petroleum refining involves more than distillation, however, and includes two major additional operations:

1. Cracking. The more volatile, lower-molecular-weight hydrocarbons are useful as automotive fuels and as a source of petrochemicals. Cracking
increases the proportion of these hydrocarbons at the expense of higher-molecular-weight ones by processes that involve the cleavage of carbon—carbon
bonds induced by heat (thermal cracking) or with the aid of certain catalysts (catalytic cracking).

2. Reforming. The physical properties of the crude oil fractions known as light gasoline and naphtha (Eigure 2.21) are appropriate for use as a motor fuel,
but their ignition characteristics in high-compression automobile engines are poor and give rise to preignition, or “knocking.” Reforming converts the
hydrocarbons in petroleum to aromatic hydrocarbons and highly branched alkanes, both of which show less tendency for knocking than unbranched
alkanes and cycloalkanes.

The tendency of a gasoline to cause “knocking” in an engine is given by its octane number. The lower the octane number, the
greater the tendency. The two standards are heptane (assigned a value of 0) and “isooctane” (2,2 4-trimethylpentane, which is
assigned a value of 100). The octane number of a gasoline is equal to the percentage of isooctane in a mixture of isooctane
and heptane that has the same tendency to cause knocking as that sample of gasoline.

Petroleum is not the only place where alkanes occur naturally. Solid n-alkanes, especially those with relatively long chains, have a waxy constituency and
coat the outer surface of many living things where they help prevent the loss of water. Pentacosane [CH3(CH,),3CH3] is present in the waxy outer layer of

most insects. Hentriacontane [CH3(CH)79CH3] 1s a component of beeswax (see Problem 2.10) as well as the wax that coats the leaves of tobacco, peach
trees, pea plants, and numerous others. The C,3, Cys5, Cy7, Cyo, and C3; n-alkanes have been identified in the surface coating of the eggs of honeybee
queens.

Cyclopentane and cyclohexane are present in petroleum, but as a rule, hydrocarbons based on cycloalkane frameworks rarely occur naturally.
An exception is a group of more than 200 hydrocarbons called hopanes, related to the parent having the carbon skeleton shown. Page 81




Hopane

Hopanes were first found in petroleum and geological sediments, later as components of certain bacterial cell membranes. Although present in small
amounts, hopanes are so widespread that they rank among the most abundant natural products on Earth.

What is the molecular formula of hopane?

2.22 Physical Properties of Alkanes and Cycloalkanes

Boiling Point. As we have seen earlier in this chapter, methane, ethane, propane, and butane are gases at room temperature. The unbranched alkanes pentane
(CsH;,) through heptadecane (C;7Hj3¢) are liquids, whereas higher homologs are solids. As shown in Figure 2.23, the boiling points of unbranched alkanes
increase with the number of carbon atoms and the boiling points of 2-methyl-branched alkanes are lower than those of the unbranched i1somer. By exploring
at the molecular level the reasons for the increase in boiling point with the number of carbons and the difference in boiling point between branched and
unbranched alkanes, we can continue to connect structure with properties.

180

160

Boiling point, °C (1 atm)

= Unbranghed alkane
-2

| @
@ = 2-Methy|l-branched|alkane

4 5 6 7 8 9 10

Number of carbon atoms in alkane
Figure 2.23

Boiling points of unbranched alkanes and their 2-methyl-branched isomers.

A substance exists as a liquid rather than a gas because attractive forces between molecules (intermolecular attractive forces) are greater in the liquid.

Attractive forces between neutral species (atoms or molecules, but not ions) are referred to as yan der Waals forces and may be of three =————
types: Page 82

Induced-dipole/induced-dipole attractive forces are often called London forces, or dispersion forces.
1. dipole—dipole (including hydrogen bonding)

2. dipole/induced-dipole
3. induced-dipole/induced-dipole



These forces are electrical in nature, and in order to vaporize a substance, enough energy must be added to overcome them. Most alkanes have no
measurable dipole moment, and therefore the only van der Waals force to be considered is the induced-dipole/induced-dipole attractive force.

It might seem that two nearby molecules A and B of the same nonpolar substance would be unaffected by each other.
A B

In fact, the electric fields of both A and B are dynamic and fluctuate in a complementary way that results in a temporary dipole moment and a weak
attraction between them.

Extended assemblies of induced-dipole/induced-dipole attractions can accumulate to give substantial intermolecular attractive forces. An alkane with a
higher molecular weight has more atoms and electrons and, therefore, more opportunities for intermolecular attractions and a higher boiling point than one
with a lower molecular weight.

As noted earlier in this section, branched alkanes have lower boiling points than their unbranched isomers. Isomers have the same number of atoms and
electrons, but a molecule of a branched alkane has a smaller surface area than an unbranched one. The extended shape of an unbranched alkane permits more
points of contact for intermolecular associations. Compare the boiling points of pentane (36°C) and its isomers 2-methylbutane (28°C) and 2,2-
dimethylpropane (bp 9°C).

The shapes of these isomers are evident in the space-filling models depicted in Figure 2.24 Pentane has the most extended structure and the largest
surface area available for “sticking” to other molecules by way of induced-dipole/induced-dipole attractive forces; it has the highest boiling point. 2,2-
Dimethylpropane has the most compact, most spherical structure, engages in the fewest induced-dipole/induced-dipole attractions, and has the lowest boiling
point.

(a) Pentane: CH;CH,CH,CH,CH; (b) 2-Methylbutane: (¢) 2.2-Dimethylpropane:
(CH;),CHCH,CH; (CH,),C

Figure 2.24

Tube (top) and space-filling (bottom) models of (a) pentane, (b) 2-methylbutane, and (c) 2,2-dimethylpropane. The most branched isomer, 2 2-
dimethylpropane, has the most compact, most spherical three-dimensional shape.

Induced-dipole/induced-dipole attractions are very weak forces individually, but a typical organic substance can participate in so many of them
that they are collectively the most important of all the contributors to intermolecular attraction in the liquid state. They are the only forces of Page 83
attraction possible between nonpolar molecules such as alkanes.

Problem 2.17

Match the boiling points with the appropriate alkanes.
Alkanes: octane, 2-methylheptane, 2,2 3,3-tetramethylbutane, nonane

Boiling points (°C, 1 atm): 106, 116, 126, 151

Cyclopentane has a higher boiling point (49.3°C) than pentane (36°C), indicating greater forces of association in the cyclic alkane than occur in the
straight-chain alkane.



Melting Point. Solid alkanes are soft, generally low-melting materials. The forces responsible for holding the crystal together are the same induced-
dipole/induced-dipole interactions that operate between molecules in the liquid, but the degree of organization 1s greater in the solid phase. By measuring the
distances between the atoms of one molecule and its neighbor in the crystal, it 1s possible to specify a distance of closest approach characteristic of an atom
called its yvan der Waals radius. In space-filling molecular models, such as those of pentane, 2-methylbutane, and 2,2-dimethylpropane shown in Figure
2.24, the radius of each sphere corresponds to the van der Waals radius of the atom it represents. The van der Waals radius for hydrogen is 120 pm (1.20 A).
When two alkane molecules are brought together so that a hydrogen of one molecule is within 240 pm (2.40 A) of a hydrogen of the other, the balance
between electron—nucleus attractions versus electron—electron and nucleus—nucleus repulsions is most favorable. Closer approach is resisted by a strong
increase in repulsive forces.

Solubility in Water. A familiar physical property of alkanes is contained in the adage “oil and water don’t mix.” Alkanes—indeed all hydrocarbons—are
virtually insoluble in water. In order for a hydrocarbon to dissolve in water, the framework of hydrogen bonds between water molecules would become more
ordered in the region around each molecule of the dissolved hydrocarbon. This increase in order, which corresponds to a decrease in entropy, signals a
process that can be favorable only if it is reasonably exothermic. Such is not the case here. The hydrogen bonding among water molecules 1s too strong to be
disrupted by nonpolar hydrocarbons. Being insoluble, and with densities in the 0.6-0.8 g/mL range, alkanes float on the surface of water. The exclusion of
nonpolar molecules, such as alkanes, from water 1s called the hydrophobic effect.

2.23 Chemical Properties: Combustion of Alkanes

An older name for alkanes 1s paraffin hydrocarbons. Paraffin 1s derived from the Latin words parum affinis (“with little affinity”) and testifies to the low
level of reactivity of alkanes.

Alkanes are so unreactive that George A. Olah of the University of Southern California was awarded the 1994 Nobel Prize in
Chemistry in part for developing novel substances that do react with alkanes.

Although essentially inert in acid-base reactions, alkanes do participate in oxidation—reduction reactions as the compound that undergoes oxidation.
Burning in air (combustion) 1s the best known and most important example. Combustion of hydrocarbons is exothermic and gives carbon dioxide and water
as the products.

CH; + 20, — CO; + 2H,0 AH® = —891 kJ/mol (—212.9 kcal/mol)
Methane Oxygen Carbon Water
dioxide
(CH3),CHCH,CH; + 80, —— 5CO, + 6H-0 AH® = —3529 kJ/mol (—843.4 kcal/mol)
2-Methylbutane Oxygen Carbon Water
dioxide

Write a balanced chemical equation for the combustion of cyclohexane.

The heat released on combustion of a substance is called its heat of combustion and is equal to —AH"® for the reaction. By convention
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- 0
AH® = anmducls -H reactants

where H° is the heat content, or enthalpy, of a compound in its standard state, that is, the gas, pure liquid, or crystalline solid at a pressure of 1 atm. In an
exothermic process the enthalpy of the products is less than that of the starting materials, and AH® is a negative number.

Table 2 3 lists the heats of combustion of several alkanes. Unbranched alkanes have slightly higher heats of combustion than their 2-methyl-branched
1somers, but the most important factor is the number of carbons. The unbranched alkanes and the 2-methyl-branched alkanes constitute two separate
homologous series (Section 2.13) in which there 1s a regular increase of about 659 kJ/mol (157.4 kcal/mol) in the heat of combustion for each additional CH,

group.



TABLE 2.3 Heats of Combustion (—AH°) of Representative Alkanes w

—AH°
Compound Formula kJ/mol kcal/mol
Unbranched alkanes
Hexane CH3(CH,)sCH; 4,195 1002.6
Heptane CH5(CH,)sCH4 4,853 1160.0
Octane CH3(CH,)eCH3 5512 13174
Nonane CH;(CH,);CH; 6,171 14749
Decane CH3(CH,)sCH; 6,830 1632.4
Undecane CH3(CH,)oCH; 7,488 1789.7
Dodecane CH;(CH,),cCH3 8,147 1947.2
Hexadecane CH3(CH3)1sCH3 10,781 2576.8
2-Methyl-branched alkanes
2-Methylpentane (CH3),CHCH,CH,CH; 4,187 1000.8
2-Methylhexane (CH3),CH(CH,);CH; 4,847 11584
2-Methylheptane (CH3),CH(CH,)sCH; 5,505 1315.8

Problem 2.19

1))

Using the data in Table 2.3, estimate the heat of combustion of
(a) 2-Methylnonane
(b) Eicosane
Sample Solution (a) The last entry for the group of 2-methylalkanes in the table is 2-methylheptane. Its heat of combustion is 5505

kJ/mol (1315.8 kcal/mol). Because 2-methylnonane has two more methylene groups than 2-methylheptane, its heat of combustion is 2
x 659 kJ/mol (or 2 x 157 4 kcal/mol) higher.

Heat of combustion of 2-methylnonane = 5505 + 2(659) = 6823 kJ/mol
(1315.8 + 2(157.4) = 1630.6 kcal/mol)

Heats of combustion can be used to compare the relative stability of isomeric hydrocarbons. They tell us not only which isomer is more stable than
another, but also by how much. Figure 2.25 compares the heats of combustion of several CgH;g 1somers on a potential energy diagram.

Potential energy is comparable with enthalpy; it is the energy a molecule has exclusive of its kinetic energy. These CgH;g isomers all undergo Page 85

combustion to the same final state according to the equation:



+ TOE
ey + 20,
£
%
=
£
E ~ ~
- 5512 ki/mol 5505 kJ/mol 5494 kl/mol
é (1317.4 kcal/mol) (1315.8 kcal/mol) ; (1313.2 kcal/mol)
° ~ ~ ~n ~
e
: 8CO, + 9H,0
Figure 2.25

Energy diagram comparing heats of combustion of isomeric CgH1g alkanes. The most branched isomer is the most stable; the unbranched
isomer has the highest heat of combustion and is the least stable.

CsHs + %O: —s 8CO; + 9H,0

therefore, the differences in their heats of combustion translate directly to differences in their potential energies. When comparing isomers, the one with the
lowest potential energy (in this case, the smallest heat of combustion) is the most stable. Among the CgH;g alkanes, the most highly branched isomer,
2,23 3-tetramethylbutane, 1s the most stable, and the unbranched isomer octane is the least stable. It is generally true for alkanes that a more branched
1somer 1s more stable than a less branched one.

The small differences in stability between branched and unbranched alkanes result from an interplay between attractive and repulsive forces within a
molecule (intramolecular forces). These forces are nucleus—nucleus repulsions, electron—electron repulsions, and nucleus—electron attractions, the same set
of fundamental forces we met when talking about chemical bonding (Section 2.2) plus the van der Waals forces between molecules (Section 2.22). When the
energy associated with these interactions 1is calculated for all of the nuclei and electrons within a molecule, it is found that the attractive forces increase more
than the repulsive forces as the structure becomes more compact. Sometimes, though, two atoms in a molecule are held too closely together. We’ll explore
the consequences of that in Chapter 3.

Without consulting Table 2.3, arrange the following compounds in order of decreasing heat of combustion: pentane, 2-methylbutane,
2,2-dimethylpropane, hexane.
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Thermochemistry

hermochemistry is the study of the heat changes that accompany chemical processes. It has a long history dating back to the

work of the French chemist Antoine Laurent Lavoisier in the late eighteenth century. Thermochemistry provides quantitative

information that complements the qualitative description of a chemical reaction and can help us understand why some
reactions occur and others do not. It is of value when assessing the relative value of various materials as fuels, when comparing
the stability of isomers, or when determining the practicality of a particular reaction. In the field of bioenergetics, thermochemical
information is applied to the task of sorting out how living systems use chemical reactions to store and use the energy that
originates in the sun.

By allowing compounds to react in a calorimeter, it is possible to measure the heat evolved in an exothermic reaction or the
heat absorbed in an endothermic one. Thousands of reactions have been studied to produce a rich library of thermochemical data.
These data take the form of heats of reaction and correspond to the value of the standard enthalpy change AH® for a particular
reaction of a particular substance.

In this section you have seen how heats of combustion can be used to determine relative stabilities of isomeric alkanes. In later
sections we shall expand our scope to include the experimentally determined heats of certain other reactions, to see how AH®
values from various sources can aid our understanding of structure and reactivity.




The standard heat of formation (AH¢°) is the enthalpy change for formation of one mole of a compound directly from its
elements, and is one type of heat of reaction. In cases such as the formation of CO5 or HO from the combustion of carbon or
hydrogen, respectively, the heat of formation of a substance can be measured directly. In most other cases, heats of formation are
not measured experimentally but are calculated from the measured heats of other reactions. Consider, for example, the heat of
formation of methane. The reaction that defines the formation of methane from its elements,

C (graphite) + 2Hy(g) —> CHalg)
Carbon Hydrogen Methane

can be expressed as the sum of three reactions:

(1) C (graphite) + O5(g) — CO5(g) AH° = —393 kJ/mol
(—=93.9 kcal/mol)
(2) 2H3(g) + O(9) — 2H,0(/) AH® = =572 kJ/mol
(—=136.7 kcal/mol)

(3) CO(g) +2H,0()  —> CHa(g) + 204(9)
AH° = +890 kJ/mol
(+212.7 kcal/mol)

C (graphite) + 2H,(g) — CHulg) AH°= —=75kJ/mol
(—=17.9 kcal/mol)

Equations (1) and (2) are the heats of formation of one mole of carbon dioxide and two moles of water, respectively. Equation (3) is
the reverse of the combustion of methane, and so the heat of reaction is equal to the heat of combustion but opposite in sign. The
sum of equations (1)—(3) is the enthalpy change for formation of one mole of methane from its elements. Thus, AH¢® = =75 kJ/mol
(=17 .9 kcal/mol).

The heats of formation of most organic compounds are derived from heats of reaction by arithmetic manipulations similar to
that shown. Chemists find a table of AH¢® values to be convenient because it replaces many separate tables of AH° values for
individual reaction types and permits AH® to be calculated for any reaction, real or imaginary, for which the heats of formation of
reactants and products are available.

Given the standard enthalpies of formation (AH;") of +53.3 kJ/mol (+12.7 kcal/mol) for cyclopropane and -123.4 kJ/mol
(=29.5 kcal/mol) for cyclohexane, calculate AH®° for the reaction:

2v_><:>

g J

2.24 Oxidation—Reduction in Organic Chemistry

As we have just seen, the reaction of alkanes with oxygen to give carbon dioxide and water 1s called combustion. A more fundamental classification of
reaction types places it in the oxidation—reduction category. To understand why, let’s review some principles of oxidation—reduction, beginning with the

oxidation number (also known as oxidation state).

There are a variety of methods for calculating oxidation numbers. In compounds that contain a single carbon, such as methane (CH4) and carbon dioxide

(CO»), the oxidation number of carbon can be calculated from the molecular formula. For neutral molecules the algebraic sum of all the oxidation numbers

must equal zero. Assuming, as is customary, that the oxidation state of hydrogen is +1, the oxidation state of carbon in CHy then is calculated
to be —4. Similarly, assuming an oxidation state of —2 for oxygen, carbon is +4 in HyCO3 and CO,.
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Oxidation number of carbon

-4 -2 0 +2 +4
88 ; !
1l
CHy CH;0H HCH HCOH HOCOH

Methane Methanol Formaldehyde Formic acid Carbonic acid



The carbon in methane has the lowest oxidation number (—4) of any of the compounds shown and contains carbon in its most reduced form. Carbon
dioxide and carbonic acid have the highest oxidation numbers (+4) for carbon, corresponding to its most oxidized state. When methane or any alkane
undergoes combustion to form carbon dioxide, carbon 1s oxidized and oxygen is reduced.

A useful generalization is the following:

Oxidation of carbon corresponds to an increase in the number of bonds between carbon and oxygen or to a decrease in the number of carbon—hydrogen
bonds. Conversely, reduction corresponds to an increase in the number of carbon—hydrogen bonds or to a decrease in the number of carbon—oxygen
bonds.

Each successive increase in oxidation state increases the number of bonds between carbon and oxygen and decreases the number of carbon-hydrogen
bonds. Methane has four C—H bonds and no C—O bonds; carbonic acid and carbon dioxide both have four C—O bonds and no C—H bonds.

Among the various classes of hydrocarbons, alkanes contain carbon in its most reduced state, and alkynes contain carbon in its most oxidized state.

Increasing oxidation state of carbon
(decreasing hydrogen content)

_— 2

CH.CH, H,C=CH, HC=CH
Ethane Ethylene Acetylene
(6 C—H bonds) (4 C=—H bonds) (2 C—H bonds)

We can extend the generalization by recognizing that the pattern of oxidation states is not limited to increasing oxygen or hydrogen content. Any element
more electronegative than carbon will have the same effect on oxidation number as oxygen. Thus, the oxidation numbers of carbon in CH;Cl and CH;0H

are the same (—2). The reaction of chlorine with methane (to be discussed in Sections 10.2-10.3) involves oxidation at carbon.

oH, £ B, — EHrr -+ HCI
Methane Chlorine Chloromethane Hydrogen chloride

Any element Jess electronegative than carbon will have the same effect on oxidation number as hydrogen. Thus, the oxidation numbers of carbon in CH;L1
and CH, are the same (—4), and the reaction of CH3Cl with lithium (to be discussed in Section 15.3) involves reduction at carbon.

CHC1 + 2Li — CHiLi + LiCl

Chloromethane Lithium Methyllithium Lithium chloride

The oxidation number of carbon decreases from —2 in CH3Cl to —4 in CH3L1.
The generalization illustrated by the preceding examples can be expressed in terms broad enough to cover these reactions and many others, as follows:

Oxidation of carbon occurs when a bond between a carbon and an atom that is less electronegative than carbon is replaced by a bond to an =————
atom that is more electronegative than carbon. The reverse process is reduction. Page 88
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—C—X —2 —C—Z
| reduction I
X is less electronegative Z is more electronegative
than carbon than carbon

Both of the following reactions will be encountered later in this text. One is oxidation—reduction, the other is not. Which is which?

OH Cl

)V"CHa + HCI )V"CHa + H0
HiC™ “cn, HeC' Vch,

H Br

o Br, — y HBr
)\'CH3 + 2 )\'CHg +
HC™ Ven, HsC™ Ven,




Many, indeed most, organic compounds contain carbon in more than one oxidation state. Consider ethanol (CH3CH,OH), for example. One carbon 1s
connected to three hydrogens; the other carbon to two hydrogens and one oxygen. Although we could calculate the actual oxidation numbers, we rarely need
to. Most of the time we are only concerned with whether a particular reaction is an oxidation or a reduction. The ability to recognize when oxidation or
reduction occurs 1s of value when deciding on the kind of reactant with which an organic molecule must be treated to convert it into a desired product.

Which of the following reactions requires an oxidizing agent, a reducing agent, or neither?
O
(a) CHsCH,OH —>  CHiCH
(b) CH3CH,Br —> CH3CH.Li
(c) H,C—CH, ——  CHsCH,OH

d) H,C—CH — / \
(d) H, 2 WA

Sample Solution (a) The CH3 carbon is unchanged in the reaction; however, the carbon of CH,OH now has two bonds to oxygen.
Therefore, the reaction requires an oxidizing agent.

Section 2.1 The classes of hydrocarbons are alkanes, alkenes, alkynes, and arenes. Alkanes are hydrocarbons in which all of the bonds are
single bonds and are characterized by the molecular formula CnHy,).

Section 2.2 Two theories of bonding, valence bond and molecular orbital theory, are based on the wave nature of an electron. Constructive
interference between the electron wave of one atom and that of another gives a region between the two atoms in which the
probability of sharing an electron is high—a bond.

Section 2.3 In valence bond theory a covalent bond is described in terms of in-phase overlap of a half-filled orbital of one atom Page 89

with a half-filled orbital of another. When applied to bonding in Hj, the orbitals involved are the 1s orbitals of two
hydrogen atoms and the bond is a ¢ bond.

¢+0 »
s Is o

Section 2.4 In molecular orbital theory, the molecular orbitals (MOs) are approximated by combining the atomic orbitals (AOs) of all of the
atoms in a molecule. The number of MOs must equal the number of AOs that are combined.

Section 2.5 The first three alkanes are methane (CHy), ethane (CH3CH3), and propane (CH3CH,CHj3).

Section 2.6 Bonding in methane 1s most often described by an orbital hybridization model, which is a modified form of valence bond theory.
Four equivalent sp> hybrid orbitals of carbon are generated by mixing the 2s, 2px, 2py, and 2p, orbitals. In-phase overlap of each

half-filled sp> hybrid orbital with a half-filled hydrogen 1s orbital gives a ¢ bond.
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s Orbital sp° Orbital In-phase overlap of
s and sp® orbitals

Section 2.7 The carbon—carbon bond in ethane is a ¢ bond viewed as an overlap of a half-filled sp3 orbital of one carbon with a half-filled sp3

orbital of another.

sp” Orbital sp> Orbital In-phase overlap of
two sp’ orbitals

Section 2.8 Carbon is sp?-hybridized in ethylene, and the double bond has a ¢ component and a 7 component. The sp? hybridization state is
derived by mixing the 2s and two of the three 2p orbitals. Three equivalent sp2 orbitals result, and their axes are coplanar. Overlap
of a half-filled sp? orbital of one carbon with a half-filled sp® orbital of another gives a ¢ bond between the two carbons. Each

carbon still has one unhybridized p orbital available for bonding, and “side-by-side” overlap of half-filled p orbitals of adjacent
carbons gives a T bond between them.

The = bond in ethylene is generated by
overlap of half-filled p orbitals of adjacent carbons.

Section 2.9 Carbon 1s sp-hybridized in acetylene, and the triple bond is of the ¢ + m + m type. The 2s orbital and one of the 2p orbitals
combine to give two equivalent sp orbitals that have their axes in a straight line. A ¢ bond between the two carbons 1s
supplemented by two n bonds formed by overlap of the remaining half-filled p orbitals. Page 90

The triple bond of acetylene has a o bond component and two © bonds;
the two & bonds are shown here and are perpendicular to each other.

Section 2.10  The hybridization model for carbon can also be extended to oxygen and nitrogen. Oxygen and nitrogen are sp3-hybridized in
water and ammonia, respectively.

Section 2.11  Instead of being localized in a bond between two atoms, electron pairs are more delocalized in molecular orbital theory. The
lowest energy bonding molecular orbital in butane and other alkanes, for example, encompasses all of the atoms. Higher-energy
orbitals have one or more nodal surfaces where the probability of finding an electron is zero.

Lowest-energy molecular orbital of butane



Section 2.12

Section 2.13

Section 2.14

Sections
2.15-2.19

Two constitutionally isomeric alkanes have the molecular formula C4H;(. One has an unbranched chain (CH3CH,CH,CH3) and
is called n-butane; the other has a branched chain [(CH3);CH] and is called isobutane. Both n-butane and isobutane are
common names.

Unbranched alkanes of the type CH3(CH,)xCHj are often referred to as n-alkanes, and are said to belong to a homologous series.

There are three constitutional isomers of CgHj,: n-pentane (CH3CH,CH,CH,CHj), isopentane [(CH3),CHCH,CHj3], and
neopentane [(CH3)4C].

A single alkane may have several different names; a name may be a common name, or it may be a systematic name developed by
a well-defined set of rules. The most widely used system is IUPAC nomenclature. Table 2.4 summarizes the rules for alkanes and
cycloalkanes. Table 2.5 gives the rules for naming alkyl groups.



TABLE 2.4 Summary of IUPAC Nomenclature of Alkanes and Cycloalkanes

Rule Example

A. Alkanes
1. Find the longest continuous chain of carbon atoms, and

The longest continuous chain in the alkane shown is six carbons.

assign a parent name to the compound corresponding to
the IUPAC name of the unbranched alkane having the
same number of carbons.

. List the substituents attached to the longest continuous
chain in alphabetical order. Use the prefixes di-, tri-,
tetra-, and so on, when the same substituent appears

more than once. Ignore these prefixes when alphabetizing.

. Number from the end of the chain in the direction that
gives the lower locant to a substituent at the first point of
difference.

. When two different numbering schemes give equivalent
sets of locants, choose the direction that gives the lower
locant to the group that appears first in the name.

5. When two chains are of equal length, choose the one

with the greater number of substituents as the parent.
(Although this requires naming more substituents, the
substituents have simpler names.)

B. Cycloalkanes

1. Count the number of carbons in the ring, and assign a

parent name to the cycloalkane corresponding to the
IUPAC name of the unbranched cycloalkane having the
same number of carbons.

. Name the alkyl group, and append it as a prefix to the
cycloalkane. No locant is needed if the compound is a
monosubstituted cycloalkane. It is understood that the
alkyl group is attached to C-1.

This alkane is named as a derivative of hexane.

The alkane bears two methyl groups and an ethyl group. It is an
ethyldimethylhexane.

~“—Ethyl

Methyl i ¥ Methyi

When numbering from left to right, the substituents appear at
carbons 3, 3, and 4. When numbering from right to left, the
locants are 3, 4, and 4; therefore, number from left to right.

Correct Incorrect

The correct name is 4-ethyl-3,3-dimethylhexane.

In the following example, the substituents are located at carbons
3 and 4 regardless of the direction in which the chain is numbered.

Incorrect

Correct

Ethyl precedes methyl in the name; therefore, 3-ethyl-4-
methylhexane is correct.

Example

Two different chains contain five carbons in the alkane:

Correct Incorrect

The correct name is 3-ethyil-2-methylpentane (disubstituted
chain), rather than 3-isopropylpentane (monosubstituted chain).

The compound shown contains five carbons in its ring.

E>—c»-|(c+|3)2

It is named as a derivative of cyclopentane.

The previous compound is isopropyicyclopentane. Alternatively,
the alkyl group can be named according to the rules
summarized in Table 2.5, whereupon the name becomes
(7-methylethyl)cyclopentane. Parentheses are used to set off
the name of the alkyl group as needed to avoid ambiguity.



. When two or more different substituents are present, list

them in alphabetical order, and number the ring in the
direction that gives the lower number at the first point of
difference.

. Name the compound as a cycloalkyl-substituted alkane

if the substituent has more carbons than the ring.

The compound shown is 1, 1-diethyl-4-hexylcyclooctane.
7 6

CHaCH; a
CH,CH,CH,CH,CH,CH4

CHaCH; 2 3

N

l >—CH >CH>CH>CH,CHs is pentyicyclopentane
~/

[ >—CH3CH3CH3CH3CH2CH3 is 1-cyclopentylhexane

TABLE 2.5 Summary of IUPAC Nomenclature of Alkyl Groups

Rule

1.

Number the carbon atoms beginning at the point of
attachment, proceeding in the direction that follows the
longest continuous chain.

. Assign a parent name according to the number of carbons

in the corresponding unbranched alkane. Drop the ending
-ane and replace it with -yl

. List the substituents attached to the basis group in

alphabetical order using replicating prefixes when necessary.

. Locate the substituents according to the numbering of the

Example

The longest continuous chain that begins at the point of
attachment in the group shown contains six carbons.

12 3 a4 5 &6
CH5CH,CH,CCH,CHCH,CH,CH,
[

CHz CHs

The alkyl group shown in step 1 is named as a substituted
hexyl group.

The alkyl group in step 1 is a dimethyipropylhexy! group.

The alkyl group is a 1,3-dimethyl-1-propylhexyl group.

main chain described in step 1.

Section 2.20

Section 2.21

Section 2.22

Section 2.23

Section 2.24

Much of organic chemistry 1s concerned with structural units called functional groups incorporated into their structure. Alcohols
and alkyl halides are introduced in this section as representative classes of compounds that contain a functional group.

Natural gas i1s an abundant source of methane, ethane, and propane. Petroleum 1s a liquid mixture of many hydrocarbons,
including alkanes. Alkanes also occur naturally in the waxy coating of leaves and fruits.

Alkanes and cycloalkanes are nonpolar and insoluble in water. The forces of attraction between alkane molecules are induced-
dipole/induced-dipole attractive forces. The boiling points of alkanes increase as the number of carbon atoms increases.
Branched alkanes have lower boiling points than their unbranched isomers. There 1s a limit to how closely two atoms can
approach each other, which is given by the sum of their van der Waals radii.

Alkanes and cycloalkanes burn in air to give carbon dioxide, water, and heat. This process 1s called combustion. Page 91

(CH,),CHCH,CH, + 80, —> 5CO, + 6H,0

2-Methylbutane Carbon
dioxide

Oxygen Water

AH® = —-3529 kl/mol (—843.4 kcal/mol)

The heat evolved on burning an alkane increases with the number of carbon atoms. The relative stability of isomers may be
determined by comparing their respective heats of combustion. The more stable of two isomers has the lower heat of
combustion.

Combustion of alkanes is an example of oxidation-reduction. Although it is possible to calculate oxidation numbers of carbon in
organic molecules, it i1s more convenient to regard oxidation of an organic substance as an increase in its oxygen content or a
decrease 1n its hydrogen content.
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Structure and Bonding

2.24

2.25

2.26

2.27

2.28

2.29

2.30

2.31

The general molecular formula for alkanes is CnHj,..>. What is the general molecular formula for:

(a) Cycloalkanes
(b) Alkenes

(c) Alkynes
(d) Cyclic hydrocarbons that contain one double bond

A certain hydrocarbon has a molecular formula of CsHg. Which of the following is not a structural possibility for this hydrocarbon?

(a) It 1s a cycloalkane.

(b) It contains one ring and one double bond.
(c) It contains two double bonds and no rings.
(d) It 1s an alkyne.

Which of the hydrocarbons in each of the following groups are isomers?

@ N\ <> (CH3),CH Y\
17
(b) CH;(fCH, E> E> NN
CH,
© <j>—cu3 <:>=c1-l2 @ HC=CCH,CH,C=CCH,

Wirite the structural formula of a compound of molecular formula C4HgCl, in which
(a) All the carbons belong to methylene groups
(b) None of the carbons belong to methylene groups

What 1s the hybridization of each carbon in CH3CHOCHCOCH? What are the CCC bond angles?

Of the overlaps between an s and a p orbital as shown in the illustration, one 1s bonding, one is antibonding, and the third is nonbonding
(neither bonding nor antibonding). Which orbital overlap corresponds to which interaction? Why?

Does the overlap of two p orbitals in the fashion shown correspond to a ¢ bond or to a m bond? Explain.

Pheromones are chemical compounds that animals, especially insects, use to signal others of the same species. Female tiger moths, for
example, signify their presence to male moths this way. The sex attractant is a 2-methyl-branched alkane having a molecular weight of
254. What 1s its structure?



2.32

Aphids secrete an alarm pheromone having the structure shown. What is its molecular formula? Classify each carbon according to its
hybridization state.

X ™ Z
Nomenclature Page 94
2.33 All the parts of this problem refer to the alkane having the carbon skeleton shown.
(a) What 1s the molecular formula of this alkane?
(b) What 1is its TUPAC name?
(c) How many methyl groups are present in this alkane? Methylene groups? Methine groups?
(d) How many carbon atoms are primary? Secondary? Tertiary? Quaternary?
2.34 Pristane 1s an alkane that 1s present to the extent of about 14% in shark liver oil. Its IUPAC name is 2,6,10,14-tetramethylpentadecane.
Write its structural formula.
235 Write a structural formula for each of the following compounds:
(a) 6-Isopropyl-2,3-dimethylnonane
(b) 4-tert-Butyl-3-methylheptane
(c) 4-Isobutyl-1,1-dimethylcyclohexane
(d) sec-Butylcycloheptane
(e) Cyclobutylcyclopentane
2.36 Write structural formulas and give the IUPAC names for the nine alkanes that have the molecular formula C;Hy¢.
2.37 From among the 18 constitutional isomers of CgH;g, write structural formulas, and give the TUPAC names for those that are named as
derivatives of
(a) Heptane
(b) Hexane
(c) Pentane
(d) Butane
2.38 Give the ITUPAC name for each of the following compounds:
(a) CH5(CH,),sCH; @) W
(b) (CH3),CHCH,(CHy)14CH3
(¢) (CH3CH;);CCH(CH,CH3), ()
2.39 Using the method outlined in Section 2.17, give an IUPAC name for each of the following alkyl groups, and classify each one as primary,

secondary, or tertiary:



(a) CH3(CHp)CH,— (d) —CHCH,CH,CH,

(b) "'CHzCHz(I:HCH:’CHzCHs @)
CH,CH, H,CHa—
(¢) —C(CH,CHa); ) O_CH__
|

CH,

2.40 It has been suggested that the names of alkyl groups be derived from the alkane having the same carbon chain as the alkyl group. The -e
ending of that alkane is replaced by -y/, and the chain 1s numbered from the end that gives the carbon at the point of attachment its lower
number. This number immediately precedes the -y/ ending and is bracketed by hyphens.

5 — 3 2 1 1 ZI 3 - 5

CH3$HCH2CHZCH2— CH3ICCH2CH2CH3
CHJ CH3

4-Methylpentan-1-yl 2-Methylpentan-2-yl

Name the C4Hy alkyl groups according to this system.
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Reactions

2.4 Write a balanced chemical equation for the combustion of each of the following compounds:
(a) Decane
(b) Cyclodecane
(c) Methylcyclononane

(d) Cyclopentylcyclopentane

242 The heats of combustion of methane and butane are 890 kJ/mol (212.8 kcal/mol) and 2876 kJ/mol (687.4 kcal/mol), respectively. When
used as a fuel, would methane or butane generate more heat for the same mass of gas? Which would generate more heat for the same
volume of gas?

243 In each of the following groups of compounds, identify the one with the largest heat of combustion and the one with the smallest. (Try to
do this problem without consulting Table 2.3)

(a) Hexane, heptane, octane

(b) 2-Methylpropane, pentane, 2-methylbutane

(c) 2-Methylbutane, 2-methylpentane, 2,2-dimethylpropane
(d) Pentane, 3-methylpentane, 3,3-dimethylpentane

(e) Ethylcyclopentane, ethylcyclohexane, ethylcycloheptane

2.44 (a) Given AH" for the reaction

H,(g) + 30,(g) — H,0()) AH° = —286 kI/mol (—68.4 kcal/mol )

along with the information that the heat of combustion of ethane 1s 1560 kJ/mol (—372.8 kcal/mol) and that of ethylene 1s 1410 kJ/mol
(337.0 kcal/mol), calculate AH” for the hydrogenation of ethylene:

HyC=CH,(g) + Ha(g) — CH;CH;(g)

(b) If the heat of combustion of acetylene 1s 1300 kJ/mol (310.7 kcal/mol), what 1s the value of AH® for its hydrogenation to ethylene?
To ethane?

(c) What 1s the value of AH® for the hypothetical reaction

2H,C=CH,(g) — CH;CH,(g) + HC=CH(g)



245

2.46

247

2.48

2.49

2.50

2.51

We have seen 1n this chapter that, among isomeric alkanes, the unbranched isomer 1s the least stable and has the highest boiling point; the
most branched isomer is the most stable and has the lowest boiling point. Does this mean that one alkane boils lower than another
because 1t 1s more stable? Explain.

Higher octane gasoline typically contains a greater proportion of branched alkanes relative to unbranched ones. Are branched alkanes
better fuels because they give off more energy on combustion? Explain.

The reaction shown is important in the industrial preparation of dichlorodimethylsilane for eventual conversion to silicone polymers.

(a) Is carbon oxidized, reduced, or neither in this reaction?
(b) On the basis of the molecular model of (CH3),S1Cl,, deduce the hybridization state of silicon in this compound. What is the
principal quantum number 7 of the silicon s and p orbitals that are hybridized?

e®
® .
@

& &

Alkanes spontaneously burst into flame in the presence of elemental fluorine. The reaction that takes place between pentane Page 96
and F, gives CF4 and HF as the only products.

(a) Write a balanced equation for this reaction.
(b) Is carbon oxidized, is it reduced, or does it undergo no change in oxidation state in this reaction?

Which atoms in the following reaction undergo changes in their oxidation state? Which atom is oxidized? Which one is reduced?

2CH;CH,OH + 2Na —s 2CH;CH,0Na + H,

Compound A undergoes the following reactions:

J K
K
X

(a) Which of the reactions shown require(s) an oxidizing agent?

Compound A

(b) Which of the reactions shown require(s) a reducing agent?

Each of the following reactions will be encountered at some point in this text. Classify each one according to whether the organic
reactant 1s oxidized or reduced in the process.



(a) CH;C=CH + 2Na + 2NH; — CH;CH=CH, + 2NaNH,

( I ) ( 1 )
b
()3 /I\/ +Cr,0,> +8H" —> 3 )J\/ +2Cr** + 7H,0

(c) HOCH,CH,OH + HIO; — 2H,C=O0 + HIO; + H,0

) <i>—mo2 +2Fe + THt —> @—ﬁm + 2Fe™ + 2H,0
@) ﬂ\ + 2Li — ﬂ\ + LiCl
cl Li
o 0

(f) (j + Cl, (:/[ + HCl
Cl

Some Biochemical Reactions of Alkanes

Alkanes occur naturally in places other than petroleum deposits—in insects, for example. The waxy alkanes dispersed in its cuticle help protect an
mnsect from dehydration. Some insects use volatile alkanes to defend themselves or communicate with others of the same species. Alkanes even serve
as starting materials that the insect converts to other biologically important substances.

The major biosynthetic pathway leading to alkanes is by enzyme-catalyzed decarboxylation (loss of CO;) of fatty acids, compounds of the type
CH3(CH)nCOH 1n which 7 1s an even number and the chain has 14 or more carbons.

CH,(CH,),CO,H —> CH,(CH,),_,CH, + CO,

Biochemical conversion of alkanes to other substances normally begins with oxidation.

,,..‘\\H ><‘\\H
e ® — 0
H OH

In addition to alkanes, the oxidation of drugs and other substances occurs mainly in the liver and is catalyzed by the enzyme cytochrome P-450.
Molecular oxygen and nicotinamide adenine dinucleotide (NAD) are also required.

Oxidation by microorganisms has been extensively studied and is often selective for certain kinds of C—H bonds. The fungus Pseudomonas
oleovorans, for example, oxidizes the CHj groups at the end of the carbon chain of 4-methyloctane faster than the CH; branch and faster than the CH,

and CH units within the chain.

W/ — HOM\)\/\/ ¥ MOH

2.52 Tridecane [CH3(CHj);1CHz3] is a major component of the repellent that the stink bug Piezodorus guildinii releases from its scent glands
when attacked. What fatty acid gives tridecane on decarboxylation?
A. CH;3(CH,);oCO,H
B. CH3(CHp);;COH
C. CH3(CHp)12COoH
D. CH;3(CHy);3C0,H
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2.53 Assuming a selectivity analogous to that observed in the microbiological oxidation of 4-methyloctane by Pseudomonas oleovorans,
which of the following is expected to give two constitutionally isomeric alcohols on oxidation?

A. Heptane

B. 3-Methylheptane

C. 4-Methylheptane

D. 4,4-Dimethylheptane



2.54 Female German cockroaches convert the alkane shown to a substance that attracts males.

CHBCHZ(EH(CHQ;.(|1H(CH2)16CH2CH3
o, CH

Oxidation at C-2 of the alkane gives the sex attractant, which has a molecular formula C3;H¢,O and the same carbon skeleton as the
alkane. What is the structure of the sex attractant?

OH
A. CH3{|:H$H(CHz)7$H(CH2)16CH2CH3
CH, CH,
OH
B. CH:CHzCH(CH);CH(CH),sCHCHj;
n,om,

|
C. CH3CC|H(CH2}7(|3H(G‘12)16CH:!CH3
CH, CH,

|
D. CH3CH2(|3H(CH2)7C|H(CH2);:5CCH3

CH; CH;
2.55 Biological oxidation of the hydrocarbon adamantane by the fungus Absidia glauca gives a mixture of two alcohols.
OH
09— e I
H
Adamantane Major Minor

Classify the carbon in adamantane that is oxidized in forming the major product.
A. Primary

B. Secondary

C. Tertiary

D. Quaternary
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Carbon’s unrivaled ability to form bonds to itself can produce not only chains and rings, but also compact frameworks of many rings.
Diamonds represent the ultimate elaboration of the pattern introduced by the progression of structural formulas shown. The three most
complicated structures, plus many analogous but even larger ones, are all found in petroleum.

©Steve Hamblin/Alamy Stock Photo
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Alkanes and Cycloalkanes: Conformations and cis—trans
Stereoisomers

Hydrogen peroxide is formed in the cells of plants and animals but is toxic to them. Consequently, living systems have developed mechanisms to rid
themselves of hydrogen peroxide, usually by enzyme-catalyzed reduction to water. An understanding of how reactions take place, be they in living
systems or in test tubes, begins with a thorough knowledge of the structure of the reactants, products, and catalysts. Even a molecule as simple as
hydrogen peroxide (four atoms!) may be structurally more complicated than you think. Suppose we wanted to write the structural formula for H,O, in

enough detail to show the positions of the atoms relative to one another. We could write two different planar geometries A and B that differ by a 180°
rotation about the O—O bond. We could also write an infinite number of nonplanar structures, of which C is but one example, that differ from one
another by tiny increments of rotation about the O—O bond.

¢ ¢
4 180° L
o 0-00 6%
o (W o

A B £
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Structures A, B, and C represent different conformations of hydrogen peroxide. Conformations are different spatial arrangements of a molecule that
are generated by rotation about single bonds. Although we can’t tell from simply looking at these structures, we now know from experimental studies
that all are in rapid equilibrium and that C with an H-O—O-H angle of about 114.5° is the most stable conformation.

Conformational analysis is the study of how conformational factors affect the structure of a molecule and its properties. In this chapter we’ll
examine the conformations of various alkanes and cycloalkanes, focusing most of our attention on three of them: ethane, butane, and cyclohexane. You
will see that even simple organic molecules can exist in many conformations. Conformational analysis will help us to visualize organic molecules as
three-dimensional objects and to better understand their structure and properties.

3.1 Conformational Analysis of Ethane

Ethane is the simplest hydrocarbon that can have distinct conformations. Two, the staggered conformation and the eclipsed conformation, deserve
special mention and are illustrated with molecular models in Figure 3.1.




Staggered conformation of ethane

e @

Eclipsed conformation of ethane

@

Figure 3.1

The staggered and eclipsed conformations of ethane shown as ball-and-spoke models (left) and as space-filling models (right).

In the staggered conformation, each C—H bond of one carbon bisects an H-C—H angle of the other carbon. In the eclipsed conformation, each C-H
bond of one carbon is aligned with a C—H bond of the other carbon.

Page 100

Sawhorses are beams with four legs that are used in pairs to support a plank for sawing, or in other uses as a support structure or road
marker.

The staggered and eclipsed conformations interconvert by rotation about the C—C bond, and do so very rapidly. We’ll see just how rapidly later in
this section.

Among the various ways in which the staggered and eclipsed forms are portrayed, wedge-and-dash, sawhorse, and Newman projection drawings are
especially useful. These are shown for the staggered conformation of ethane in Figure 3.2 and for the eclipsed conformation in Figure 3.3.



Staggered

H

'H
H

(a) Wedge-and-dash
(b} Sawhorse

H

o

(¢} Newman projection

=
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Figure 3.2

Molecular models and graphical representations of the staggered conformation of ethane.

Eclipsed

H

. {,JH

H
(er) Wedge-and-dash
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i
H H
H

(¢) Newman projection

Figure 3.3

Molecular models and graphical representations of the eclipsed conformation of ethane.

Newman projections were devised by Professor Melvin S. Newman of Ohio State University.

We used wedge-and-dash drawings in earlier chapters, and so Figures 3.2a and 3.3a are familiar to us. A sawhorse drawing (Figures 3.2b and 3.3b)
shows the conformation of a molecule without having to resort to different styles of bonds. In a Newman projection (Figures 3.2¢ and 3.3¢), we sight



down the C—C bond, and represent the front carbon by a point and the back carbon by a circle. Each carbon has three other bonds that are placed
symmetrically around it.

Figures 3.2 and 3.3 illustrate the spatial relationship between bonds on adjacent carbons. Each H-C—C—H unit in ethane is characterized by a torsion
angle or dihedral angle, which is the angle between the H-C—C plane and the C—C—H plane. The torsion angle is easily seen in a Newman projection of
ethane as the angle between C—H bonds of adjacent carbons.

HH T
. 5
41 )
’ \ e
Torsion angle = 0° Torsion angle = 60° Torsion angle = 180°
Eclipsed Gauche Anti

Eclipsed bonds are characterized by a torsion angle of 0°. When the torsion angle is approximately 60° the spatial relationship is gauche; and when it is

180° it is anti. Staggered conformations have only gauche or anti relationships between bonds on adjacent atoms. _—
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Identify the alkanes corresponding to each of the drawings shown.

CHs
CHa HsC, CH3 I
H (> -H H7 H  Hex \/]<
ngﬁ: H A~~~ S i o
L H  CHs CH3 |
CH3;
(a) Newman projection  (b) Sawhorse (¢} and (d) Alternative wedge-  (e) Bond-line

and-dash representations

Sample Solution (a) The Newman projection of this alkane resembles that of ethane, except one of the hydrogens has been
replaced by a methyl group. The drawing is a Newman projection of propane, CH3CH,CHs.

Of the two conformations of ethane, the staggered is 12 kJ/mol (2.9 kcal/mol) more stable than the eclipsed. The staggered conformation is the most
stable conformation, the eclipsed is the least stable conformation. Two main explanations have been offered for this difference. One holds that
repulsions between bonds on adjacent atoms destabilize the eclipsed conformation. The other suggests that better electron delocalization stabilizes the
staggered conformation. Both effects contribute to the preference for the staggered conformation.

The ethane conformations in which the torsion angles between adjacent bonds are other than 60° are said to have torsional strain. Eclipsed bonds
produce the most torsional strain; staggered bonds none. Because three pairs of eclipsed bonds are responsible for 12 kJ/mol (2.9 kcal/mol) of torsional
strain in ethane, it is reasonable to assign an “energy cost” of 4 kJ/mol (1 kcal/mol) to each pair. In this chapter we’ll learn of additional sources of strain
in molecules, which together with torsional strain comprise steric strain.

Steric is derived from the Greek word stereos for “solid” and refers to the three-dimensional or spatial aspects of chemistry.

In principle, ethane has an infinite number of conformations that differ by only tiny increments in their torsion angles. Not only is the staggered
conformation more stable than the eclipsed, it also is the most stable of all the conformations; the eclipsed is the least stable. Figure 3.4 shows how the
potential energy of ethane changes for a 360° rotation about the carbon—carbon bond. Three equivalent eclipsed conformations and three
equivalent staggered conformations occur during the 360° rotation; the eclipsed conformations appear at the highest points on the curve Page 102
(potential energy maxima), the staggered ones at the lowest (potential energy minima). Conformations that correspond to potential energy —
minima are called conformers.




Potential energy, keal/mol
Potential energy, klfmol
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Figure 3.4

Potential energy diagram for rotation about the carbon—carbon bond in ethane. Two of the hydrogens are shown in red and four in green so
as to indicate more clearly the bond rotation.

At any instant, almost all of the molecules are in staggered conformations, hardly any are in eclipsed conformations.

Find the conformations in Figure 3.4 in which the hydrogens marked in red are (a) gauche and (b) anti.

Diagrams such as Figure 3.4 help us understand how the potential energy of a system changes during a process. The process can be as simple as the
one described here—rotation about a carbon—carbon bond. Or it might be more complicated—a chemical reaction, for example. We will see applications
of potential energy diagrams to a variety of processes throughout the text.

Let’s focus our attention on a portion of Figure 3.4. The region that lies between a torsion angle of 60° and 180° tracks the conversion of one
staggered conformer of ethane to the next one. Both conformers are equivalent and equal in energy, but for one to get to the next, it must first pass
through an eclipsed conformation and needs to gain 12 kJ/mol (2.9 kcal/mol) of energy to reach it. This amount of energy is the activation energy (E,)
for the process. Molecules must become energized in order to undergo a chemical reaction or, as in this case, to undergo rotation about a carbon—carbon
bond. Kinetic (thermal) energy is absorbed by a molecule from collisions with other molecules and is transformed into potential energy. When the
potential energy exceeds E,, the unstable arrangement of atoms that exists at that instant relaxes to a more stable structure, giving off its excess potential
energy in collisions with other molecules or with the walls of a container. The point of maximum potential energy encountered by the reactants as they
proceed to products is called the transition state. The eclipsed conformation is the transition state for the conversion of one staggered conformation of
ethane to another.

The structure that exists at the transition state is sometimes referred to as the fransition structure or the activated complex.

Rotation about carbon—carbon bonds is one of the fastest processes in chemistry. Among the ways that we can describe the rate of a process is by its

half-life, which is the length of time it takes for one half of the molecules to have reacted. It takes less than 1070 s for half of the molecules in a sample
of ethane to have gone from one staggered conformation to another at 25°C.

A second way is by citing the experimentally determined rate constant &, which is related to the energy of activation by the Arrhenius equation:
k= Ae E/RT
a

where A4 is a frequency factor related to the collision rate and geometry. The e % a/ RT term is the probability that a collision will result in reaction, T is the
temperature in kelvins, and R is a constant (8.314 kJ/K - mol or 1.987 x 1073 keal/K - mol). E, is calculated by comparing reaction rates as a function of

temperature. Raising the temperature decreases £,/RT and increases AefEa/RT , thereby increasing k. Small increases in £, result in large decreases in

rate. Quantitative studies of reaction rates are grouped under the general term Kkinetics and provide the basis for many of the structure-reactivity
relationships that we will see in this and later chapters.



As shown in Figure 3.5, most of the molecules in a sample have energies that are clustered around some average value. Only molecules with a
potential energy greater than E,, however, are able to go over the transition state and proceed on. The number of these molecules is given by the shaded

areas under the curve in Figure 3.5. The energy distribution curve flattens out at higher temperatures, and a greater proportion of molecules have
energies in excess of £, at T, (higher) than at 77 (lower). The effect of temperature is quite pronounced; an increase of only 10°C produces a two- to

threefold increase in the rate of a typical chemical process.
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Figure 3.5

Distribution of energies. The number of molecules with energy greater than E, at temperature T4 is shown as the darker green-shaded area.
At some higher temperature T», the curve is flatter, and more molecules have energies in excess of E,.

3.2 Conformational Analysis of Butane Page 103

The next alkane that we will examine is butane. In particular, we consider conformations related by rotation about the bond between the middle two
carbons. Unlike ethane, in which the staggered conformations are equivalent, butane has two different staggered conformations, as shown in Figure 3.6.
The methyl groups of butane are gauche to each other in one, anti in the other. Both conformations are staggered, so are free of torsional strain, but two
of the methyl hydrogens of the gauche conformation lie within 210 pm (2.10 A) of each other. This distance is less than the sum of their van der Waals
radii (240 pm; 2.40 A), and there is a repulsive force between the two hydrogens. The destabilization of a molecule that results when two of its atoms are
too close to each other is called van der Waals strain, or steric hindrance, and contributes to the total steric strain. In the case of butane, van der Waals
strain makes the gauche conformation approximately 3.8 kJ/mol (0.9 kcal/mol) less stable than the anti.
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Figure 3.6




The gauche and anti conformations of butane shown as ball-and-spoke models (left) and as Newman projections (right). The gauche
conformation is less stable than the anti because of the van der Waals strain between the methyl groups. Sighting along the C(2)—C(3) bond
produces the perspective in the Newman projection.

Figure 3.7 illustrates the potential energy relationships among the various conformations of butane about the central carbon—carbon bond. The
staggered conformations are more stable than the eclipsed. At any instant, almost all the molecules exist in staggered conformations, and more are
present in the anti conformation than in the gauche. The point of maximum potential energy lies some 21 kJ/mol (5 kcal/mol) above the anti
conformation. The total strain in this structure is approximately equally divided between the torsional strain associated with three pairs of eclipsed bonds
that was determined for ethane in Figure 3.4 (12 kJ/mol; 2.9 kcal/mol) and the van der Waals strain between the eclipsed methyl groups.
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Figure 3.7

Potential energy diagram for rotation about the central carbon—carbon bond in butane.

Sketch sawhorse and Newman projections for the staggered conformations of butane in Figure 3.7. Identify conformations with
gauche and anti methyl groups.

Sketch a potential energy diagram for rotation about a carbon—carbon bond in propane. Identify each potential energy maximum
and minimum with a structural formula that shows the conformation of propane at that point. Does your diagram more closely
resemble that of ethane or of butane? Would you expect the activation energy for bond rotation in propane to be more than or less
than that of ethane? Of butane?

Acetylcholine is a neurotransmitter in the central nervous system in humans. Sighting along the C—C bond, draw Newman
projection formulas for the anti and gauche conformations of acetylcholine.
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3.3 Conformations of Hig_;her Alkanes




Higher alkanes having unbranched carbon chains are, like butane, most stable in their all-anti conformations. The energy difference between gauche and
anti conformations is similar to that of butane, and appreciable quantities of the gauche conformation are present in liquid alkanes at 25°C. In depicting
the conformations of higher alkanes it is often more helpful to look at them from the side rather than end-on as in a Newman projection.

Viewed from this perspective, the most stable conformations of pentane and hexane have their carbon “backbones” arranged in a zigzag Page 105
fashion, as shown in Figure 3.9. All the bonds are staggered, and the chains are characterized by anti arrangements of C—C—C—C units. -
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Computational Chemistry: Molecular Mechanics and Quantum Mechanics

olecular mechanics is a method for calculating the energy of a molecule by comparing selected structural features with

those of “unstrained” standards. It makes no attempt to explain why the van der Waals radius of hydrogen is 120 pm

(1.20 A), why the bond angles in methane are 109.5°, why the C—C bond distance in ethane is 153 pm (1.53 A), or why
the staggered conformation of ethane is 12 kJ/mol (2.9 kcal/mol) more stable than the eclipsed. Instead, it uses these and
other experimentally determined values as benchmarks to create a “force field” to which the features of other substances are
compared. If we assume that there are certain ideal values for bond angles, bond distances, and so on, it follows that
deviations from them will destabilize a particular structure. The resulting increase in potential energy is referred to as the steric
energy (Esteric) of the structure. Other terms include strain energy and steric strain.

Arithmetically, the steric energy of a structure can be separated into several components:

Esteric = Ebond stretch * Eangle bend * Etorsion + Enonbonded

where Epond stretch 1S the strain that results when bond distances are distorted from their ideal values, Egngle bend from the
expansion or contraction of bond angles, Eiqsion from deviation of torsion angles from their stable relationship, and Enonbonded
from attractive or repulsive forces between atoms that aren't bonded to one another. It often happens that the shape of a
molecule causes two atoms to be close in space, even though they may be separated by many bonds. Although van der
Waals forces in alkanes are weakly attractive at most distances, two atoms that are closer than the sum of their van der Waals
radii experience repulsive forces that can dominate the E,onponded te€rm. This resulting destabilization is called van der Waals
strain. Another frequently encountered nonbonded interaction is Coulombic, which is the attractive force between oppositely
charged atoms or the repulsive force between atoms of like charge. In molecular mechanics, each component of strain is
separately described by a mathematical expression developed and refined so that it gives solutions that match experimental
observations for reference molecules. A computer-driven steric energy minimization routine searches for the combination of
bond angles, distances, torsion angles, and nonbonded interactions that has the lowest total strain.

Consider the rotation about the C(2)—C(3) bond in butane discussed in Section 3.2 and its potential energy diagram shown
in Figure 3.7. As calculated by the molecular mechanics force field, MM3, Eg; for the anti and gauche conformations of
butane are 14.5 and 18.4 kJ/mol (3.46 and 4.40 kcal/mol), respectively. The 3.9 kJ/mol (0.94 kcal/mol) difference between
these values is in good agreement with the experimentally determined value of 3.8 kJ/mol (0.9 kcal/mol) cited in the opening
paragraph of Section 3.2.

As calculated by molecular mechanics, Egieric for the methyl eclipsed conformation of butane is 36.9 kJ/mol (8.8
kcal/mol). On the basis of this and the Eg;eic Values just cited, calculate the activation energy for rotation about the C(2)
—C(3) bond.

Quantum mechanical calculations are much different and are based on the Schrédinger equation (Section 1.1). Instead of
treating molecules as collections of atoms and bonds, quantum mechanics focuses on nuclei and electrons and treats
electrons as waves. The energy of a chemical species is determined as the sum of the attractive (nucleus—electron) and
repulsive (nucleus—nucleus and electron—electron) forces plus the kinetic energies of the electrons and the nuclei. Minimizing
the total energy gives a series of solutions called wave functions, which are equivalent to orbitals. Calculations based on
quantum mechanics are generally referred to as molecular orbital (MO) calculations.

The computing requirements are so much greater for MO calculations than for molecular mechanics that MO calculations
were once considered a specialty area. That is no longer true and it is now a routine matter to carry out MO calculations on
personal computers. Steric-energy minimization by molecular mechanics is increasingly seen as a preliminary step prior to
carrying out an MO calculation. A molecule is constructed, its geometry minimized by molecular mechanics, then MO methods
are used to calculate energies, geometries, and other properties.

Our first encounter with the results of computational methods is often visual. Figure 3.8a shows a ball-and-stick model of
the methyl-methyl eclipsed conformation of butane as it would appear before doing any calculations. Either a molecular
mechanics or MO calculation can produce, among other renderings, the space-filling model of butane shown in Figure 3.8b,
which reveals the close contact between hydrogens that contributes to van der Waals strain in the eclipsed conformation.
However, only an MO calculation can generate an electrostatic potential map, which we see in Figure 3.8c as an overlay of
charge distribution on a van der Waals surface.
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Figure 3.8

The methyl-methyl eclipsed conformation of butane: (a) ball-and-stick model, (b) space-filling model, and (c) electrostatic
potential map. The molecule itself is the same size in each.
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Figure 3.9

Ball-and-spoke models of pentane and hexane in their all-anti (zigzag) conformations.

3.4 The Shapes of Cycloalkanes: Planar or Nonplanar?

During the nineteenth century it was widely believed—incorrectly, as we’ll see—that cycloalkane rings are planar. A leading advocate of this view was
the German chemist Adolf von Baeyer. He noted that compounds containing rings other than those based on cyclopentane and cyclohexane were rarely
encountered naturally and were difficult to synthesize. Baeyer connected both observations with cycloalkane stability, which he suggested was related to
how closely the internal angles of planar rings match the tetrahedral value of 109.5°. For example, the 60° bond angle of cyclopropane and the 90° bond
angles of a planar cyclobutane ring are much smaller than the tetrahedral angle of 109.5°. Baeyer suggested that three- and four-membered rings suffer
from what we now call angle strain. Angle strain is the strain a molecule has because one or more of its bond angles deviate from the ideal value; in the
case of alkanes the ideal value is 109.5°.

Although better known now for his incorrect theory that cycloalkanes were planar, Baeyer was respons ble for notable
advances in the chemistry of organic dyes such as indigo and was awarded the 1905 Nobel Prize in Chemistry for his work
in that area.

According to Baeyer, cyclopentane should be the most stable of all the cycloalkanes because the ring angles of a planar pentagon, 108°, are closer to
the tetrahedral angle than those of any other cycloalkane. A prediction of the Baeyer strain theory is that the cycloalkanes beyond cyclopentane should
become increasingly strained and correspondingly less stable. The angles of a regular hexagon are 120°, and the angles of larger polygons deviate more
and more from the ideal tetrahedral angle.

Problems with the Baeyer strain theory become apparent when we use heats of combustion (Table 3.1) to probe the relative energies of cycloalkanes.
The most important column in the table is the heat of combustion per methylene (CHj) group. Because all of the cycloalkanes have molecular formulas
of the type C,H,,, dividing the heat of combustion by n allows direct comparison of ring size and potential energy. Cyclopropane has the highest heat of
combustion per methylene group, which is consistent with the idea that its potential energy is raised by angle strain. Cyclobutane has less angle strain at
each of its carbon atoms and a lower heat of combustion per methylene group. Cyclopentane, as expected, has a lower value still. Notice, however, that
contrary to the prediction of the Baeyer strain theory, cyclohexane has a smaller heat of combustion per methylene group than cyclopentane. If angle
strain were greater in cyclohexane than in cyclopentane, the opposite would have been observed.



TABLE 31 Heats of Combustion (—AH®) of Cycloalkanes w

Heat of combustion

Heat of combustion per CH5 group
Number of
Cycloalkane CH, groups kJ/mol kcal/mol kJ/ mol kcal/mol
Cyclopropane 3 2,091 4998 697 166.6
Cyclobutane - 2,745 656.1 686 164.0
Cyclopentane 5 3,320 793.4 664 158.7
Cyclohexane 6 3,953 9447 659 1575
Cycloheptane 7 4,637 1108.4 662 158.3
Cyclooctane 8 5,310 1269.2 664 158.7
Cyclononane 9 5,981 1425.6 665 158.8
Cyclodecane 10 6,639 1586.8 664 158.7
Cycloundecane 11 7,293 1743.2 663 158.5
Cyclododecane 12 7,922 1893.4 660 157.8
Cyclotetradecane 14 9,234 2207.0 660 157.6
Cyclohexadecane 16 10,548 2521.0 659 157.6

Furthermore, the heats of combustion per methylene group of the very large rings are all about the same and similar to that of cyclopentane and
cyclohexane. Rather than rising because of increasing angle strain in large rings, the heat of combustion per methylene group remains constant at
approximately 659 kJ/mol (157.4 kcal/mol), the value cited in Section 2.23 as the difference between successive members of a homologous series of
alkanes. We conclude, therefore, that the bond angles of large cycloalkanes are not much different from the bond angles of alkanes themselves. The
prediction of the Baeyer strain theory that angle strain increases steadily with ring size is contradicted by experimental fact.

The Baeyer strain theory is useful to us in identifying angle strain as a destabilizing effect. Its fundamental flaw is its assumption that the rings of
cycloalkanes are planar. With the exception of cyclopropane, cycloalkanes are nonplanar. Sections 3.5-3.13 describe the shapes of cycloalkanes. We’ll
begin with cyclopropane.
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3.5 Small Rings: Cyclopropane and Cyclobutane

Conformational analysis is far simpler in cyclopropane than in any other cycloalkane. Cyclopropane’s three carbon atoms are, of geometric necessity,
coplanar, and rotation about its carbon—carbon bonds is impossible. You saw in Section 3.4 how angle strain in cyclopropane leads to an abnormally
large heat of combustion. Let’s now look at cyclopropane in more detail to see how our orbital hybridization bonding model may be adapted to
molecules of unusual geometry.

In keeping with the “bent-bond” description of Figure 3.10, the carbon—carbon bond distance in cyclopropane (151 pm; 1.51
A) is slightly shorter than that of ethane (153 pm; 1.53 A) and cyclohexane (154 pm; 1.54 A).
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Figure 3.10



“Bent bonds” in cyclopropane. (a) The orbitals involved in carbon—carbon bond formation overlap in a region that is displaced from the
internuclear axis. (b) The three areas of greatest negative electrostatic potential (red) correspond to those predicted by the bent-bond
description.

Strong sp>~sp> & bonds are not possible for cyclopropane, because the 60° bond angles of the ring do not permit the orbitals to be properly aligned
for effective overlap (Figure 3.10). The less effective overlap that does occur leads to what chemists refer to as “bent” bonds. The electron density in the
carbon—carbon bonds of cyclopropane does not lie along the internuclear axis but is distributed along an arc between the two carbon atoms. The ring
bonds of cyclopropane are weaker than other carbon—carbon ¢ bonds.

In addition to angle strain, cyclopropane is destabilized by torsional strain. Each C—H bond of cyclopropane is eclipsed with two others. ——
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All adjacent pairs
of bonds are eclipsed

Cyclobutane not only has less angle strain than cyclopropane but also can reduce the torsional strain that goes with a planar geometry by adopting
the nonplanar “puckered” conformation shown in Figure 3.11, in which adjacent C—H bonds are twisted away from one another. A fully staggered
arrangement in cyclobutane is not possible, but eclipsing interactions are decreased in the puckered form.

| [

Figure 3.11

Nonplanar (“puckered”) conformation of cyclobutane. The nonplanar conformation reduces the eclipsing of bonds on adjacent carbons that
characterizes the planar conformation.

From Table 3.1, cyclohexane has the lowest heat of combustion per CH, group of 659 kJ/mol (157.5 kcal/mol). This represents a
CH>, group in a cyclic ring with negligible strain. Calculate the total strain energy for (a) the three CH, groups of cyclopropane and
(b) the four CH5 groups of cyclobutane.

Sample Solution (a) The heat of combustion for one cyclopropane CH, group is 697 kJ/mol (166.6 kcal/mol). Subtracting this value
from the cyclohexane value gives the strain energy for one of the cyclopropane CHs groups: 697 — 659 = 38 kJ/mol (166.6 — 157.5
= 9.1 kcal/mol). Cyclopropane, with three CH, groups, has a total strain energy of three times that amount: 38 kJ/mol x 3 = 114
kd/mol (9.1 kcal/mol x 3 = 27.3 kcal/mol).

The heats of combustion of ethylcyclopropane and methylcyclobutane have been measured as 3352 and 3384 kJ/mol (801.2 and
808.8 kcal/mol). Assign the correct heat of combustion to each isomer.

3.6 Cyclopentane

Angle strain in the planar conformation of cyclopentane is relatively small because the 108° angles of a regular pentagon are not much different from the
normal 109.5° bond angles of sp3-hybridized carbon. The torsional strain, however, is substantial, because five bonds are eclipsed on the top face of the
ring, and another set of five are eclipsed on the bottom face (Figure 3.12a). Some, but not all, of this torsional strain is relieved in nonplanar
conformations. Two nonplanar conformations of cyclopentane, the envelope (Figure 3.12b) and the half-chair (Figure 3.12¢), are of similar energy.




(a) Planar (b) Envelope () Halt-chair

Figure 3.12

The (a) planar, (b) envelope, and (c) half-chair conformations of cyclopentane.

Neighboring C—H bonds are eclipsed in any planar cycloalkane. Thus all planar conformations are destabilized by
torsional strain.

Chair cyclohexane bears some resemblance to a chaise lounge.
©Floortje/iStock/Getty Images

In the envelope conformation four of the carbon atoms are coplanar. The fifth carbon is out of the plane of the other four. There are three
coplanar carbons in the half-chair conformation, with one carbon atom displaced above that plane and another below it. In both the envelope Page 109
and the half-chair conformations, in-plane and out-of-plane carbons exchange positions rapidly. Equilibration between conformations of —
cyclopentane is very fast and occurs at rates similar to that of rotation about the carbon—carbon bond of ethane.

3.7 Conformations of Cyclohexane

Hassel shared the 1969 Nobel Prize in Chemistry with Sir Derek Barton of Imperial College (London). Barton demonstrated
how Hassel’s structural results could be extended to an analysis of conformational effects on chemical reactivity.

Experimental evidence indicating that six-membered rings are nonplanar began to accumulate in the 1920s. Eventually, Odd Hassel of the University of
Oslo established that the most stable conformation of cyclohexane has the shape shown in Figure 3.13. This is called the chair conformation. With C—-
C—C bond angles of 111°, the chair conformation is nearly free of angle strain. All of its bonds are staggered, making it free of torsional strain as well.
The staggered arrangement of bonds in the chair conformation of cyclohexane is apparent in a Newman-style projection.

() (b)

Figure 3.13




(a) A ball-and-stick model and (b) a space-filling model of the chair conformation of cyclohexane.
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The cyclohexane chair is best viewed from the side-on perspective, which is useful for describing its conformational properties. You may draw chair
cyclohexane in this pespective using different techniques, but your final drawing must have the following features. Bonds that are across the ring from
each other are parallel, as indicated for the pairs of red, green, and blue bonds in the following drawing. Notice also that the bonds shown in red are
drawn with longer lines to show the side-on perspective. In reality, all of the C—C bonds of cyclohexane are of the same length. Bonds are slanted as
indicated. Although not planar, the cyclohexane ring should be level with respect to carbons 2 and 4 and carbons 1 and 5. The side-on perspective of
cyclohexane is sometimes depicted with wedge bonds for C-1 to C-2 and C-3 to C-4 and a bold line for C-2 to C-3.

A second, but much less stable, nonplanar conformation called the boat is shown in Figure 3.14. Like the chair, the boat conformation
has bond angles that are approximately tetrahedral and is relatively free of angle strain. It is, however, destabilized by the torsional strain Page 110
associated with eclipsed bonds on four of its carbons. The close approach of the two “flagpole” hydrogens shown in Figure 3.14 contributes a
small amount of van der Waals strain as well. Both sources of strain are reduced by rotation about the carbon—carbon bond to give the slightly more
stable twist boat, or skew boat, conformation (Figure 3.15).
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Figure 3.14

(a) A ball-and-spoke model and (b) a space-filling model of the boat conformation of cyclohexane. Torsional strain from eclipsed bonds and
van der Waals strain involving the “flagpole” hydrogens (red) make the boat less stable than the chair.
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Figure 3.15

(a) The boat and (b) skew boat conformations of cyclohexane. Some of the torsional strain in the boat is relieved by rotation about C—C
bonds in going to the twist conformation. This motion also causes the flagpole hydrogens to move away from one another, reducing the van
der Waals strain between them.

The various conformations of cyclohexane are in rapid equilibrium with one another, but at any moment almost all of the molecules exist in the chair
conformation. Less than 5 molecules per 100,000 are present in the skew boat conformation at 25°C. Thus, the discussion of cyclohexane
conformational analysis that follows focuses exclusively on the chair conformation.

3.8 Axial and Equatorial Bonds in Cyclohexane

One of the most important findings to come from conformational studies of cyclohexane is that its 12 hydrogen atoms can be divided into two groups, as
shown in Figure 3.16. Six of the hydrogens, called axial hydrogens, have their bonds parallel to a vertical axis that passes through the ring’s center.
These axial bonds alternately are directed up and down on adjacent carbons. The second set of six hydrogens, called equatorial hydrogens, are located
approximately along the equator of the molecule. Notice that the four bonds to each carbon are arranged tetrahedrally, consistent with an sp3
hybridization of carbon.
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bonds together
Figure 3.16

Axial and equatorial bonds in cyclohexane.

The conformational features of six-membered rings are fundamental to organic chemistry, so it is essential that you have a clear understanding of the
directional properties of axial and equatorial bonds and be able to represent them accurately. Figure 3.17 offers some guidance.



(1) Begin with the chair conformation of cyclohexane.

L~J

(2) Draw the axial bonds before the equatorial ones, alternating their direction
on adjacent atoms. Always start by placing an axial bond “up™ on the
uppermost carbon or “down” on the lowest carbon.

—
e Start here

or start here "

Then alternate to give

in which all the axial
bonds are parallel to
one another

(3) Place the equatorial bonds so as to approximate a tetrahedral arrangement of
the bonds to each carbon. The equatorial bond of each carbon should be
parallel to the ring bonds of its two nearest neighbor carbons.

Place equatorial bond
at C-1 so that it is
parallel to the bonds
between C-2 and C-3
and between C-5 and
C-6.

Following this pattern gives the complete set of equatorial bonds.

Figure 3.17

A guide to representing the orientations of the bonds in the chair conformation of cyclohexane.

It is no accident that sections of our chair cyclohexane drawings resemble sawhorse projections of staggered conformations of alkanes.

The same spatial relationships seen in alkanes carry over to substituents on a six-membered ring. In the structure Page 111
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substituents A and B are anti to each other, and the other relationships—A and Y, X and Y, and X and B—are gauche.

Rage—t12

Given the following partial structure, add a substituent X to C-1 so that it satisfies the indicated stereochemical requirement. What is
the A—-C—C—X torsion (dihedral) angle in each?

/"7 @atiwoA (0) Anti to C-3 _
1 A
ﬁ‘; (b) Gauche to A (d) Gauche to C-3

Sample Solution (a) In order to be anti to A, substituent X must be axial. The blue lines in the drawing show the A—C—C-X torsion
angle to be 180°.

3.9 Conformational Inversion in Cyclohexane

We have seen that alkanes are not locked into a single conformation. Rotation about their C—C bonds occurs rapidly, interconverting anti and gauche
conformations. Cyclohexane, too, is conformationally mobile. Through a process known as ring inversion, or chair—chair interconversion, one chair
conformation is converted to another.

A potential energy diagram for chair—chair interconversion in cyclohexane is shown in Figure 3.18. In the first step, the chair is converted to a twist
conformation. In this step, cyclohexane passes through a higher-energy half-chair conformation. The twist is converted to an alternate twist, via the boat
conformation that is only 4-8 kJ/mol (1-2 kcal/mol) higher in energy. The second twist then proceeds to the inverted chair via another half-chair
conformation. The twist conformations are infermediates in the process of ring inversion. Unlike a transition state, an intermediate is not a potential
energy maximum but is a local minimum on the potential energy profile. The half-chair conformations are highest in energy because they
have the most eclipsing interactions. The difference in energy between the chair and half-chair conformations is the activation energy for Page 113

the chair—hair interconversion, which is 45 kJ/mol (10.8 kcal/mol). It is a very rapid process with a half-life of 1075 s at 25°C.
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Conformational interconversion =~ ————

Figure 3.18

Energy diagram for ring inversion in cyclohexane. The energy of activation is the difference in energy between the chair and half-chair
conformations. The twist conformations are intermediates. The boat and half-chair conformations are transition states.



The most important result of ring inversion is that any substituent that is axial in the original chair conformation becomes equatorial in the ring-
inverted form and vice versa.
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X axial: Y equatorial X equatorial; Y axial

The consequences of this point are developed for a number of monosubstituted cyclohexane derivatives in the following section, beginning with
methylcyclohexane.

3.10 Conformational Analysis of Monosubstituted Cyclohexanes

Ring inversion in methylcyclohexane differs from that of cyclohexane in that the two chair conformations are not equivalent. In one chair the methyl
group is axial; in the other it is equatorial. At room temperature approximately 95% of the molecules of methylcyclohexane are in the chair conformation
that has an equatorial methyl group, whereas only 5% of the molecules have an axial methyl group.

CH;
very
/*-—.____‘_,7*'-—\ H fast r\x.__h_.a—--"'\
] T \L_‘__Ff"\‘l_/- CH 3
H
5% 95%

See the boxed essay Enthalpy, Free Energy, and Equilibrium Constant accompanying this section for a discussion of these
relationships.

When two conformations of a molecule are in equilibrium with each other, the one with the lower free energy predominates. Why is equatorial
methylcyclohexane more stable than axial methylcyclohexane?

A methyl group is less crowded when it is equatorial than when it is axial. One of the hydrogens of an axial methyl group is within 190-200 pm
(1.90-2.00 A) of the axial hydrogens at C-3 and C-5. This distance is less than the sum of the van der Waals radii of two hydrogens (240 pm; 2.40 A)
and causes van der Waals strain in the axial conformation. When the methyl group is equatorial, it experiences no significant crowding.

H

,-':-H‘x FH
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1 : B, « ¢
A R o S
H - £}
4 i’?‘:_\-%"‘“—/\ H H -X_____.-—F..'--_\__\r__ C {J” H
Ho |

Van der Waals strain
between hydrogen of axial
CH; and axial hydrogens
atC-3 and C-5

The greater stability of an equatorial methyl group, compared with an axial one, is another example of a steric effect (Section 3.2). An axial
substituent is said to be crowded because of 1,3-diaxial repulsions between itself and the other two axial substituents located on the same side of the
ring.

Roget14

The following questions relate to a cyclohexane ring in the chair conformation shown.



(a) Is a methyl group at C-6 that is “down” axial or equatorial?
(b) Is a methyl group that is “up” at C-1 more or less stable than a methyl group that is up at C-4?
(c) Place a methyl group at C-3 in its most stable orientation. Is it up or down?

Sample Solution (a) First indicate the directional properties of the bonds to the ring carbons. A substituent is down if it is below the
other substituent on the same carbon atom. A methyl group that is down at C-6 is therefore axial.

We can relate the conformational preference for an equatorial methyl group in methylcyclohexane to the conformation of butane. The red bonds in
the following structural formulas trace paths through four carbons, beginning at an equatorial methyl group. The zigzag arrangement described by each

path mimics the anti conformation of butane.
H H
/\:/\C H, M\C H;

When the methyl group is axial, each path mimics the gauche conformation of butane.

ch, CH;

The preference for an equatorial methyl group in methylcyclohexane is therefore analogous to the preference for the anti conformation in butane. Two
gauche butane-like units are present in axial methylcyclohexane that are absent in equatorial methylcyclohexane. As we saw earlier in Figure 3.7, the
anti conformation of butane is 3.8 kJ/mol (0.9 kcal/mol) lower in energy than the gauche. Therefore, the energy difference between the equatorial and
axial conformations of methylcyclohexane should be twice that, or 7.6 kJ/mol (1.8 kcal/mol). The experimentally measured difference of 7.2 kJ/mol
(1.74 kcal/mol) gives us confidence that the same factors that govern the conformations of noncyclic compounds also apply to cyclic ones. What we call
1,3-diaxial repulsions in substituted cyclohexanes are really the same as van der Waals strain in the gauche conformations of alkanes.

Other substituted cyclohexanes are similar to methylcyclohexane. Two chair conformations exist in rapid equilibrium, and the one in which the
substituent is equatorial is more stable. The relative amounts of the two conformations depend on the effective size of the substituent. The size of a
substituent, in the context of cyclohexane conformations, is related to the degree of branching at the atom connected to the ring. A single atom, such as a
halogen, does not take up much space, and its preference for an equatorial orientation is less than that of a methyl group.

F

[~T~H _ ~—\
//\-\/ R P
\T,

40% 60%

The halogens F, Cl, Br, and | do not differ much in their preference for the equatorial position. As the atomic radius
increases in the order F < Cl < Br < |, so does the carbon—halogen bond distance, and the two effects tend to cancel.

W

Enthalpy, Free Energy, and Equilibrium Constant il

ne of the fundamental equations of thermodynamics concerns systems at equilibrium and relates the equilibrium
constant K to the difference in standard free energy (AG°) between the products and the reactants.

AG" = Gopvoducts = Goreactans =-RTInK




where T is the absolute temperature in kelvins and the constant R equals 8.314 J/mol - K (1.99 cal/mol - K).

For the equilibrium between the axial and equatorial conformations of a monosubstituted cyclohexane,

the equilibrium constant is given by the expression

[products]
" [reactants]

Inserting the appropriate values for R, T (298 K), and K gives the values of AG"° listed in the following table for the various

substituents discussed in Section 3.10.

The relationship between AG® and K is plotted in Figure 3.19. A larger value of K is associated with a more negative AG°.

Free energy and enthalpy are related by the expression

AG° = AH° - TAS®

where AS® is the difference in entropy between the products and reactants. A positive AS° is accompanied by an increase in
the disorder of a system. A positive AS° leads to a AG® that is more negative than AH° and a larger K than expected on the
basis of enthalpy considerations alone. Conversely, a negative AS° gives a smaller K than expected. In the case of
conformational equilibration between the chair forms of a substituted cyclohexane, AS° is close to zero and AG® and AH° are

approximately equal.

AG°znx

Substituent X Percent axial Percent equatorial K kJ/mol kcal/mol
—CH3 5 95 19 -7.2 -1.74
—CH,CH; 4.6 95.4 21 -7.5 -1.79
—CH(CHa), 3 97 38 -9.0 -2.15
—C(CHa)3 <0.01 >99.99 >9999 -22.8 -55
—F 40 60 15 -1.0 -0.25
—Cl 29 71 24 -2.2 -0.52
—OH 17 83 48 -39 -0.93
—NH, 9 91 1 -5.9 -14

Standard free energy difference (AG®), kcal/mol

Percent major component at equilibrium, 25°C

| | |

5
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Figure 3.19

Distribution of two products at equilibrium at 25°C as a function of the standard free energy difference (AG®) between them.

A branched alkyl group such as isopropyl exhibits a slightly greater preference for the equatorial orientation than does methyl, but a tert-
butyl group is so large that ert- butylcyclohexane exists almost entirely in the conformation in which the group is equatorial. The amount of Page 116
axial fert-butylcyclohexane present is too small to measure.

Highly branched groups such as tert-butyl are commonly described as “bulky.”

e

H:.C_ § ,CH; N
J\ H \‘C/

H CH,

\C H;

~

H CHj;
Less than 0.01% Greater than 99.99%
(Serious 1.3-diaxial repulsions (Decreased
involving rert-butyl group) van der Waals strain)

Draw the most stable conformation of 1-tert-butyl-1-methylcyclohexane.

3.11 Disubstituted Cycloalkanes: cis—trans Stereoisomers

When a cycloalkane bears two substituents on different carbons—methyl groups, for example—these substituents may be on the same or on opposite
sides of the ring. When substituents are on the same side, we say they are cis to each other; if they are on opposite sides, they are trans to each other.
Both terms come from the Latin, in which cis means “on this side” and trans means “across.”

H:C CH; H;C H
H H H CH;
cis-1,2-Dimethylcyclopropane frans-1,2-Dimethylcyclopropane

Exclusive of compounds with double bonds, four hydrocarbons are constitutional isomers of cis- and trans-1,2-
dimethylcyclopropane. Identify these compounds.

Stereochemistry is the term applied to the three-dimensional aspects of molecular structure and reactivity.

The cis and trans forms of 1,2-dimethylcyclopropane are stereoisomers. Stereoisomers are isomers that have their atoms bonded in the same order—
that is, they have the same constitution, but they differ in the arrangement of atoms in space. You learned in Section 2.23 that constitutional isomers
could differ in stability. What about stereoisomers?

We can measure the energy difference between cis- and trans-1,2-dimethylcyclopropane by comparing their heats of combustion. As illustrated in
Figure 3.20, the difference in their heats of combustion is a direct measure of the difference in their energies. Because the heat of combustion of trans-
1,2-dimethylcyclopropane is 5 kJ/mol (1.2 kcal/mol) less than that of its cis stereoisomer, it follows that frans-1,2-dimethylcyclopropane is 5 kJ/mol (1.2
kcal/mol) more stable than cis-1,2-dimethylcyclopropane.



cis-1,2-Dimethyleyclopropane trans-1.2-Dimethylcyclopropane
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Figure 3.20

The enthalpy difference between cis- and trans-1,2-dimethylcyclopropane can be determined from their heats of combustion. Van der Waals
strain between methyl groups on the same side of the ring makes the cis stereoisomer less stable than the trans.

In this case, the relationship between stability and stereochemistry is easily explained on the basis of van der Waals strain. The methyl groups on the
same side of the ring in cis-1,2-dimethylcyclopropane crowd each other and increase the potential energy of this stereoisomer. Steric ————————
hindrance between methyl groups is absent in trans-1,2-dimethylcyclopropane. Page 117

Chrysanthemic acid, from the chrysanthemum flower, is a naturally occurring insecticide, with the constitution indicated. Draw the
structures of the cis and trans stereoisomers of chrysanthemic acid.

HO,C _CH=C(CHa),

HsC  CHs

Disubstituted cyclopropanes exemplify one of the simplest cases involving stability differences between stereoisomers. A three-membered ring has
no conformational mobility, so cannot reduce the van der Waals strain between cis substituents on adjacent carbons without introducing other strain. The
situation is different in disubstituted derivatives of cyclohexane.

3.12 Conformational Analysis of Disubstituted Cyclohexanes

We’ll begin with cis- and trans-1,4-dimethylcyclohexane.

H;C%<—>(C‘H; H;C‘%<—>(H
H" "H H et P

cis-1 4-Dimethylcyclohexane  frans- 1 4-Dimethylcyclohexane

Wedges fail to show conformation, and it’s important to remember that the rings of cis- and trans-1,2-dimethylcyclohexane exist in a chair
conformation. This fact must be taken into consideration when evaluating the relative stabilities of the stereoisomers.

Their heats of combustion (Table 3.2) reveal that frans-1,4-dimethylcyclohexane is 8 kJ/mol (1.9 kcal/mol) more stable than the cis
stereoisomer. It is unrealistic to believe that van der Waals strain between cis substituents is responsible, because the methyl groups are too Page 118



far away from each other. To understand why trans-1,4-dimethylcyclohexane is more stable than cis-1,4-dimethylcyclohexane, we need to
examine each stereoisomer in its most stable conformation.

m Heats of Combustion of Isomeric Dimethylcyclohexanes

Difference in

: : Heat of heat of

gr:ir:: ::10:1::‘!1;:;2}1 Smbuistion cambystion More stable
Compound conformation kJ/mol kcal/mol kJ/mol kcal/mol sterecisomer
cis-1,2-Dimethylcyclohexane Axial-equatorial 5263 12578
trans-1,2-Dimethylcyclohexane = Diequatorial 5255 12559 8 19 trans
cis-1,3-Dimethylcyclohexane Diequatorial 5250 1254.8
trans-1,3-Dimethylcyclochexane = Axial-equatarial 5258 1256.7 8 1.9 cis
cis-1,4-Dimethylcyclohexane Axial-equatorial 5258 1256.7
trans-1,4-Dimethylcyclochexane = Diequatorial 5250 1254.8 8 19 trans

cis-1,4-Dimethylcyclohexane can adopt either of two equivalent chair conformations, each having one axial methyl group and one equatorial methyl
group. The two are in rapid equilibrium with each other by ring inversion. The equatorial methyl group becomes axial, and the axial methyl group
becomes equatorial.

CH. CH;
——— — H 2 H --F"JVJ-H-F
HAC- T — — —CH 3
H H
(One methyl group is (One methyl group is
axial, the other axial, the other
equatorial) equatorial)

(Both methyl groups are up)
cis-1,4-Dimethylcyclohe xane

The methyl groups are cis because both are up relative to the hydrogen present at each carbon. If both methyl groups were down, they would still be cis
to each other. Notice that ring inversion does not alter the cis relationship between the methyl groups. Nor does it alter their up-versus-down quality;
substituents that are up in one conformation remain up in the ring inverted form.

The most stable conformation of trans-1,4-dimethylcyclohexane has both methyl groups in equatorial orientations. The two chair conformations of
trans-1,4-dimethylcyclohexane are not equivalent. One has two equatorial methyl groups; the other, two axial methyl groups.

CH; H
“-1/’) —H . HiC—\{—~—

CH; H
(Both methyl groups {Both methy! groups are
are axial: less stable equatorial: more stable
chair conformation) chair conformation )

(One methy! group is up, the other down)
frans-1,4-Dimethyleyclohexane

The more stable chair—the one with both methyl groups equatorial—is adopted by most of the trans-1,4-dimethylcyclohexane molecules.

trans-1,4-Dimethylcyclohexane is more stable than cis-1,4-dimethylcyclohexane because both of the methyl groups are equatorial in its
most stable conformation. One methyl group must be axial in the cis stereoisomer. Remember, it is a general rule that any substituent is more
stable in an equatorial orientation than in an axial one. It is worth pointing out that the 8 kJ/mol (1.9 kcal/mol) energy difference between cis- and trans-
1,4-dimethylcyclohexane is nearly the same as the energy difference between the axial and equatorial conformations of methylcyclohexane. There is a
simple reason for this: in both instances the less stable structure has one axial methyl group, and the 8 kJ/mol (1.9 kcal/mol) energy difference can be
considered the “energy cost” of having a methyl group in an axial rather than an equatorial orientation.

Page 119

Like the 1,4-dimethyl derivatives, trans-1,2-dimethylcyclohexane has a lower heat of combustion (see Table 3.2) and is more stable than cis-1,2-
dimethylcyclohexane. The cis stereoisomer has two chair conformations of equal energy, each containing one axial and one equatorial methyl group.



CH, CH,
/"~-~-/J‘“ﬁ:H s BT
f% CH, A\ —cH,

H H
cis-1.2-Dimethylcyclohexane

Both methyl groups are equatorial in the most stable conformation of trans-1,2-dimethylcyclohexane.

CH; H

[Tm = o
R .
H

i

{Both methyl groups (Both methyl groups are
are axial: less stable equatorial: more stable
chair conformation) chair conformation)

trans-1,2-Dimethylcyclohexane

As in the 1,4-dimethylcyclohexanes, the 8 kJ/mol (1.9 kcal/mol) energy difference between the more stable (trans) and the less stable (cis)
stereoisomer is attributed to the strain associated with the presence of an axial methyl group in the cis stereoisomer.

Probably the most interesting observation in Table 3.2 concerns the 1,3-dimethylcyclohexanes. Unlike the 1,2- and 1,4-dimethylcyclohexanes, in
which the trans stereoisomer is more stable than the cis, we find that cis-1,3-dimethylcyclohexane is 8 kJ/mol (1.9 kcal/mol) more stable than trans-1,3-
dimethylcyclohexane. Why?

The most stable conformation of cis-1,3-dimethylcyclohexane has both methyl groups equatorial.

CH; CHs:

/" \%“-H vy T'“‘H—-_-f’”’\
[ | T H 3 C %L_..——"'_""H-\(/' CH 3

H H
(Both methyl groups (Both methyl groups are
are axial: less stable equatorial: more stable
chair conformation) chair conformation)

¢is-1,3-Dimethylcyclohe xane

The two chair conformations of frans-1,3-dimethylcyclohexane are equivalent to each other. Both contain one axial and one equatorial
methyl group. Page 120

H CH;

I ~—H R e
L— =~ H\_—\-CH,
CH-

CH; H
{One methyl group is axial, (One methyl group is axial,
the other equatorial) the other equatorial)

frans-1,3-Dimethylcyclohexane

Thus the trans stereoisomer, with one axial methyl group, is less stable than cis-1,3-dimethylcyclohexane where both methyl groups are equatorial.

The following questions relate to a cyclohexane ring in the chair conformation shown.



(a) Draw the more stable 1,4-dimethylcyclohexane with methyl substituents at C-3 and C-6. Are the methyl substituents cis or
trans?

(b) Draw a 1,2-dimethycyclohexane using positions C-1 and C-2 with both methyl substituents in equatorial positions. What is
the spatial relationship of the methyl groups?

(c) Place one methyl axial at C-2 and one equatorial at C-5. Are these methyl substituents cis or trans?

Sample Solution (a) For 1,4-dimethylcyclohexane, placing methyl substituents in equatorial positions on C-3 and C-6 gives the
lower energy cyclohexane.

Labeling the methyl substituents and hydrogens on each carbon reveals that one methyl group is up and one down. These methyl
groups are trans.

up ~__ )
e __-up
H CHs™
& ]A"’
/o / down
down__ ik H'"___-—*"/
T CHs;

Based on what you know about disubstituted cyclohexanes, which of the following two sterecisomeric 1,3,5-trimethylcyclohexanes

would you expect to be more stable?

cis-1,3,5-Trimethylcyclohexane trans-1,3,5-Trimethylcyclohexane

If a disubstituted cyclohexane has two different substituents, then the most stable conformation is the chair that has the larger substituent
in an equatorial orientation. This is most apparent when one of the substituents is a bulky group such as ferz-butyl. Thus, the most stable Page 121
conformation of cis-1-tert-butyl-2-methylcyclohexane has an equatorial tert-butyl group and an axial methyl group.

Nl W, \""“““"h
Jr----...__r”,ﬂ CH;  ~ \—x3}—C(CHy)
|
H H
(Less stable conformation: {(More stable conformation:
larger group is axial) larger group is equatorial)

cis-1-teri-Butyl-2-methylcy clohexane

Write structural formulas for the most stable conformation of each of the following compounds:

a) trans-1-tert-Butyl-3-methylcyclohexane

(a)
(c) trans-1-tert-Butyl-4-methylcyclohexane
(b) cis-1-tert-Butyl-3-methylcyclohexane
(d)

d) cis-1-tert-Butyl-4-methylcyclohexane
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Cyclohexane rings that bear fert-butyl substituents are examples of conformationally biased molecules. A tert-butyl group has such a pronounced
preference for the equatorial orientation that it will strongly bias the equilibrium to favor such conformations. This does not mean that ring inversion
does not occur, however. Ring inversion does occur, but at any instant only a tiny fraction of the molecules exist in conformations having axial fert-butyl
groups. It is not strictly correct to say that fert-butylcyclohexane and its derivatives are “locked” into a single conformation; conformations related by
ring inversion are in rapid equilibrium with one another, but the distribution between them strongly favors those in which the ters-butyl group is
equatorial.
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3.13 Medium and Large Rings

The largest known cycloa kane has a ring with 288 carbons.

Beginning with cycloheptane, which has four conformations of similar energy, conformational analysis of cycloalkanes becomes more complicated. The
same fundamental principles apply to medium and large rings as apply to smaller ones—but there are more atoms, more bonds, and more conformational
possibilities.

3.14 Polycyclic Ring Systems

Polycyclic compounds are those that contain more than one ring. The IUPAC classifies polycyclic structures according to the minimum number of bond
cleavages required to generate a noncyclic structure. The structure is bicyclic if two bond disconnections yield an open-chain structure, tricyclic if three,
tetracyclic if four, and so on. Adamantane, a naturally occurring hydrocarbon found in petroleum, for example, is tricyclic because three bond cleavages
are needed before an open-chain structure results.

Adamantane



The correct number of rings may be determined by different sets of disconnections, and the final open-chain structure need not be the same for different
sets. All that matters is finding the minimum number of disconnections.

Cubane (CgHg) is the common name of the polycyclic hydrocarbon shown. As its name implies, its structure is that of a cube. How
many rings are present in cubane according to the bond-disconnection rule?

\E\

In addition to classifying polycyclic compounds according to the number of rings they contain, we classify them with respect to the way in which the
rings are joined. In a spire compound, one atom is common to two rings.

The simplest spiro alkane is spiro/2.2]pentane, a molecular model of which illustrates an interesting structural feature of spiro compounds. The two
rings lie at right angles to each other.

Spiro[2.2]pentane

The ITUPAC names of spiro alkanes take the form spiro/number.number]alkane. The alkane suffix is simply the name of the unbranched alkane
having the same number of carbons as those in the two rings. The numbers inside the brackets are, in ascending order, the number of carbons unique to
each ring. Thus, eight carbons make up the two rings of spiro[3.4]octane; the spiro carbon is bridged by three carbons of one ring and four carbons of the

Spiro[3.4]octane

When substituents are present, numbering begins in the smaller ring adjacent to the spiro carbon and proceeds consecutively around the —————
smaller ring away from the spiro carbon, through it, then around the larger ring. As with alkanes, the direction is chosen so as to give the Page 123
lower locant at the first point of difference, substituents are listed in alphabetical order, and the locants and substituents appear first in the

name.

Vetiver, a soothing oil popular in aromatherapy (Figure 3.21), contains -vetivone, which can be viewed as a derivative of
compound A. What is the IUPAC name of A?

SO

o]
Vetivone Compound A
p p




Figure 3.21

Vetiver grass is the source of vetiver oil.
©Pungem/iStock/Getty Images

In a bridged compound, two atoms are common to two or more rings. Camphene, a naturally occurring hydrocarbon obtained from pine oil, is a
representative bridged bicyclic hydrocarbon. It is convenient to regard camphene as a six-membered ring (indicated by the blue bonds in the following
structure) in which the two carbons designated by asterisks (¥) are bridged by a CH, group. The two designated carbons are known as bridgehead
carbons.

Use the bond-cleavage criterion to verify that camphene is bicyclic.

Bridged bicyclic alkanes are named in the manner bicyclo[numbernumber.number]alkane. As illustrated for bicyclo[3.2.1]octane, the parent alkane
is the one with the same number of carbons as the total in the bicyclic skeleton.

—

8 AQ‘

Bicyclo[3.2.1]octane

The bracketed numbers identify the number of carbons in the three bridges in descending order. Numbering begins at a bridgehead position and proceeds
consecutively in the direction of the largest bridge and continues through the next largest. The atoms in the smallest bridge are numbered last.

Write structural formulas for each of the following bicyclic hydrocarbons:
(a) Bicyclo[2.2.1]heptane
(b) 1,7,7-Trimethylbicyclo[2.2.1]heptane
(c) Bicyclo[3.1.1]heptane
Sample Solution (a) The bicyclo[2.2.1]heptane ring system is one of the most frequently encountered bicyclic structural m

types. It contains seven carbon atoms, as indicated by the suffix -heptane. The bridging groups contain two, two, and
one carbon, respectively.



_~ Two-carbon bridge

/
Two-carbon bridge ~__ /--—/

Bicyclo[2.2.1Jheptane

Many compounds contain rings that share a common side. Such compounds are no:mally referred to as fused- -ring compounds but for classification
and naming purposes they are placed in the “bridged” category. The bridge in these cases is the common side and is given a value of zero atoms. The

two stereoisomeric bicyclo[4.4.0]decanes, called cis- and trans-decalin, are important examples.

i I i
o
Cij H\i\.
i \ i
H g H
cis-Bicyclo[4.4.0]decane trans-Bicyclo[4.4.0]decane
(cis-decalin) (trans-decalin)

The hydrogen atoms at the ring junctions are on the same side in cis-decalin and on opposite sides in trans-decalin. Both rings adopt the chair
conformation in each stereoisomer.

Decalin ring systems appear as structural units in a large number of naturally occurring substances, particularly the steroids. Cholic acid, for
example, a steroid present in bile that promotes digestion, incorporates cis-decalin and trans-decalin units into a rather complex tetracyclic structure.

H:C

OH

Cholic acid

Geosmin is a natural product that smells like dirt. It is produced by several microorganisms and can be obtained from beet extracts.
Complete the following decalin ring skeleton, placing the substituents of geosmin in their proper orientations.

3.15 Heterocyclic Compounds

Not all cyclic compounds are hydrocarbons. Many substances include an atom other than carbon, called a heteroatom (Section 1.6), as part of a ring. A
ring that contains at least one heteroatom is called a heterocycle, and a substance based on a heterocyclic ring is a heterocyclic compound. =—
Each of the following heterocyclic ring systems will be encountered in this text: Page 125




v O O ()
~H H

Ethylene oxide Tetrahydrofuran Pyrrolidine Piperidine

The names cited are common names, which have been in widespread use for a long time and are acceptable in IUPAC nomenclature.

The shapes of heterocyclic rings are very much like those of their all-carbon analogs. Thus, six-membered heterocycles such as piperidine exist in a
chair conformation analogous to cyclohexane.

H

|

N
P

The hydrogen attached to nitrogen can be either axial or equatorial, and both chair conformations are approximately equal in stability.

Draw what you would expect to be the most stable conformation of the piperidine derivative in which the hydrogen bonded to
nitrogen has been replaced by methyl.

Sulfur-containing heterocycles are also common. Compounds in which sulfur is the heteroatom in three-, four-, five-, and six-membered rings, as
well as larger rings, are all well known. Two interesting heterocyclic compounds that contain sulfur—sulfur bonds are lipoic acid and lenthionine.

Cyclic structures also exist in inorganic chemistry. The most stable form of elemental sulfur is an eight-membered ring of

sulfur atoms.
0 S—S§
S
é OH S g S
Lipoic acid: a growth factor required Lenthionine: contributes to the
by a variety of different organisms odor of shiitake mushrooms

Many heterocyclic systems contain double bonds and are related to arenes. The most important representatives of this class are introduced in
Sections 12.21 and 12.22.

In this chapter we explored the three-dimensional shapes of alkanes and cycloalkanes. The most important point to be taken from the chapter is
that a molecule adopts the shape that minimizes its total strain. The sources of strain in alkanes and cycloalkanes are:

1. Bond length distortion: destabilization of a molecule that results when one or more of its bond distances are different from the normal values
2. Angle strain: destabilization that results from distortion of bond angles from their normal values

3. Torsional strain: destabilization that results when bonds on adjacent atoms are not staggered

4. Van der Waals strain: destabilization that results when atoms or groups on nonadjacent atoms are too close to one another

The various spatial arrangements available to a molecule by rotation about single bonds are called conformations, and =————
conformational analysis is the study of the differences in stability and properties of the individual conformations. Rotation about Page 126
carbon—carbon single bonds is normally very fast, occurring hundreds of thousands of times per second at room temperature. —
Molecules are rarely frozen into a single conformation but engage in rapid equilibration among the conformations that are energetically
accessible.

Section 3.1 The most stable conformation of ethane is the staggered conformation. It is approximately 12 kJ/mol (2.9 kcal/mol) more
stable than the eclipsed, which is the least stable conformation.



«

L

¢
é: &
" ¢

Staggered conformation of ethane Eclipsed conformation of ethane:
(most stable conformation) (least stable conformation)

The difference in energy between the two results from two effects: a destabilization of the eclipsed conformation due to
electron—electron repulsion in aligned bonds, and a stabilization of the staggered conformation due to better electron
delocalization. At any instant, almost all the molecules of ethane reside in the staggered conformation.

Section 3.2 The two staggered conformations of butane are not equivalent. The anti conformation is more stable than the gauche.

(,8(, bbb
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Neither conformation suffers torsional strain, because each has a staggered arrangement of bonds. The gauche conformation
is less stable because of van der Waals strain involving the methyl groups.

Section 3.3 Higher alkanes adopt a zigzag conformation of the carbon chain in which all the bonds are staggered.
® af® of %
“ 8 8§ § °©

(™ (- ¢ ¢”

Octane

Section 3.4 At one time the rings of all cycloalkanes were believed to be planar. It was expected that cyclopentane would be
the least strained cycloalkane because the angles of a regular pentagon (108°) are closest to the tetrahedral angle
of 109.5°. Heats of combustion established that this is not so. With the exception of cyclopropane, the rings of all
cycloalkanes are nonplanar.

Page 127

Section 3.5 Cyclopropane is planar and destabilized by angle strain and torsional strain. Cyclobutane is nonplanar and less strained than
cyclopropane.
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Cyclopropane Cyclobutane

Section 3.6 Cyclopentane has two nonplanar conformations that are of similar stability: the envelope and the half-chair.

H

Envelope conformation of cyclopentane Half-chair conformation of cyclopentane

Section 3.7 Three conformations of cyclohexane have approximately tetrahedral angles at carbon: the chair, the boat, and the twist. The
chair is by far the most stable; it is free of torsional strain, but the others are not. When a cyclohexane ring is present in a
compound, it almost always adopts a chair conformation.

Chair Twist Boat

Section 3.8 The C—H bonds in the chair conformation of cyclohexane are not all equivalent but are divided into two sets of six each,

called axial and equatorial.
i i

Axial bonds to H in cyclohexane Equatorial bonds to H in cyclohexane

Section 3.9 Conformational inversion is rapid in cyclohexane and causes all axial bonds to become equatorial and vice versa. As a result,
a monosubstituted derivative of cyclohexane adopts the chair conformation in which the substituent is equatorial. No bonds

are made or broken in this process.

Section 3.10 A substituent is less crowded and more stable when it is equatorial than when it is axial on a cyclohexane ring. Page 128

Ring inversion of a monosubstituted cyclohexane allows the substituent to become equatorial.




ring inversion
e ot i
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¢
Methyl group axial (less stable) Methyl group equatorial (more stable)

Branched substituents, especially fert-butyl, have an increased preference for the equatorial position.

Sections
3.11-3.12 Stereoisomers are isomers that have the same constitution but differ in the arrangement of atoms in space. cis-1,3-

Dimethylcyclohexane and frans-1,3-dimethylcyclohexane are stereoisomers. The cis isomer is more stable than the trans.

H H CH; g
H.C H
CH; CH,
Most stable conformation of Most stable conformation of
cis-1,3-dimethylcyclohexane trans-1,3-dimethylcyclohexane
(no axial methyl groups) (one axial methyl group)

Section 3.13  Higher cycloalkanes have angles at carbon that are close to tetrahedral and are sufficiently flexible to adopt conformations
that reduce their torsional strain. They tend to be populated by several different conformations of similar stability.

Section 3.14  Cyclic hydrocarbons can contain more than one ring. Spiro hydrocarbons are characterized by the presence of a single carbon
that is common to two rings. Bicyclic alkanes contain two rings that share two or more atoms.

Section 3.15  Substances that contain one or more atoms other than carbon as part of a ring are called heterocyclic compounds. Rings in
which the heteroatom is oxygen, nitrogen, or sulfur rank as both the most common and the most important.

S, _cH,
N CH;
CO,H

6-Aminopenicillanic acid
(bicyclic and heterocyclic)

Nomenclature and Terminology

3.23 Give the IUPAC name of each of the following:

CH, CH;
H H H-7 ~CH,CH, :
Haulol
H CH,CH(CH3),
H C(CH3)3
(a) (b) (c)

-



3.24

Draw Newman projections for the gauche and anti conformations of 1,2-dichloroethane (CICH,CH,CI).
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3.25 Identify all atoms that are (a) anti and (b) gauche to bromine in the conformation shown for CH3;CH,CH,Br.
3.26 Excluding compounds that contain methyl or ethyl groups, write structural formulas for all the bicyclic isomers of (a) CsHg and (b)
CeHio-
3.27 Biological oxidation of hydrocarbons is a commonly observed process.
(a) To what class of hydrocarbons does the reactant in the following equation belong? What is its ITUPAC name?
OH HO
biological
<:><] oxidation + + H O‘C><]
Hydrocarbon Alcohol A (19%)  Alcohol B (63%) Alcohol C (18%)
(b) Identify by IUPAC locant the carbon that is oxidized in the formation of each product.
(c) How are alcohols A, B, and C related? Are they constitutional isomers or stereoisomers?
3.28 A typical steroid skeleton is shown along with the numbering scheme used for this class of compounds. Specify in each case whether
the designated substituent is axial or equatorial.
(a) Substituent at C-1 cis to the methyl groups
(b) Substituent at C-4 cis to the methyl groups
(c) Substituent at C-7 trans to the methyl groups
(d) Substituent at C-11 trans to the methyl groups
(€) Substituent at C-12 cis to the methyl groups
3.29 Repeat the preceding problem for the stereoisomeric steroidal skeleton having a cis ring fusion between the first two rings.
Constitutional Isomers, Stereoisomers, and Conformers Page 130
3.30 Determine whether the two structures in each of the following pairs represent constitutional isomers, different conformations of the

same compound, or stereoisomers that cannot be interconverted by rotation about single bonds.



H H H H
(@) and
H,C CH; H,C H
H CHs
(b) / ; and
H CH;
H,C CH, H,C H
(©) and
H,C CH, H,C H
H CH,

(d) cis-1,2-Dimethylcyclopentane and trans-1,3-dimethylcyclopentane

CH, CH,CH,
© \M " &
CH,CH, HyC
CH,

(f) \M and CH;CH;
CH,CH, ' '/m/cl—l3

CH, H
@ H  and %‘\Cm

Select the compounds in each group that are isomers and specify whether they are constitutional isomers or stereoisomers.
(a) (CH3);CCH,CH,CH, (CH5);CCH,CH,CH,CH, (CH3)2CH$HCH2CH,

© 7N O HC
CHa
HaC
CH3

HaC

HaC

o[ Ta  [gon w7

Oxidation of 4-tert-butylthiane proceeds according to the equation shown, but the resulting sulfoxide is a mixture of two

isomers. Explain by writing appropriate sructural formulas.




3.33

The following are representations of two forms of glucose. The six-membered ring is known to exist in a chair conformation in each
form. Draw clear representations of the most stable conformation of each. Are they two different conformations of the same
molecule, or are they stereoisomers that cannot be interconverted by rotation about single bonds? Which substituents (if any) occupy
axial sites?

Conformations: Relative Stability

3.34

3.35

3.36

3.37

3.38

3.39

3.40

Draw (a) a Newman projection of the most stable conformation sighting down the C-3—C-4 bond and (b) a bond-line depiction of
2,2,5,5-tetramethylhexane.

Write a structural formula for the most stable chair conformation of each of the following compounds:
(a) cis-1-Isopropyl-3-methylcyclohexane
(b) trans-1-Isopropyl-3-methylcyclohexane
(c) cis-1-tert-Butyl-4-ethylcyclohexane
(d) cis-1,1,3,4-Tetramethylcyclohexane

o I3

CH,

Sight down the C-2—C-3 bond, and draw Newman projection formulas for the
(a) Most stable conformation of 2,2-dimethylbutane
(b) Two most stable conformations of 2-methylbutane
(c) Two most stable conformations of 2,3-dimethylbutane

One of the staggered conformations of 2-methylbutane in Problem 3.36b is more stable than the other. Which one is more stable?
Why?

Sketch an approximate potential energy diagram for rotation about the carbon—carbon bond in 2,2-dimethylpropane similar to that
shown in Figures 3.4 and 3.7. Does the form of the potential energy curve of 2,2-dimethylpropane more closely resemble that of
ethane or that of butane?

Repeat Problem 3.38 for the case of 2-methylbutane.

Even though the methyl group occupies an equatorial site, the conformation shown is not the most stable one for methylcyclohexane.
Explain.

-



3.4 Which do you expect to be the more stable conformation of cis-1,3-dimethylcyclobutane, A or B? Why?

CH; CH,

HJV\H = HxC\'A'/CH:
H H

Stereoisomers: Relative Stability Page 132

3.42 Arrange the trimethylcyclohexane isomers shown in order of decreasing stability.

A B C

3.43 Identify the more stable stereoisomer in each of the following pairs, and give the reason for your choice:
(a) cis- or trans-1-Isopropyl-2-methylcyclohexane
(b) cis- or trans-1-Isopropyl-3-methylcyclohexane
(c) cis- or trans-1-Isopropyl-4-methylcyclohexane

H.C CH, H.C «CH;
I CHER o
"CH, CH,
HsC CH; HC CH;
SO -
"CH, CH,

CH,4
) or H3C\dﬁ
CH;
CH;

3.44 One stereoisomer of 1,1,3,5-tetramethylcyclohexane is 15 kJ/mol (3.7 kcal/mol) less stable than the other. Indicate which isomer is
the less stable, and identify the reason for its decreased stability.

3.45 One of the following two stereoisomers is 20 kJ/mol (4.9 kcal/mol) less stable than the other. Indicate which isomer is the less stable,
and identify the reason for its decreased stability.

Properties



3.46

3.47

3.48

3.49

3.50

In each of the following groups of compounds, identify the one with the largest heat of combustion and the one with the smallest. In
which cases can a comparison of heats of combustion be used to assess relative stability?

(a) Cyclopropane, cyclobutane, cyclopentane
(b) cis-1,2-Dimethylcyclopentane, methylcyclohexane, 1.1,2,2-tetramethylcyclopropane

o] D] <>

H H H
H H H

The heats of combustion of the more and less stable stereoisomers of the 1,2-, 1,3-, and 1,4-dimethylcyclohexanes are
given here. The values are higher for the 1,2- dimethylcyclohexanes than for the 1,3- and 1,4-isomers. Suggest an
explanation.
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Dimethylcyclohexane 1,2 1,3 1.4
Heats of combustion, kJ/mol (kcal/mol):
More stable stereoisomer 5255 (1255.9) 5250 (1254.8) 5250 (1254.8)
Less stable stereoisomer 5263 (1257.8) 5258 (1256.7) 5258 (1257.7)

The measured dipole moment of CICH,CH,Cl is 1.12 D. Which one of the following statements about 1,2-dichloroethane is false?
(1) It may exist entirely in the anti conformation.
(2) It may exist entirely in the gauche conformation.
(3) It may exist as a mixture of anti and gauche conformations.

Which one of the C,H3Cl; isomers has the largest dipole moment?

Which one of the dichlorocyclohexane isomers has the smallest dipole moment?

Cyclic Forms of Carbohydrates

Five- and six-membered ring structures are common in carbohydrates and are often in equilibrium with each other. The five-membered ring
structures are called furanose forms; the six-membered ring structures are pyranose forms. D-Ribose, especially in its B-furanose form, is a
familiar carbohydrate.

3.51

3.52

3.53

The B-furanose and B-pyranose forms of D-ribose are:
A. Conformational isomers
B. Constitutional isomers
C. Resonance forms
D. Stereoisomers

‘What is the orientation of the OH groups at C-2 and C-3 in the B-pyranose form of D-ribose?
A. Both are axial.
B. Both are equatorial.
C. C-2 is axial; C-3 is equatorial.
D. C-2 is equatorial; C-3 is axial.

The OH groups at C-2 and C-3 in the B-pyranose form of D-ribose are:
A. Cis and gauche
B. Cis and anti
C. Trans and gauche



D. Trans and anti

3.54 All of the OH groups of the B-pyranose form of D-xylose are equatorial. Which of the following is the B-furanose form of D-xylose?

HOCH, OH HOCH; OH
H HO OH HO
H H H H
HO H H H
A, C
HOCH, OH HOCH, H
OH O_ H H o H
S, e
H H H OH
H OH HO OH
B. D.
5
HOCH, OH
4 H/O‘H“‘H 1
H /73 ™\ H 3
HO OH HO H
p-Furanose form p-Pyranose form
3.55 The carbohydrate shown here is a component of a drug used in veterinary medicine. Which is its most stable pyranose conformation?
,O:OCHB
HO® O “cy,
CH;0 CH,0 CH,
CH; on OH
A (&

CH;

|
CHj;
B. B

3.56 What are the O—C(1)-C(2)-O and O—C(2)—C(3)-O torsion (dihedral) angles in the B-pyranose form of D-ribose?
A. 60° and 180°, respectively

B. 180° and 60°, respectively
C. Both are 60°.
D. Both are 180°.
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Chapter -

Bromochlorofluoromethane molecules come in right- and left-handed versions. The left and right horns of the markhor goats of Central Asia are
chiral and enantiomeric. One horn traces a clockwise path, whereas the other traces a counterclockwise path.
©mauritius images GmbH/Alamy Stock Photo
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In Chapter 3 we saw that rotation about a single bond in a molecule could generate a different conformation. In this chapter we explore a more subtle kind of
isomerism, one of mirror-image configurational relationships. Its foundations were laid by Louis Pasteur’s 1848 discovery of mirror-image tartaric acid
crystals and his subsequent suggestion that the spatial arrangement of its atoms was responsible. Later, in 1874, Jacobus van’t Hoff* and Joseph Achille Le
Bel each proposed that the four bonds to carbon were directed toward the corners of a tetrahedron.

Our major objectives in this chapter are to describe the fundamental principles and properties of molecules as three-dimensional objects and to become
familiar with stereochemical terms and notation. A full understanding of organic and biological chemistry requires an awareness of the spatial requirements
for interaction between molecules; this chapter provides the basis for that understanding.

4.1 Introduction to Chirality: Enantiomers

Because the structure of a substance determines its properties, it is useful to remind ourselves of the factors that contribute to molecular structure. It begins
with the atoms present and their ratios in the form of an empirical formula, relates this to a molecular weight, and expresses the result as a

molecular formula. Page 135

Elemental Composition -------- = Empirical Formula -------- > Molecular Formula

From the molecular formula, a variety of experimental data leads to a molecule’s constitution—that is, the order in which the atoms are connected. Next,
the three-dimensional spatial arrangement of substituent groups defines the configuration of specific atoms or structural units.

Molecular Formula -------- > Constitution/Connectivity -------- = Configuration

We already have experience with configuration in the case of cis- and trans-disubstituted cycloalkanes of the kind seen in Sections 3.11-3.12.

H H H.C, H
H,C H, H/Q\CH;
cis-1,3-Dimethyleyclopentane trans-1.3-Dimethyleyclopentane

Here, the cis and trans prefixes describe relative configuration. In the cis stereoisomer, both methyl groups lie on the same side of the cyclopentane ring. In
the trans, they are on opposite sides.
All of these structural factors contribute to the various conformations available to a molecule by rotation about single bonds (Sections 3.1-3.10).

Configuration -------- = Conformation

A full understanding, however, requires that we expand the concept of configuration so as to include chirality. Chirality is derived from the Greek word
cheir, for “hand,” and was coined by William Thomson (Lord Kelvin) in 1894 who defined it this way:

I call any geometrical figure, or group of points, chiral, and say it has chirality, if its image in a plane mirror, ideally realized, cannot be brought to
coincide with itself.

Thomson was one of history’s greatest scientists, respons ble for fundamental contributions in numerous areas. His work
toward determining the absolute zero of temperature was honored by naming it the Kelvin scale.

Applying Thomson’s term to chemistry, we say that a molecule is chiral if its two mirror-image forms are not superimposable in three dimensions. Thus,
it is entirely appropriate to speak of the “handedness” of molecules. The opposite of chiral is achiral. A molecule that is superimposable on its mirror image
is achiral.

In organic chemistry, chirality most often occurs in molecules that contain a carbon that is attached to four different groups. An example is
bromochlorofluoromethane (BrCIFCH).

; e T
Cl—C—Br Cl=C—~Br )\

' : cr” wE

F F Br

Bromochlorofluoromethane

As shown in Figure 4.1, the two mirror images of bromochlorofluoromethane cannot be superimposed on each other. Because the two mirror images of
bromochlorofluoromethane are not superimposable, BrCIFCH is chiral.

In 1989 two chemists at the Polytechnic Institute of New York University described a method for the preparation of BrCIFCH
that is predominantly one enantiomer.



(a) Structures A and B are mirror-image representations of bromochlorofluoromethane (BriC1FCH).

o 6
P @ @ 6”°

o C

A B

(b} To test for superimposability, reorient B by turning it 180°.
/_"° | ’
@ turn 180° ‘
,-"l —
«l.2

B B

() Compare A and B'. The two do not match. A and B’ cannot be superimposed on each other.
Bromochlorofluoromethane is therefore a chiral molecule. The two mirror-image forms are called

enantiomers.

o C

A B

Figure 4.1

A molecule with four different groups attached to a single carbon is chiral. Its two mirror-image forms are not superimposable.

The mirror images of bromochlorofluoromethane have the same constitution. That is, the atoms are connected in the same order. But they differ in the
arrangement of their atoms in space; they are stereoisomers. Stereoisomers that are related as an object and its nonsuperimposable mirror image are classified
as enantiomers. The word enantiomer describes a particular relationship between two objects. One cannot look at a single molecule in isolation and ask if it
is an enantiomer any more than one can look at an individual human being and ask, “Is that person a cousin?” Furthermore, just as an object
has one, and only one, mirror image, a chiral molecule can have one, and only one, enantiomer. Page 136

Notice in Figure 4.1¢, where the two enantiomers of bromochlorofluoromethane are similarly oriented, that the difference between them
corresponds to an interchange of the positions of bromine and chlorine (A compared to B'). It will generally be true for species of the type C(w,x,y,z), where w,
x, y, and z are different atoms or groups, that an exchange of two of them converts a structure to its enantiomer, but an exchange of three returns the original
structure.

Consider next a molecule such as chlorodifluoromethane (CIF,CH), in which two of the atoms attached to carbon are the same. Figure 4.2 shows two
molecular models of CIF,CH drawn so as to be mirror images. As is evident from these drawings, it is a simple matter to merge the two models so that all the
atoms match. Because mirror-image representations of chlorodifluoromethane are superimposable on each other, CIF,CH is achiral.
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Figure 4.2

Mirror-image forms of chlorodifluoromethane are superimposable on each other. Chlorodifluoromethane is achiral.

The surest test for chirality is a careful examination of mirror-image forms for superimposability. Working with models provides the best

practice in dealing with molecules as three-dimensional objects and is strongly recommended. Page 137

4.2 The Chirality Center

As we’ve just seen, molecules of the general type

i z c
g N

gy o = W o (T Y = C—y

w : /

#an

are chiral when w, x, y, and z are different. The IUPAC recommends that a tetrahedral carbon attached to four different atoms or groups be called a chirality
center, which is the term that we will use. Several earlier terms, including asymmetric center, asymmetric carbon, chiral center, stereogenic center, and
stereocenter, are still widely used.

The IUPAC recommendations for stereochemical terms can be viewed at www.chem.gmul.ac.uk/iupac/stereo

Noting the presence of one (but not more than one) chirality center is a simple, rapid way to determine if a molecule is chiral. For example, C-2 is a
chirality center in 2-butanol; it bears H, OH, CH3, and CH3CHj as its four different groups. By way of contrast, none of the carbon atoms bear four different

groups in the achiral alcohol 2-propanol.

How we name alcohols and alkyl halides systematically is descr bed in Sections 5.2-5.3.

| |
H;C'—(|:—CH3CH3 H _-\C'—(|:—C'H_=_
OH OH
2-Butanol 2-Propanol
Chiral; four different Achiral: two of the groups
groups at C-2 at C-2 are the same

Examine the following for chirality centers:

(a) 2-Bromopentane (b) 3-Bromopentane (c) 1-Bromo-2- (d) 2-Bromo-2-
methylbutane methylbutane



Sample Solution A carbon with four different groups attached to it is a chirality center. (a) In 2-bromopentane, C-2 satisfies this
requirement. (b) None of the carbons in 3-bromopentane has four different substituents, and so none of its atoms is a chirality center.

©Pixtal/SuperStock

Molecules with chirality centers are very common, both as naturally occurring substances and as the products of chemical synthesis. (Carbons
that are part of a double bond or a triple bond can’t be chirality centers.) Page 138

c|‘H_, CH,
CH,CH,CH,—C—CH,CH,CH,CH;  (CH,),C—CHCH,CH,—C—CH=—CH,

CH,CH; OH

4-Ethyl-4-methyloctane Linalool
(a chiral alkane) (a pleasant-smelling oil
obtained from oranges)

Linalool is one of the half-dozen most abundant of the more than 90 organic compounds that remain after evaporating the
water from orange juice.

A carbon atom in a ring can be a chirality center if it bears two different groups and the path traced around the ring from that carbon in one direction is
different from that traced in the other. The carbon atom that bears the methyl group in 1,2-epoxypropane, for example, is a chirality center. The sequence of
groups is O—CH, as one proceeds clockwise around the ring from that atom, but is HyC-O in the counterclockwise direction. Similarly, C-4 is a chirality

center in limonene.

H,C —CHCH;
N/

1-2-Epoxypropane Limonene
(a constituent of lemon oil)
Identify the chirality centers, if any, in
=\ 1,1,2-Trimethylcyclobutane
(a) and (b) and
1,1,3-Trimethylcyclobutane
OH OH
2-Cyclopentenol 3-Cyclopentenol

Sample Solution (a) The hydroxyl-bearing carbon in 2-cyclopentenol is a chirality center. There is no chirality center in 3-cyclopentenol,
because the sequence of atoms 1 — 2 — 3 — 4 — 5 is equivalent regardless of whether one proceeds clockwise or counterclockwise.



OH OH

2-Cyclopentenol 3-Cyclopentenol
(does not have a chirality center)

Even isotopes qualify as different substituents at a chirality center. The stereochemistry of biological oxidation of a derivative of ethane that is chiral
because of deuterium (D = 2H) and tritium (T = 3H) atoms at carbon, has been studied and shown to proceed as follows:

ﬁ' Y
biological oxidation
T e, TE‘?X\CH3

The stereochemical relationship between the reactant and the product, revealed by the isotopic labeling, shows that oxygen becomes bonded to carbon on the

same side from which H is lost. As you will see in this and the chapters to come, determining the three-dimensional aspects of a chemical or —————

biochemical transformation can be a subtle, yet powerful, tool for increasing our understanding of how these reactions occur. Page 139
One final, very important point: Everything we have said in this section concerns molecules that have one and only one chirality center;

molecules with more than one chirality center may or may not be chiral. Molecules that have more than one chirality center will be discussed in Sections

4.10-4.12.

4.3 Symmetry in Achiral Structures

Certain structural features can help us determine whether a molecule is chiral or achiral. For example, a molecule that has a plane of symmetry or a center of
symmetry is superimposable on its mirror image and is achiral.

A plane of symmetry bisects a molecule so that one half of the molecule is the mirror image of the other half. The achiral molecule
chlorodifluoromethane, for example, has the plane of symmetry shown in Figure 4.3.

¢

0 8«
©

A plane of symmetry defined by the atoms H—C—Cl divides chlorodifluoromethane into two mirror-image halves. Note that the Cl and H atoms lie
within the plane and reflect upon themselves.

Figure 4.3

Locate any planes of symmetry in each of the following compounds. Which of the compounds are chiral? Which are achiral?

CH; CHs
CH; CHs

(@) (b) (c) (d)

Sample Solution (a) A plane of symmetry passes through the methyl group, C-7, the midpoint of the C-2—-C-3 bond, and the midpoint of
the C-5—-C-6 bond. The compound is achiral.

7 _CHs




In [IUPAC nomenclature, the —anol ending of an alcohol is replaced by —anediol in compounds with two —OH groups. Separate
locants are used for each —OH group.

A point in the center of a molecule is a center of symmetry if any line drawn from it to some element of the structure will, when extended an equal
distance in the opposite direction, encounter an identical element. trans-1,3-Cyclobutanediol has a plane of symmetry as well as a center of symmetry. The
center of symmetry is the center of the molecule. A line starting at one of the hydroxyl groups and drawn through the center of the molecule encounters the
equidistant hydroxyl group on the opposite side. Mirror images A and B are superimposable, and trans-1,3-cyclobutanediol is achiral.

H ' OH HO . H
HO H H OH
A B

Page 140
(a) Where is the plane of symmetry in trans-1,3-cyclobutanediol?

(b) Does cis-1,3-cyclobutanediol possess a center of symmetry? A plane of symmetry? Is it chiral or achiral?

Planes of symmetry are easier to identify and more common than centers of symmetry. Because either one is sufficient to make a molecule achiral, look
first for a plane of symmetry. A molecule without a plane or center of symmetry is /ikely to be chiral, but the superimposability test must be applied to be
certain.

4.4 Optical Activity

The experimental facts that led van’t Hoff and Le Bel to propose that molecules having the same constitution could differ in the arrangement of their atoms in
space concerned the physical property of optical activity. Optical activity is the ability of a chiral substance to rotate the plane of plane-polarized light and is
measured using an instrument called a polarimeter (Figure 4.4).

Polarizing
Light filter

source Sample tube with

solution of optically ﬁft'JgL]_C of
active substance Lot Analyzer
|

H\I ' v e /

Unpolarized +90°
light oscillates R TR
¥ i 3 d 1
AP light oscillates Rotated é
in only one plane polarized ]
light -
= 180°
Figure 4.4

The sodium lamp emits light moving in all planes. When the light passes through the first polarizing filter, only one plane emerges. The plane-
polarized beam enters the sample compartment, which contains a solution enriched in one of the enantiomers of a chiral substance. The plane
rotates as it passes through the solution. A second polarizing filter (called the analyzer) is attached to a movable ring calibrated in degrees that is
used to measure the angle of rotation a.

The phenomenon of optical activity was discovered by the French physicist Jean-Baptiste Biot in 1815.

The light used to measure optical activity has two properties: it consists of a single wavelength and it is plane-polarized. The wavelength used most often
is 589 nm (called the D line), which corresponds to the yellow light produced by a sodium lamp. Except for giving off light of a single wavelength, a sodium
lamp is like any other lamp in that its light is unpolarized, meaning that the plane of its electric field vector can have any orientation along the line of travel. A
beam of unpolarized light is transformed to plane-polarized light by passing it through a polarizing filter, which removes all the waves except those that have
their electric field vector in the same plane. This plane-polarized light now passes through the sample tube containing the substance to be examined, either in
the liquid phase or as a solution in a suitable solvent (usually water, ethanol, or chloroform). The sample is “optically active” if it rotates the plane of
polarized light. The direction and magnitude of rotation are measured using a second polarizing filter (the “analyzer”) and cited as a, the observed rotation.

To be optically active, the sample must contain a chiral substance and one enantiomer must be present in excess of the other. A substance that does not
rotate the plane of polarized light is said to be optically inactive. A// achiral substances are optically inactive.

What causes optical rotation? The plane of polarization of a light wave undergoes a minute rotation when it encounters a chiral molecule. Enantiomeric
forms of a chiral molecule cause a rotation of the plane of polarization in exactly equal amounts but in opposite directions. A solution containing equal



quantities of enantiomers therefore exhibits no net rotation because all the tiny increments of clockwise rotation produced by molecules of one ————
“handedness” are canceled by an equal number of increments of counterclockwise rotation produced by molecules of the opposite handedness. Page 141

Mixtures containing equal quantities of enantiomers are called racemic mixtures. Racemic mixtures are optically inactive. Conversely,
when one enantiomer is present in excess, a net rotation of the plane of polarization is observed. When all the molecules are of the same handedness, the
substance is homochiral or enantiopure. In common practice, when we have a mixture of enantiomers where one isomer is present in larger amounts,
percent enantiomeric excess (ee) or enantiomeric ratio (er) is used to describe the mixture, where:
ee = (% Major enantiomer) — (% Minor enantiomer)
and

er = (% Major enantiomer):(% Minor enantiomer)

For example, a mixture of enantiomers comprised of 80% one isomer and 20% of the other, has an 80:20 enantiomeric ratio. The excess of the major isomer
above the minor isomer gives the enantiomeric excess, ee = 80 — 20 = 60.

A sample of the chiral molecule limonene has an enantiomeric ratio (er) of 97.5:2.5. What is the percent enantiomeric excess (ee)?

Rotation of the plane of polarized light in the clockwise sense is taken as positive (+), and rotation in the counterclockwise sense as negative (—). Older
terms for these are dextrorotatory and levorotatory, from the Latin prefixes dexter- (“to the right”) and /aevus- (“to the left”), respectively. At one time, the
symbols d and / were used to distinguish between enantiomers. Thus, the dextrorotatory enantiomer of 2-butanol was called d-2-butanol, and the levorotatory
form /-2-butanol; a racemic mixture of the two was referred to as d/-2-butanol. Current custom uses algebraic signs instead, as in (+)-2-butanol, (—)-2-butanol,
and (£)-2-butanol, respectively.

The observed rotation a of an optically pure substance depends on how many molecules the light beam encounters. A filled polarimeter tube twice the
length of another produces twice the observed rotation, as does a solution twice as concentrated. To account for the effects of path length and concentration,
chemists use the term specific rotation, given the symbol [a] and calculated from the observed rotation according to the expression
100

el

[a] =

where c is the concentration of the sample in grams per 100 mL of solution, and / is the length of the polarimeter tube in decimeters. (One decimeter is 10
cm.)

If concentration is expressed as grams per milliliter of solution instead of grams per 100 mL, an equivalent expression is

[o]=

a
cl

Specific rotation is a physical property of a substance, just as melting point, boiling point, density, and solubility are. For example, the lactic acid obtained
from milk is exclusively a single enantiomer. We cite its specific rotation in the form [(X]DZS = +3.8°. The temperature in degrees Celsius and the wavelength

of light at which the measurement was made are indicated as superscripts and subscripts, respectively. The subscript D stands for the so-called “D-line” of
sodium, which has a wavelength of 589 nm. Optical purity corresponds to enantiomeric excess and is calculated from the specific rotation:

y . specific rotation of sample
ee = Optical purity = = = : : x 100
specific rotation of pure enantiomer

(a) Cholesterol isolated from natural sources is enantiopure. The observed rotation of a 0.3-g sample of cholesterol in 15 mL of
chloroform solution contained in a 10-cm polarimeter tube is —0.78°. Calculate the specific rotation of cholesterol.

(b) A sample of synthetic cholesterol consisting entirely of (+)-cholesterol was mixed with some natural (-)-cholesterol. Page 142
The specific rotation of the mixture was —13°. What fraction of the mixture was (+)-cholesterol? _—

It is convenient to distinguish between enantiomers by prefixing the sign of rotation to the name of the substance. For example, we refer to one of the
enantiomers of 2-butanol as (+)-2-butanol and the other as (—)-2-butanol. Optically pure (+)-2-butanol has a specific rotation [oz]D27 of +13.5°; optically pure

(-)-2-butanol has an exactly opposite specific rotation [a]p?’ of —13.5°.



4.5 Absolute and Relative Config_juration

The three-dimensional spatial arrangement of substituents at a chirality center is its absolute configuration. Neither the sign nor the magnitude of rotation by
itself can tell us the absolute configuration of a substance. Thus, one of the following structures is (+)-2-butanol and the other is (—)-2-butanol, but without
additional information we can’t tell which is which.

In several places throughout the chapter we will use red and blue frames to call attention to structures that are enantiomeric.

CHiCH, 2 _E:LCHQCH_;
C—OH HO—C
/ \
H.C CH;

Although no absolute configuration was known for any substance until the mid-twentieth century, organic chemists had experimentally determined the
configurations of thousands of compounds relative to one another (their relative configurations) through chemical interconversion. To illustrate, consider a
reaction that doesn’t involve any of the bonds directly attached to the chirality center.

S om B

OH OH
3-Buten-2-ol Hydrogen 2-Butanol
la], +33.2¢ [afy +13.5°

For an introduction to the reaction of hydrogen with alkenes, see Section 8.1.

The fact that reactant and product have the same sign of rotation when they have the same relative configuration is established by the experiment; it could not
have been predicted in advance of the experiment. Note also that the experiment does not tell us what the arrangement of bonds is; it tells us only that the
relative configuration is the same when both compounds are dextrorotatory.

Compounds that have the same relative configuration can have optical rotations of opposite sign. For example, treatment of (—)-2-methyl-1-butanol with
hydrogen bromide converts it to (+)-1-bromo-2-methylbutane.

\)\/OH + HBr o \)\/BI + H]D

2-Methyl-1-butanol Hydrogen 1-Bromo-2-methylbutane Water
It'JtII:.I"—S.S" bromide [ ||3_f +4.0°

The reaction of alcohols with hydrogen halides is one of the main topics in Chapter 5.

This reaction does not involve any of the bonds to the chirality center, and so both the starting alcohol (—) and the product bromide (+) have the same relative
configuration.

An elaborate network connecting signs of rotation and relative configurations was developed that included the most important compounds of organic and
biological chemistry. When, in 1951, the absolute configuration of (+)-tartaric acid was determined, the absolute configurations of all the compounds whose
configurations had been related to it stood revealed as well. Thus, returning to the pair of 2-butanol enantiomers that began this section, their

absolute configurations are now known to be as shown. Page 143
CH;CH, H o | CHACH;
C—OH HO—C
/ \
HsC CH;
{(+}-2-Butanol (—)-2-Butanol

Does the molecular model shown represent (+)-2-butanol or (-)-2-butanol?
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4.6 Cahn—lngold—PreIog R,S Notation

Shortly after the problem of absolute configuration was settled, a method to specify configuration symbolically as an alternative to drawings was developed
by R. S. Cahn, Christopher Ingold, and Vladimir Prelog. Their approach contains two elements: rules for ranking substituents at a chirality center and a
protocol for viewing their spatial orientation. As an example, consider the enantiomers A and B of bromochlorofluoromethane.

H H
- /k”Cl cr}\ .
b‘%ﬂ F7 N R é‘t
i B

The Cahn-Ingold—Prelog system ranks substituents at the chirality center in order of decreasing atomic number. Here the order is Br > Cl > F > H. The
next step is to orient the molecules so that the bond to the lowest ranked substituent—in this case H—points away from us and determine if the sequence of
decreasing priority of the other three substituents is clockwise or counterclockwise.

2 G, 2

If this path is clockwise as in A, the configuration is R (Latin “rectus
“sinister” “left”).

It has been experimentally determined that (R)-bromochlorofluoromethane is levorotatory (—). Therefore, (S)-bromochlorofluoromethane is dextrorotatory
(+). When the connection between configuration and sign of rotation is known, it is common practice to incorporate both into the name of the compound.
Thus, A is (R)-(—)-bromochlorofluoromethane and B is (S)-(+)-bromochlorofluoromethane.

right,” “correct”). If it is counterclockwise as in B, the configuration is S (Latin

In most organic compounds, of course, the groups attached to a chirality center are more complicated than single atoms, and the Cahn—Ingold—Prelog
system incorporates a series of rules to accommodate this fact. These sequence rules are described in Table 4.1.

Page 144



TABLE 4.1 The Cahn-Ingold-Prelog Sequence Rules w

Rule Example

1. Higher atomic number takes precedence As described for the case of bromochlorefluoromethane, the sequence priority is
over lower. Br>Cl>F>H.

2. When two atoms directly attached to the The substituents at the chirality center in 2-chlorobutane are —CI, —H, —CH;,
chirality center are the same, compare the and —CH,CH,.
atoms attached to them on the basis of their
atomic numbers. Precedence is determined cl
at the first point of difference. /J\/

Ethyl [—C{C,H,H) outranks methyl [—C(H,H,H)].
In order of decreasing priority, the substituents at the chirality center are:
—Cl>—CH,CH;>CH;>H

3. Work outward from the point of attachment, The substituents at the chirality center in 1-chloro-3,4-dimethylpentane are
comparing all the atoms attached to a —CH,CH,Cl, —H, —CH3, and —CH(CH),.
particular atom before proceeding further

along the chain. \)\/\
Cl

Isopropyl [—CH(CH,),] counts as [—C(C,C,H)] and outranks
—CH,CH,CI, which counts as [—C(C,H,H)].

4. When working outward from the point of The substituents at the chirality center in 1-chloro-2,3,3-trimethylpentane are
attachment, always evaluate substituent —CH,CI, —H, —CH;, and —C({CH;).

atoms one by one, never as a group. XL/

—CH,ClI counts as [—C(CI,H,H)] and outranks tert-butyl [—C(CHz)], which is
treated as [—C(C,C,C)].

5. An atom that is multiply bonded to another The substituents at the chirality center in 2-methyl-1-pentene are —CH5CHs,
atom is considered to be replicated as a —H, —CH;, and —CH=CH,.

substituent on that atom.
\)\/

—CH=CH,; counts as [—C(C,C,H)] and outranks —CH;CHs, which is treated as
[—CICHH)L

Assign absolute configurations as R or S to each of the following compounds:

(a) \/!\/OH (c) WBr

(+)-2-Methyl-1-butanol (+}-1-Bromo-2-methylbutane
(b) \/[\/ F (@) H O/L/
(+)-1-Fluoro-2-methylbutane (+)-3-Buten-2-ol

Sample Solution (a) The highest ranking substituent at the chirality center of 2-methyl-1-butanol is CH,OH; the lowest is H.

Of the remaining two, ethyl outranks methyl. Page 145

Order of precedence: CH;OH > CH3CH; > CH; > H



The lowest ranking group (hydrogen) points away from us in the drawing. The three highest ranking groups trace a clockwise path from
CH,0H — CH3CH, — CHg.

H 3C CH ;CJH
i 4

\ol
CH5CH,

This compound therefore has the R configuration. It is (R)-(+)-2-methyl-1-butanol.

Compounds in which a chirality center is part of a ring are handled in an analogous fashion. To determine, for example, whether the configuration of
(+)-4-methylcyclohexene is R or S, treat the right- and left-hand paths around the ring as if they were independent groups.

HiC H H.C H
4 Lower 4 . Higher
is treated as  priority | H,C {'|_"H; | priority
path x # path
Z HC C—H
H a e ©

(++4-Methylcyclohexene

With the lowest ranked group (hydrogen) directed away from us, we see that the order of decreasing sequence rule precedence is clockwise. The absolute
configuration is R.

Draw three-dimensional representations of

(a) The R enantiomer of (b) The S enantiomer of
H3C Br H3C F
O
H F

Sample Solution (a) The chirality center is the one that bears the bromine. In order of decreasing precedence, the substituents attached
to the chirality center are

> —CH,C > CHj

When the lowest ranked substituent (the methyl group) is away from us, the order of decreasing precedence of the remaining groups
must appear in a clockwise sense in the R enantiomer.

E.
k. _o which leads to
H,C™—"C~ the structure
| |

Br CHs

(R)-2-Bromo-2-methylcyclohexanone

The Cahn—Ingold—Prelog system is the standard method of stereochemical notation. It replaced an older system based on analogies to —————
specified reference compounds that used the prefixes D and L, a system that is still used for carbohydrates and amino acids. We will use D and L Page 146
notation when we get to Chapters 23—26, but won’t need it until then.

4 )
Homochirality and Symmetry Breaking

he classic work of Louis Pasteur in 1848 showed that an optically inactive substance then known as “racemic acid” found in
grapes is a 1:1 mixture of (+)- and (-)-tartaric acids.




OH O OH O

HO A HO
<" “OH OH

O OH O OH

(4)-Tartaric acid (—)-Tartaric acid

Although Pasteur’s discovery was transformative in respect to the progress of science, the tartaric acid case turns out to be an
exceptional one. Naturally occurring chiral compounds are almost always homochiral—their biosynthesis provides only a single
enantiomer. Lemons contain only (R)-(+)-limonene, and apples only (S)-(—)-malic acid. Only the S enantiomer of methionine, never
the R, is one of the amino acid building blocks of peptides and proteins.

o o)
HO CH3S _
O OH "NH;

(RH+)-Limonene (SH-)-Malic acid (SH-)-Methionine

There are, however, examples where each enantiomer of a natural product occurs to the exclusion of the other. The R-(-)
enantiomer of 5-methylheptan-3-one is present in the male bristle worm Platynereis dumerilii, for example, and the S-(+)

enantiomer in the female.

(RH~)-5-Methylheptan-3-one (S)-(+)-5-Methylheptan-3-one

How molecular homochirality came to dominate the natural world to the degree it does remains one of the great unanswered,
and perhaps unanswerable, questions of science. The main problem is known as “symmetry breaking,” especially as it applies to
what origins-of-life theories term the “last universal ancestor” (LUA). Without going into detail, the LUA is the most recent organism
from which all living things on Earth have descended, where “recent” encloses a time period between now and 3.5 billion years ago.
Symmetry breaking is more fundamental in that it simply recognizes that our world and its mirror image are equally likely in the
absence of some event or force that favors one enantiomer of the LUA or one of its descendants over all others.

What event? What force?

In one scenario, the event involves the seeding of Earth with extraterrestrial homochiral organisms or compounds. Proponents
of this theory point to the presence of a large humber of amino acids, including some that are enriched in one enantiomer, in a
meteorite that fell in Murchison, Australia, in 1969.

In terms of forces, circularly polarized ultraviolet light—a type of radiation associated with neutron stars—is the most favored
candidate (Eigure 4.5). Numerous experiments in which racemic mixtures of chiral substances were irradiated with circularly
polarized light resulted in enrichment of one enantiomer because of preferential destruction of the other.

Figure 4.5

A neutron star lies at the center of the Crab Nebula. Radiation from a neutron star has been proposed as the polarized light source
that served as a “symmetry breaker” in theories conceming the origin of homochirality.
Source: NASA




Research directed toward finding symmetry-breaking mechanisms for homochiral generation is as fundamental as science can
be, but standing in the way of even a modest degree of progress is the time window through which one is obliged to look. Most
theories rely on a principle that once generated in a population, homochirality will be amplified by natural selection to the point that
competing stereoisomers vanish.

4.7 Fischer Projections Page 147

Stereochemistry deals with the three-dimensional arrangement of a molecule’s atoms, and we have attempted to show stereochemistry with wedge-and-dash

drawings and computer-generated models. It is possible, however, to convey stereochemical information in an abbreviated form using a method devised by
the German chemist Emil Fischer.

Fischer was the foremost organic chemist of the late nineteenth century. He won the 1902 Nobel Prize in Chemistry for his
pioneering work in carbohydrate and protein chemistry.

Let’s return to bromochlorofluoromethane as a simple example of a chiral molecule. The two enantiomers of BrCIFCH are shown as ball-and-spoke
models, as wedge-and-dash drawings, and as Fischer projections in Figure 4.6. Fischer projections are always generated the same way: the molecule is
oriented so that the vertical bonds at the chirality center are directed away from you and the horizontal bonds point toward you. A projection of the bonds onto
the page is a cross. The chirality center lies at the center of the cross but is not explicitly shown.
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(S+Bromochlorofluoromethane

Figure 4.6

Ball-and-spoke models (/eft), wedge-and-dash drawings (center), and Fischer projections (right) of the R and S enantiomers of
bromochlorofluoromethane.

It is customary to orient the molecule so that the carbon chain is vertical with the lowest numbered carbon at the top as shown for the Fischer projection of
(R)-2-butanol.

CH, CHy
The Fischer projection HO+H corresponds to HO= C —=H
CH,CH; I';E'H:{'_"H ‘

(R)-2-Butanol

To verify that the Fischer projection has the R configuration at its chirality center, rotate the three-dimensional representation so that the lowest-ranked atom
(H) points away from you. Be careful to maintain the proper stereochemical relationships during the operation.

CH;, CH;

rotate 180° around vertical axis

HO—-(-:]*-H H e C -mOH

i
CH,CH, CH,CH,



With H pointing away from us, we can see that the order of decreasing precedence OH > CH,CH3 > CHj traces a clockwise path, verifying the configuration
as R.

‘f“? H.C OH N

Huw C-OH \\\[/ !
{%.H_{._.H_\ CH,CH, ¥
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What is the absolute configuration (R or S) of the compounds represented by the Fischer projections shown here?

CH-0H CH=0
(a) H+OH (b) HO+H
CH5CH3 CHL0H
Sample Solution
4 ™

(@) - The Frscler ©ecbion given we Tl problewe
O gﬁm ;vream.’uq 75
. S OH > CHOH > CHChy > H

« Orieat molecule so Hat H pairls auisy
puor .
HO Jnf,maﬂ or HO __é ..-—t'f{,_,ﬁ’i’
\
i bt cH ey
o Order of Jecrragé? /'szcgqflnrc /s

Ho % L eH Clockwise
4
t{lﬂ (A, Fherefore E

As you work with Fischer projections, you may notice that some routine structural changes lead to predictable outcomes—outcomes that may reduce the
number of manipulations you need to do to solve stereochemistry problems. Instead of listing these shortcuts, Problem 4.11 invites you to discover some of
them for yourself.

Using the Fischer projection of (R)-2-butanol shown, explain how each of the following affects the configuration of the chirality center.



(a) Switching the positions of H and OH.
(b) Switching the positions of CH3 and CH,CHs.

(c) Switching the positions of three groups.
CHs
HO H
CH-CH3

(d) Switching H with OH, and CH3 with CH,CH3. —_—
Page 149

(e) Rotating the Fischer projection 180° about an axis perpendicular to the page.

Sample Solution (a) Exchanging the positions of H and OH in the Fischer projection of (R)-2-butanol converts it to the mirror-image
Fischer projection. The configuration of the chirality center goes from R to S.

CHs exchange the positions of CHs
H and OH |
HO H H | OH
CH5CH5 CH3CH3
[R)-2-Butanol (S)}-2-Butanol

Switching the positions of two groups in a Fischer projection reverses the configuration of the chirality center.

‘We mentioned in Section 4.6 that the D,L system of stereochemical notation, while outdated for most purposes, is still widely used for carbohydrates and
amino acids. Likewise, Fischer projections find their major application in these same two families of compounds.

4.8 Properties of Enantiomers

The usual physical properties such as density, melting point, and boiling point are identical for both enantiomers of a chiral compound.

Enantiomers can have striking differences, however, in properties that depend on the arrangement of atoms in space. Take, for example, the enantiomeric
forms of carvone. (R)-(—)-Carvone is the principal component of spearmint oil. Its enantiomer, (S)-(+)-carvone, is the principal component of caraway seed
oil. The two enantiomers do not smell the same; each has its own characteristic odor.

0 0]
'\\_ &
(R)-(—)-Carvone (S)-(+)-Carvone
Spearmint leaves (from spearmint oil) (from caraway seed oil) Caraway seeds
©DAI/Getty Images ©McGraw-Hill EducationElite Images

The difference in odor between (R)- and (S)-carvone results from their different behavior toward receptor sites in the nose. It is believed that volatile
molecules occupy only those odor receptors that have the proper shape to accommodate them. Because the receptor sites are themselves chiral, one
enantiomer may fit one kind of receptor while the other enantiomer fits a different kind. An analogy that can be drawn is to hands and gloves. Your left hand
and your right hand are enantiomers. You can place your left hand into a left glove but not into a right one. The receptor (the glove) can accommodate one
enantiomer of a chiral object (your hand) but not the other.

The term chiral recognition refers to a process in which some chiral receptor or reagent interacts selectively with one of the enantiomers of a chiral
molecule. Very high levels of chiral recognition are common in biological processes. (—)-Nicotine, for example, is much more toxic than (+)-nicotine, and (+)-
adrenaline is more active than (—)-adrenaline in constricting blood vessels. (—)-Thyroxine, an amino acid of the thyroid gland that speeds up metabolism, is
one of the most widely used of all prescription drugs—about 10 million people in the United States take (—)-thyroxine on a daily basis. Its enantiomer, (+)-
thyroxine, has none of the metabolism-regulating effects, but was formerly given to heart patients to lower their cholesterol levels.

Raget50

Assign appropriate R,S symbols to the chirality centers in (=)-nicotine, (-)-adrenaline, and (-)-thyroxine.



HO,

NHCH3 |
H
r’\\(} | =5 HO o]
G | N Co;
N CH; HsN
OH +
(—)-Nicotine (—)-Adrenaline (=) Thyroxine

4.9 The Chirality Axis

We have, so far, restricted our discussion of chiral molecules to those that contain a chirality center. Although these are the most common, they are not the
only kinds of chiral molecules. A second group consists of molecules that contain a chirality axis—an axis about which a set of atoms or groups is arranged

so that the spatial arrangement is not superimposable on its mirror image. We can think of two enantiomers characterized by a chirality axis as being
analogous to a left-handed screw and a right-handed screw.

Among molecules with a chirality axis, substituted derivatives of biaryls have received much attention. Biaryls are compounds in which two aromatic
rings are joined by a single bond: biphenyl and 1,1'-binaphthyl, for example.

\ 7

Biphenyl 1.1'-Binaphthyl

Although their individual rings are flat, the molecules themselves are not. Rotation about the single bond connecting the two rings in biphenyl reduces the

steric strain between nearby hydrogens of one ring (red) and those of the other (green). This rotation makes the “twisted” conformation more stable than one
in which all of the atoms lie in the same plane.

Nonplanar “twisted” conformation of biphenyl

The experimentally measured angle between the two rings of biphenyl in the gas phase is 44°.

Rotation about the bond joining the two rings is very fast in biphenyl, about the same as in ethane, but is slowed when the carbons adjacent to the ones
joining the two rings bear groups other than hydrogen.

A X, B X,
2% \
(e = (o
B Y A Y

If the substituents are large enough, the steric strain that accompanies their moving past each other during rotation about the single bond can decrease the
rate of equilibration so much that it becomes possible to isolate the two conformations under normal laboratory conditions.
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Chiral Drugs

recent estimate places the number of prescription and over-the-counter drugs marketed throughout the world at more than
2000. Approximately one third of these are either naturally occurring substances themselves or are prepared by chemical
modification of natural products. Most of the drugs derived from natural sources are chiral and are almost always obtained as



a single enantiomer rather than as a racemic mixture. Not so with the over 500 chiral substances represented among the more than
1300 drugs that are the products of synthetic organic chemistry. Until recently, such substances were, with few exceptions,
prepared, sold, and administered as racemic mixtures even though the desired therapeutic activity resided in only one of the
enantiomers. Spurred by a number of factors ranging from safety and efficacy to synthetic methodology and economics, this
practice is undergoing rapid change as more and more chiral synthetic drugs become available in enantiomerically pure form.

Because of the high degree of chiral recognition inherent in most biological processes (Section 4.8), it is unlikely that both
enantiomers of a chiral drug will exhibit the same level, or even the same kind, of effect. At one extreme, one enantiomer has the
desired effect, and the other exhibits no biological activity at all. In this case, which is relatively rare, the racemic form is simply a
drug that is 50% pure and contains 50% “inert ingredients.” Real cases are more complicated. For example, the S enantiomer is
responsible for the pain-relieving properties of ibuprofen, normally sold as a racemic mixture. The 50% of racemic ibuprofen that is
the R enantiomer is not completely wasted, however, because enzyme-catalyzed reactions in our body convert much of it to active
(S)-ibuprofen.

HO

Ibuprofen

A much more serious drawback to using chiral drugs as racemic mixtures is illustrated by thalidomide, briefly employed as a
sedative and antinausea drug in Europe during the period 1959-1962. The desired properties are those of (R)-thalidomide. (S)-
Thalidomide, however, has a very different spectrum of biological activity and was shown to be responsible for over 2000 cases of
serious birth defects in children born to women who took it while pregnant.

O O H
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Thalidomide

Basic research aimed at controlling the stereochemistry of chemical reactions has led to novel methods for the synthesis of
chiral molecules in enantiomerically pure form. Aspects of this work were recognized with the award of the 2001 Nobel Prize in
Chemistry to William S. Knowles (Monsanto), Ryoji Noyori (Nagoya University), and K. Barry Sharpless (The Scripps Research
Institute). Most major pharmaceutical companies are examining their existing drugs to see which are the best candidates for
synthesis as single enantiomers and, when preparing a new drug, design its synthesis so as to provide only the desired
enantiomer. One incentive to developing enantiomerically pure versions of existing drugs, called a “chiral switch,” is that the novel
production methods they require may make them eligible for extended patent protection.

Find the chirality center in the molecular model of thalidomide shown above and identify its configuration as R or S.

\_ J




When A # B, and X # Y, the two conformations are nonsuperimposable mirror images of each other; that is, they are enantiomers. The bond connecting
the two rings lies along a chirality axis.

---- Chirality axis when A#B and X #Y

The first compound demonstrated to be chiral because of restricted rotation about a single bond was 6,6’-dinitrobiphenyl-2,2'-dicarboxylic acid —————
in 1922. Page 152

CO.H

NO, o

CO.H CO-H NO, CO5-H
(+)-6.6"-Dinitrobiphenyl-2,2"-dicarboxylic acid (—)-6.6"-Dinitrobiphenyl-2,2"-dicarboxylic acid
|u|f:?+12?° (methanol) [a]g}— 127° (methanol)

The 3,3-5,5' isomer of the compound just shown has a chirality axis, but its separation into isolable enantiomers would be extremely
difficult. Why?

O.N HO,C

HO,C O,N

Structures such as chiral biaryls, which are related by rotation about a single bond yet are capable of independent existence, are sometimes called
atropisomers, from the Greek ¢ meaning “not” and fropos meaning “turn.” They represent a subcategory of conformers.

Chemists don’t agree on the minimum energy barrier for bond rotation that allows isolation of enantiomeric atropisomers at
room temperature, but it is on the order of 100 kJ/mol (24 kcal/mol). Recall that the activation energy for rotation about C-C
single bonds in alkanes is about 12 kJ/mol (3 kcal/mol).

Derivatives of 1,1'-binaphthyl exhibit atropisomerism, due to hindered rotation about the single bond that connects the two naphthalene rings. A
commercially important application of chiral binaphthyls is based on a substituted derivative known as BINAP, a component of a hydrogenation catalyst. In
this catalyst, ruthenium is bound by the two phosphorus atoms present on the groups attached to the naphthalene rings.

90
# P(CcHs)2
OO P(CeHs),

(S}-(—)-BINAP

BINAP is an abbreviation for 2,2"-bis(diphenylphosphino)-1,1"-binaphthyl.

We will explore the use of the ruthenium BINAP catalysts in the synthesis of chiral drugs in Section 15.13.

4.10 Chiral Molecules with Two Chirality Centers




When a molecule contains two chirality centers, as does 2,3-dihydroxybutanoic acid, how many stereoisomers are possible?

OH O

2.3-Dihydroxybutanoic acid

We can use straightforward reasoning to come up with the answer. The absolute configuration at C-2 may be R or S. Likewise, C-3 may have —————
either the R or the S configuration. The four possible combinations of these two chirality centers are Page 153

(2R,3R) (stereoisomer I) (25,35) (stereoisomer II)
(2R,35) (stereoisomer I1I) (25,3R) (stercoisomer IV)

Figure 4.7 presents structural formulas for these four stereoisomers. Stereoisomers I and II are enantiomers of each other; the enantiomer of (R,R) is (S,5).
Likewise stereoisomers III and IV are enantiomers of each other, the enantiomer of (R,S) being (S, R).

OH 0 OH 0O
™2 = \ Enantiomers _.} /-%OH
HO HO
1 11
(2R.3R) : []p—9.5° (28,35) : | +9.5°

{
> @

Diastereomers

® ¢

‘ Diastereomers | »

E
=
5
A
A

(2R,38) : [ +17.8° (25.3R) : [alp—17.8°

Figure 4.7

Stereoisomeric 2,3-dihydroxybutanoic acids. Stereoisomers | and Il are enantiomers. Stereoisomers Ill and IV are enantiomers. All other
relationships are diastereomeric (see text).

Stereoisomer I is not a mirror image of III or IV, so it is not an enantiomer of either one. Stereoisomers that are not related as an object and its mirror
image are called diastereomers; diastereomers are stereoisomers that are not mirror images. Thus, stereoisomer I is a diastereomer of I1I and a diastereomer
of IV. Similarly, II is a diastereomer of I1I and IV.

To convert a molecule with two chirality centers to its enantiomer, the configuration at both centers must be changed. Reversing the configuration at only
one chirality center converts it to a diastereomer.

Enantiomers must have equal and opposite specific rotations. Diasterecomers can have different rotations, with respect to both sign and magnitude. Thus,
as Figure 4.7 shows, the (2R,3R) and (2S,3S) enantiomers (I and II) have specific rotations that are equal in magnitude but opposite in sign. The (2R,3S) and
(28,3R) enantiomers (III and IV) likewise have specific rotations that are equal to each other but opposite in sign. The magnitudes of rotation of I and II are
different, however, from those of their diastereomers I1I and I'V.

In writing Fischer projections of molecules with two chirality centers, the molecule is arranged in an eclipsed conformation for projection onto the page,
as shown in Figure 4.8. Again, horizontal lines in the projection represent bonds coming toward you; vertical lines represent bonds pointing away.



H_ > OH CO,H

CO.H H—{"—OH
H\K OH H——OH

CH,
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CH;

{az) (b)
Figure 4.8

(c)

Representations of (2R,3R)-dihydroxybutanoic acid. (a) The staggered conformation is the most stable, but is not properly arranged to show

stereochemistry as a Fischer projection. (b) Rotation about the C-2—C-3 bond gives the eclipsed conformation, and projection of the eclipsed
conformation onto the page gives (c) a correct Fischer projection.

When the carbon chain is vertical and like substituents are on the same side of the Fischer projection, the molecule is described as the erythro
diastereomer. When like substituents are on opposite sides of the Fischer projection, the molecule is described as the threo diasterecomer. Thus, as seen in the
Fischer projections of the stereoisomeric 2,3-dihydroxybutanoic acids, compounds I and II are erythro stereoisomers and III and IV are threo.

CO.H CO,H CO,H CO,H
H——OH HO——H H——OH HO——H
H——OH HO——H HO——H H——OH

CH; CH, CH, CH,

1 II 1M1 v
erythro erythro threo threo

Assign the R or S configuration to the chirality centers in the four isomeric 2,3-dihydroxybutanoic acids shown in the preceding Fischer
projections. Consult Figure 4.7 to check your answers.

Because diastereomers are not mirror images of each other, they can have quite different physical and chemical properties. For example, the (2R,3R)
stereoisomer of 3-amino-2-butanol is a liquid, but the (2R,3S) diastereomer is a crystalline solid.

NH-> l:ﬂ-lg
OH OH
(2R, 3R)-3-Amino-2-butanol (2R.35)3-Amino-2-butanol
(liquid) (solid, mp 49°C)

Draw Fischer projections of the four stereoisomeric 3-amino-2-butanols, and label each erythro or threo as appropriate.

One other stereoisomer of 3-amino-2-butanol is a crystalline solid. Which one?

The situation is the same when the two chirality centers are present in a ring. There are four stereoisomeric 1-bromo-2-chlorocyclopropanes: a

pair of enantiomers in which the halogens are trans and a pair in which they are cis. The cis compounds are diastereomers of the trans. Page 155



Cl Cl H

H
R>&<R Enantiomers S>A<S

Br H H Br
(1R,2R)-1-Bromo-2-chlorocyclopropane (18,25)-1-Bromo-2-chlorocyclopropane
H H H H
R>&<S Enantiomers R>A<S
Br Cl Cl Br
(1R,25)-1-Bromo-2-chlorocyclopropane (18,2R)- 1-Bromo-2-chlorocyclopropane

A good thing to remember is that the cis and trans isomers of a particular compound are diastereomers of each other.

4.11 Achiral Molecules with Two Chirality Centers

Now think about a molecule, such as 2,3-butanediol, which has two chirality centers that are equivalently substituted.

OH

A

OH
2.3-Butanediol
Only three, not four, stereoisomeric 2,3-butanediols are possible. These three are shown in Figure 4.9. The (2R,3R) and (25,3S) forms are enantiomers and
have equal and opposite optical rotations. A third combination of chirality centers, (2R,3S), however, gives an achiral structure that is superimposable on its

(28,3R) mirror image. Because it is achiral, this third stereoisomer is optically inactive. We call achiral molecules that have chirality centers meso forms. The
meso form in Figure 4.9 is known as meso-2,3-butanediol.

bt (¥ ®

M M O
0 g 'Y 8 05
(% ¥ ¥ @ 8o .8 @

c@®e cOv s A
¢ ¢ |
(2R,3R)-2,3-Butanediol (25,35)-2,3-Butanediol meso-2,3-Butanediol
(a) (b) (c)
Figure 4.9

Stereoisomeric 2,3-butanediols shown in their eclipsed conformations for convenience. Stereoisomers (a) and (b) are enantiomers. Structure (c) is
a diastereomer of (a) and (b), and is achiral. It is called meso-2,3-butanediol.

One way to demonstrate that meso-2,3-butanediol is achiral is to recognize that its eclipsed conformation has a plane of symmetry that passes through and
is perpendicular to the C-2—C-3 bond, as illustrated in Figure 4.10a. The anti conformation is achiral as well. As Figure 4.10b shows, this conformation is
characterized by a center of symmetry at the midpoint of the C-2—C-3 bond.
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Plane of
symmetry Center of
symmetry

(a) (b)

Figure 4.10

(a) The eclipsed conformation of meso-2,3-butanediol has a plane of symmetry. (b) The anti conformation of meso-2,3-butanediol has a center of
symmetry.

Fischer projections can help us identify meso forms. Of the three stereoisomeric 2,3-butanediols, notice that only in the meso stereoisomer does a dashed
line through the center of the Fischer projection divide the molecule into two mirror-image halves.

In the same way that a Fischer formula is a projection of the eclipsed conformation onto the page, the line drawn through its
center is a projection of the plane of symmetry that is present in the eclipsed conformation of meso-2,3-butanediol.

CH; CH; CH,
HO——H H——OH H——OH
H—1—OH HO—H H——OH
CH; CH; CH,
(2R,3R)-2.3-Butanediol (25,35)-2.3-Butanediol meso-2,3-Butanediol

When using Fischer projections for this purpose, however, be sure to remember what three-dimensional objects they stand for. One should not, for
example, test for superimposition of the two chiral stereoisomers by a procedure that involves moving any part of a Fischer projection out of the plane of the
paper in any step.

A meso stereoisomer is possible for one of the following compounds. Which one?

Br Br
Br Br OH Br

Br OH

Turning to cyclic compounds, we see that there are only three, not four, stereoisomeric 1,2-dibromocyclopropanes. Of these, two are enantiomeric trans-
1,2-dibromocyclopropanes. The cis diastereomer is a meso form; it has a plane of symmetry.

H Br Br H H H
o [ ] [ 3
Br H H Br Br Br
(1R,2R)-1,2-Dibromocyclopropane  (15,25)-1.2-Dibromecyclopropane cis-1,2-Dibromocyclopropane

One of the stereoisomers of 1,3-dimethylcyclohexane is a meso form. Which one?

r \



Chirality of Disubstituted Cyclohexanes

Page 1

isubstituted cyclohexanes present us with a challenging exercise in stereochemistry. Consider the seven possible
dichlorocyclohexanes: 1,1-; cis- and trans-1,2-; cis- and trans-1,3-; and cis- and trans-1,4-. Which are chiral? Which are
achiral?

Four isomers—the ones that are achiral because they have a plane of symmetry—are relatively easy to identify:
Achiral Dichlorocyclohexanes

Cl
. cl,
cl :
™~
H

11 cis-1,3
(plane of symmetry (plane of symmetry
through C-1and C-4) through C-2 and C-5)
H H
1 1
Cl Cl
H-4 Cl-&
Cl H
cis1,4 trans-1,4
(plane of symmetry (plane of symmetry
through C-1and C-4) through C-1and C-4)

The remaining three isomers are chiral:

Chiral Dichlorocyclohexanes
Cl H
1 1 Cl
H cl L
4 -Cl [ H
2 2 H 3
H H

Cl

cis-1,2 trans-1,2 trans-1,3

Among all the isomers, cis-1,2-dichlorocyclohexane is unique in that the ring-inverting process typical of cyclohexane
derivatives converts it to its enantiomer.

Cl cl
H which is
Cl Cl  equivalent to
= "y

A A’

Structures A and A’ are nonsuperimposable mirror images of each other. Thus, although cis-1,2-dichlorocyclohexane is chiral, it is
optically inactive when chair—chair interconversion occurs. Such interconversion is rapid at room temperature and converts optically
active A to a racemic mixture of A and A". Because A and A’ are enantiomers interconvertible by a conformational change, they are
sometimes referred to as conformational enantiomers.

The same kind of spontaneous racemization occurs for any cis-1,2 disubstituted cyclohexane in which both substituents are the
same. Because such compounds are chiral, it is incorrect to speak of them as meso compounds, which are achiral molecules that
have chirality centers. Rapid chair—chair interconversion, however, converts them to a 1:1 mixture of enantiomers, and this mixture

is optically inactive.
/

~



4.12 Molecules with Multiple Chirality Centers

Many naturally occurring compounds contain several chirality centers. By an analysis similar to that described for the case of two chirality centers, it can be
shown that the maximum number of stereoisomers for a particular constitution is 2", where 7 is equal to the number of chirality centers.

Using R and S descriptors, write all the possible combinations for a molecule with three chirality centers.

When two or more of a molecule’s chirality centers are equivalently substituted, meso forms are possible, and the number of stereoisomers is then less
than 2”. Thus, 2" represents the maximum number of stereoisomers for a molecule containing 7 chirality centers.

The best examples of substances with multiple chirality centers are the carbohydrates. One class of carbohydrates, called aldohexoses, has the

constitution: Page 158

OH OH

HO
OH OH H

An aldohexose

Because there are four chirality centers and no possibility of meso forms, there are 2%, or 16, stereoisomeric aldohexoses. All 16 are known, having been
isolated either as natural products or as the products of chemical synthesis.

A second category of six-carbon carbohydrates, called ketohexoses, has the constitution shown. How many stereoisomeric 2-
ketohexoses are possible?

OH OH

CH
HO

O OH

A 2-ketohexose

Steroids are another class of natural products with multiple chirality centers. One such compound is cholic acid, which can be obtained from bile. Its

structural formula is given in Figure 4.11. Cholic acid has 11 chirality centers, and so a total (including cholic acid) of 211 or 2048, stereoisomers have this
constitution. Of these 2048 stereoisomers, how many are diastereomers of cholic acid? Remember! Diastereomers are stereoisomers that are not enantiomers,
and any object can have only one mirror image. Therefore, of the 2048 stereoisomers, one is cholic acid, one is its enantiomer, and the other 2046 are
diastereomers of cholic acid. Only a small fraction of these compounds are known, and (+)-cholic acid is the only one ever isolated from natural sources!

o CH;
: e

: CH;
3 CH;
.-.-..;\——’CDEH | ‘\——’CDEH
[ OH
OH

o™ 01 HO

Figure 4.11

Cholic acid. Its 11 chirality centers are those carbons at which stereochemistry is indicated in the structural drawing at the left. The drawing at the
right more clearly shows the overall shape of the molecule.

Eleven chirality centers may seem like a lot, but it is nowhere close to a world record. It is a modest number when compared with the more than 100
chirality centers typical for most small proteins and the billions of chirality centers present in human DNA.
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The separation of a racemic mixture into its enantiomeric components is termed resolution. The first resolution, that of tartaric acid, was carried out by Louis
Pasteur in 1848. Tartaric acid is a byproduct of wine making and is almost always found as its dextrorotatory 2R, 3R stereoisomer, shown here in a perspective
drawing and in a Fischer projection.

OH CO,H
: H——OH
CO-H
HO.C” Y~ HO——H
OH CO,H

(2R 3R)-Tartaric acid (mp 170°C, [a]p +12°)

There are two other stereoisomeric tartaric acids. Write their Fischer projections, and specify the configuration at their chirality centers.

Occasionally, an optically inactive sample of tartaric acid was obtained. Pasteur noticed that the sodium ammonium salt of optically inactive tartaric acid
was a mixture of two mirror-image crystal forms. With microscope and tweezers, Pasteur carefully separated the two. He found that one kind of crystal (in
aqueous solution) was dextrorotatory, whereas the mirror-image crystals rotated the plane of polarized light an equal amount but were levorotatory.

Although Pasteur was unable to provide a structural explanation—that had to wait for van’t Hoff and Le Bel a quarter of a century later—he correctly
deduced that the enantiomeric quality of the crystals was the result of enantiomeric molecules. The rare form of tartaric acid was optically inactive because it
contained equal amounts of (+)-tartaric acid and (—)-tartaric acid. It had earlier been called racemic acid (from Latin racemus, meaning “a bunch of grapes”),
a name that subsequently gave rise to our present term for an equal mixture of enantiomers.

Could the unusual, optically inactive form of tartaric acid studied by Pasteur have been meso-tartaric acid?

Pasteur’s technique of separating enantiomers not only is laborious but requires that the crystals of the enantiomers be distinguishable. This happens very
rarely. Consequently, alternative and more general approaches for resolving enantiomers have been developed. Most are based on a strategy of temporarily

converting the enantiomers of a racemic mixture to diastereomeric derivatives, separating these diastereomers, then regenerating the enantiomeric starting
materials.

Figure 4.12 illustrates this strategy. Say we have a mixture of enantiomers, which, for simplicity, we label as C(+) and C(—). Assume that C(+) and C(—)
bear some functional group that can combine with a reagent P to yield adducts C(+)-P and C(—)-P. Now, if reagent P is chiral, and if only a single enantiomer
of P, say, P(+), is added to a racemic mixture of C(+) and C(—), as shown in the first step of Figure 4.12, then the products of the reaction are C(+)-P(+) and
C(—)-P(+). These products are not mirror images; they are diastereomers. Diastereomers can have different physical properties, which can serve as a means of
separating them. The mixture of diastereomers is separated, usually by recrystallization from a suitable solvent. In the last step, an appropriate chemical
transformation liberates the enantiomers and restores the resolving agent.

+ P(+)
Dissociate diastereomer
to single enantiomer;
okl recover resolving agent
(single enantiomer)
- C(+)-P(+)
2P(+) Separate
C(+)-P(+) diastereomers

_
Mixture of enantiomers Mixture of diastereomers - _

Dissociate diastereomer
to single enantiomer;
recover resolving agent

+ P(+)

Figure 4.12




The general procedure for resolving a chiral substance into its enantiomers. Reaction with a single enantiomer of a chiral resolving agent P(+)
converts the racemic mixture of enantiomers C(+) and C(-) to a mixture of diastereomers C(+)-P(+) and C(—)-P(+). The mixture of diastereomers is
separated—Dby fractional crystallization, for example. A chemical reaction is then carried out to convert diastereomer C(+)-P(+) to C(+) and the
resolving agent P(+). Likewise, diastereomer C(—)-P(+) is converted to C(-) and P(+). C(+) has been separated from C(-), and the resolving agent
P(+) can be recovered for further use.

‘Whenever possible, the chemical reactions involved in the formation of diastereomers and their conversion to separate enantiomers are simple acid—base
reactions. For example, naturally occurring (S)-(—)-malic acid 1s often used to resolve amines such as 1-phenylethylamine. Amines are bases,
and malic acid 1s an acid. Proton transfer from (S)-(—)-malic acid to a racemic mixture of (R)- and (S)-1-phenylethylamine gives a mixture of Page 160
diastereomeric salts. -

©Pixtal/age fotostock

Most resolving agents are isolated as single enantiomers from natural sources. S-(—)-Malic acid is obtained from apples.

C6H5C|HNH3 + HO,CCH,CHCO,H —> cﬁuscl‘,HFJm Hozccugcl‘,ucoz
CH; OH CH, OH

-
1-Phenylethylamine (S)-(—)-Malic acid 1-Phenylethylammonium (S)-malate
(racemic mixture) (resolving agent) (mixture of diastereomeric salts)

The diastereomeric salts are separated and the individual enantiomers of the amine liberated by treatment with a base:

+
C(,H5(|‘HNH3 HO:CCH;(l‘HCOJ + 20H0 —
CH, OH

1-Phenylethylammonium (§)-malate Hydroxide
(a single diastereomer) ion

CHCHNH, + -ozccuz(lzuco; + 2H,0

CH, OH
1-Phenylethylamine (S)(—=)-Malic acid Water

(a single enantiomer) (recovered resolving agent)

In the resolution of 1-phenylethylamine using (S)-(-)-malic acid, the compound obtained by recrystallization of the mixture of
diastereomeric salts is (R)-1-phenylethylammonium (S)-malate. The other component of the mixture is more soluble and remains in
solution. What is the configuration of the more soluble salt?

This method 1s widely used for the resolution of chiral amines and carboxylic acids. Analogous methods based on the formation and =—
separation of diastereomers have been developed for other functional groups; the precise approach depends on the kind of chemical reactivity Page 161
associated with the functional groups present in the molecule. -

As the experimental tools for biochemical transformations have become more powerful and procedures for carrying out these transformations in the
laboratory more routine, the application of biochemical processes to mainstream organic chemical tasks including the production of enantiomerically pure
chiral molecules has grown.

Another approach, called Kinetic resolution, depends on the different rates of reaction of two enantiomers with a chiral reagent. A very effective form of
kinetic resolution uses enzymes as chiral biocatalysts to selectively bring about the reaction of one enantiomer of a racemic mixture (enzymatic resolution).
Lipases, or esterases—enzymes that catalyze ester hydrolysis and formation—have been successfully used in many kinetic resolutions. In a representative
procedure, one enantiomer of an ester undergoes hydrolysis and the other is left unchanged.



’

R O 2 R O
R/‘\ochn_x - )\ ’ R) ""'OJ\CHJ

R OH
ACC““F ester of Enantiomerically Enantiomerically enriched
racemic alcohol enriched alcohol acetate ester (unhydrolyzed)

This procedure has been applied to the preparation of a key intermediate in the industrial synthesis of diltiazem, a drug used to treat hypertension, angina,
and arrhythmia. In this case, the racemic reactant is a methyl ester, and lipase-catalyzed hydrolysis selectively converts the undesired enantiomer to its
corresponding carboxylic acid, leaving behind the unhydrolyzed ester in greater than 99% enantiomeric excess.

CH;0

CH:0O

lipase

COXH; —hg5™ » «CO,CH;3

0

Racemic mixture of 2R,3S and 25,3R Only 2R 3§

Enzymatic resolution, like other methods based on biocatalysis, may lead to more environmentally benign, or “green,” processes for preparing useful
intermediates on a commercial scale.

4.14 Chirality Centers Other Than Carbon

Atoms other than carbon may also be chirality centers. Silicon, like carbon, has a tetrahedral arrangement of bonds when it bears four substituents. Unlike
carbon, there are no naturally occurring chiral organosilicon compounds to provide a ready source for stereochemical studies. Beginning in the 1960s,
however, Leo H. Sommer and his students at Penn State began a systematic study of organosilicon reaction mechanisms made possible by their successful
resolution of the enantiomers of 1-naphthylphenylmethylsilane.

Siu
'H

\
CH;

(R)-(+)-1-NaphthylphenyImethylsilane

Trigonal pyramidal molecules are chiral if the central atom bears three different groups. If one is to resolve substances of this type, however, the
pyramidal inversion that interconverts enantiomers must be slow at room temperature. Pyramidal inversion at nitrogen is so fast that attempts
to resolve chiral amines fail because of their rapid racemization. Page 162
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Phosphorus 1s in the same group of the periodic table as nitrogen, and tricoordinate phosphorus compounds (phosphines), like amines, are trigonal
pyramidal. Phosphines, however, undergo pyramidal inversion much more slowly than amines, and a number of optically active phosphines have been
prepared.

(S)-(+)-Benzylmethylphenylphosphine



When applying Cahn—Ingold—Prelog R,S stereochemical notation to phosphines, the unshared electron pair of phosphorus is taken to be
the lowest ranked substituent. Use this information to verify that (+)-benzylmethylphenylphosphine (shown above) has the S
configuration.

Tricoordinate sulfur compounds are pyramidal and chiral when sulfur bears three different groups. The most common examples are sulfoxides. Alliin,
which occurs naturally in garlic, has two chirality centers; the one at carbon has the R configuration; the one at sulfur is S. Omeprazole, which is a racemic
mixture, 1s widely used for treatment of acid reflux and has been joined in the marketplace by an enantiopure S version, which is appropriately named
Esomeprazole.

OCH;
o) G
N > N> y D G
TN So- Y .
1] N
O +NH3 CH:;O NH
Alliin Esomeprazole

Stereochemistry is chemistry in three dimensions. At its most fundamental level, its concern is molecular structure; at another level, it is chemical
reactivity. Table 4.2 summarizes some of its basic definitions.

TABLE 4.2 Classification of Isomers W

Definition Example

Isomers are different compounds that have the same molecular formula. They may be either constitutional isomers or sterecisomers.

1. Constitutional isomers are isomers that differ in the orderin  Three constitutionally isomeric compounds have the molecular

which their atoms are connected. formula C5HgO:
OH
/\/OH )\/ /\O o
1-Propanol 2-Propanol Ethyl methyl ether
2. Stereoisomers are isomers that have the same constitution
but differ in the arrangement of their atoms in space.
(@) Enantiomers are stereoisomers that are related as an The two enantiomeric forms of 2-chlorobutane are
object and its nonsuperimposable mirror image. cl cl
and ¥
/k/ N
(R)-(=)-2-Chlorobutane (S)H{+)-2-Chlorobutane
(b) Diastereomers are stereoisomers that are not mirror The cis and trans isomers of 4-methylcyclohexanol are stereoiso-
images. mers, but they are not related as an object and its mirror image;

they are diastereomers.

K; CH:  and HO Z: ; CH3

HO
cis-4-Methylcyclohexanol trans-4-Methylcyclohexanol
Section 4.1 A molecule is chiral if it cannot be superimposed on its mirror image. Nonsuperimposable mirror images are enantiomers of one

another. Molecules in which mirror images are superimposable are achiral.



Section 4.2

Section 4.3

Section 4.4

Section 4.5

Section 4.6

Section 4.7

Section 4.8

Section 4.9

Section 4.10

C'Wj]\/\//\én/\

1-Chloropentane 2-Chloropentane 3-Chloropentane
achiral chiral achiral

The most common kind of chiral molecule contains a carbon atom that bears four different atoms or groups. Such an
atom 1s called a chirality center. Table 42 shows the enantiomers of 2-chlorobutane. C-2 is a chirality center in 2-
chlorobutane.
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A molecule that has a plane of symmetry or a center of symmetry is achiral. cis-4-Methylcyclohexanol (Table 4.2) has a plane of
symmetry that bisects the molecule into two mirror-image halves and is achiral. The same can be said for trans-4-
methylcyclohexanol.

Optical activity, or the degree to which a substance rotates the plane of polarized light, is a physical property used to characterize
chiral substances. Enantiomers have equal and opposite optical rotations. To be optically active a substance must be chiral, and one
enantiomer must be present in excess of the other. A racemic mixture is optically inactive and contains equal quantities of
enantiomers. When enantiomers are present in unequal amounts, enantiomeric excess or enantiomeric ratio is used to specify the
purity of the enantiomeric mixtures. Enantiomeric excess corresponds to aptical purity.

Relative configuration compares the arrangement of atoms in space to some reference. The prefix cis in cis-4-
methylcyclohexanol, for example, describes relative configuration by referencing the orientation of the CH3 group to the OH.

Absolute configuration is an exact description of the arrangement of atoms in space.

Absolute configuration in chiral molecules 1s best specified using the prefixes R and S of the Cahn-Ingold—Prelog notational
system. Substituents at a chirality center are ranked in order of decreasing precedence. If the three highest ranked substituents trace
a clockwise path (highest — second highest — third highest) when the lowest ranked substituent is held away from you, the
configuration 1s R. If the path is counterclockwise, the configuration i1s S. Table 42 shows the R and S enantiomers of 2-
chlorobutane.

A Fischer projection shows how a molecule would look if its bonds were projected onto a flat surface. Horizontal M

lines represent bonds pointing toward you; vertical lines represent bonds pointing away from you. The projection is
normally drawn so that the carbon chain is vertical, with the lowest numbered carbon at the top.

CH, \“ CH, ?/cm CH,
C—€Cl CI+H ClI—C H+Cl

CH;CH, CH,CH, CH,CH, CH;CH,3
(R)-2-Chlorobutane (S)-2-Chlorobutane

Both enantiomers of the same substance are identical in most of their physical properties. The most prominent differences are
biological ones, such as taste and odor, in which the substance interacts with a chiral receptor site. Enantiomers also have important
consequences in medicine, in which the two enantiomeric forms of a drug can have much different effects on a patient.

Molecules without chirality centers can be chiral. Biphenyls that are substituted can exhibit an axis of chirality. When A # B, and
X # Y, the two conformations are nonsuperimposable mirror images of each other; that is, they are enantiomers. The bond
connecting the two rings lies along a chirality axis.

\\_/( >_/ Chirality axiswhen A #Band X # Y
B Y

When a molecule has two chirality centers and these two chirality centers are not equivalent, four stereoisomers are possible.




Section 4.11

Section 4.12

Section 4.13

Section 4.14

CH, CH, CH, CH,

H——0OH HO——H H——OH HO ——H
H——Br Br——H Br——H H——Br
CH, CH; CH; CH,3
Enantiomers of Enantiomers of
erythro-3-bromo-2-butanol threo-3-bromo-2-butanol

Stereoisomers that are not mirror images are classified as diastereomers. Each enantiomer of erythro-3-bromo-2-butanol is a
diastereomer of each enantiomer of threo-3-bromo-2-butanol.

Achiral molecules that contain chirality centers are called meso forms. Meso forms typically contain (but are not limited to) two
equivalently substituted chirality centers. They are optically inactive.

CH; CH; CH;
H——Br Br——H H—Br
H——Br H——Br Br——H

CH; CH; CH;

meso-2,3-Dibromobutane (2R,3R)-2,3-Dibromobutane (25,35)-2,3-Dibromobutane

For a particular constitution, the maximum number of stereoisomers is 2", where 7 is the number of chirality centers. The number
of stereoisomers is reduced to less than 2” when there are meso forms.

Resolution is the separation of a racemic mixture into its enantiomers. It is normally carried out by converting the mixture of
enantiomers to a mixture of diastereomers, separating the diastereomers, then regenerating the enantiomers.

Atoms other than carbon can be chirality centers. Examples include those based on tetracoordinate silicon and tricoordinate sulfur
or phosphorus as the chirality center. In principle, tricoordinate nitrogen can be a chirality center in compounds of the type N(x,),z),
where X, y, and z are different, but inversion of the nitrogen pyramid is so fast that racemization occurs virtually instantly at room
temperature.
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Molecular Chirality

4.26 Which of the isomeric alcohols having the molecular formula CgH; 4O are chiral? Which are achiral?

4.27 Including stereoisomers, write structural formulas for all of the compounds that are trichloro derivatives of
(a) Cyclobutane

(b) Cyclopentane
Which are chiral? Which are achiral?

4.28 In each of the following pairs of compounds one is chiral and the other is achiral. Identify each compound as chiral or achiral, as
appropriate.



4.29

4.30

4.31

- CI/\/\OH " HO/Y\OH

OH Cl
Br
®  "Br . )\/
G
CH, CH,
HzN—_H H NHZ
© and
H—_NHz H NH:
CH, CH;
@ 45 and Lbcn
Cl
OH
0 TO m TR\
OH OH
H,C
0 X w TR\
OH OH
&N\ nd )
® Y o

Compare 2,3-pentanediol and 2,4-pentanediol with respect to the number of stereoisomers possible for each. Which ones are chiral?
Which are achiral?

OH
2,3-Pentanediol 2,4-Pentanediol

Of the isomers shown, which are chiral? Which ones are constitutional isomers of each other? Stereoisomers? Enantiomers?

Diastereomers?
OH
OH HO OH
D E

A B C

Diltiazem 1s prescribed to treat hypertension, and simvastatin is a cholesterol-lowering drug. Locate the chirality centers in ge 166
each. —_—

(CH;),N

HiC
Diltiazem Simvastatin



4.32 Among compounds (a)—(d), identify those that have a chirality axis.

A B X Y
@ (CH;:C—  H— H— H—
(b) (CH3),C— (CH,);,C— H— H=
© (CH3;C— H— (CH3xC— H—
(d) (CH;3,C— (CH3);C— (CH3;C— (CH3);C—

R,S-Configurational Notation

4.33 The absolute configuration of (—)-bromochlorofluoromethane is R. Which of the following 1s (are) (—)-BrCIFCH?

: ‘ F F B%r Br
“‘ @ C]+H Ne—a Fe C:Cl

/
&

Br H H
4.34 A subrule of the Cahn—Ingold—Prelog system specifies that higher mass number takes precedence over lower when distinguishing between

1sotopes.
(a) Determine the absolute configurations of the reactant and product in the biological oxidation of isotopically labeled ethane described
in -
C—CH, biological oxidation C—CH,
/ /
H HO

(b) Because OH becomes bonded to carbon at the same side from which H is lost, the oxidation proceeds with retention of configuration.
Compare this fact with the R and S configurations you determined in part (a) and reconcile any apparent conflicts.

4.35 Specify the configuration of the chirality center as R or S in each of the following. M

(a) (—)-2-Octanol

&
"&ﬁ'f:&f

(b) Monosodium L-glutamate (only this stereoisomer is a flavor-enhancing agent)

LU
L%
" B
(¥

O 0

e 7 O~ Na+
~l-NH3

4.36 The name cis-3-bromocyclohexanol correctly describes the constitution and relative stereochemistry of the compound shown. The
molecule, however, 1s chiral so if we wish to distinguish between it and its enantiomer we need to specify its absolute configuration using
R,S notation. Which of the four possibilities 1s correct?



Brwoz{

(1R,3R)-3-bromocyclohexanol (15,35)-bromocyclohexanol
(1R,35)-3-bromocyclohexanol (15,3R)-3-bromocyclohexanol

4.37 The antiparkinson drug droxidopa has the structural formula shown with configurations at C-2 and C-3 of § and R, respectively. Add

appropriate wedges and/or dashes to show the stereochemistry.

Structural Relationships

4.38 Identify the relationship in each of the following pairs. Do the drawings represent constitutional isomers or stereoisomers, or are they just

different ways of drawing the same compound? If they are stereoisomers, are they enantiomers or diastereomers?

CH Br
Hi s H =
“: g
(a) C—Br and C—CH,
CH,CH, CH,CH,
CH,OH CH,OH

() H-——OH and HO——H

CH,OH CH,OH
e W
i \/\l/ s :
OH OH
0 ol Dcon
HO™ CH,0OH
H




®

CO.H CH,

H Br Br H
and
H Br H Br
CO,H
CH,
CO-H COH

® H Br and Br H
H Br Br H

CH; CHJ
I

I

0] and /

4.39

Muscarine is a poisonous substance present in the mushroom Amanita muscaria. Its structure is represented by the

) and /
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constitution shown here.

4.40

HO

o
H:C b\mzwcmh HO™

o

(a) Including muscarine, how many stereoisomers have this constitution?
(b) One of the substituents on the ring of muscarine 1s trans to the other two. How many of the stereoisomers satisfy this requirement?

(c) Muscarine has the configuration 25,3R,5S. Write a structural formula of muscarine showing its correct stereochemistry.

(—)-Menthol, used to flavor various foods, is the most stable stereoisomer of 2-isopropyl-5-methylcyclohexanol and has the R
configuration at the hydroxyl-substituted carbon.

(a) Draw the most stable conformation of (—)-menthol. Is the hydroxyl group cis or trans to the isopropyl group?

(b) (+)-Isomenthol has the same constitution as (—)-menthol. The configurations at C-1 and C-2 of (+)-isomenthol are the opposite of the
corresponding chirality centers of (—)-menthol. Write the preferred conformation of (+)-1somenthol.

Optical Activity

4.41

A certain natural product having [a]p + 40.3° was 1solated. Two very different structures were independently proposed for this compound.
Which one do you think is more likely to be correct? Why?

CH,OH

o H——OH

e H——OH
s H——OH




One of the principal substances obtained from archaea (one of the oldest forms of life on Earth) is derived from a 40-carbon =————
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4.42
diol. Given the fact that this diol is optically active, is it compound A or is it compound B?
CH,4 CH,4 CH, CH;
o v v v
I OH
CH, CH; CH; CH;
Compound A
CH, CH, CH, CH,
HO H H — H
OH
CH, CH; CH, CH;
Compound B
4.43 (a) An aqueous solution containing 10 g of optically pure fructose was diluted to 500 mL with water and placed in a polarimeter tube 20
cm long. The measured rotation was —5.20°. Calculate the specific rotation of fructose.
(b) If this solution were mixed with 500 mL of a solution containing 5 g of racemic fructose, what would be the specific rotation of the
resulting fructose mixture? What would be its optical purity?
4.44 A kinetic resolution (Section 4.13) of N-succinylphenylalanine was carried out by treatment with the enzyme succinylase. The
phenylalanine that was obtained had the R configuration at its chirality center and was obtained in 87.6% enantiomeric excess (ee).
(a) Draw the structure of the major phenylalanine product and the recovered N-succinylphenylalanine to show stereochemustry at their
chirality centers.
(b) What 1s the enantiomeric ratio (er) of the phenylalanine that is produced in this reaction?
OH OH
(0} (0} succinylase (0} i U
HN H,N
0}
N-Succinylphenylalanine (racemic) Phenylalanine Succinic acid
OH
(0] (0]
+
HN
OH
O
N-Succinyl-L-phenylalanine
Des e Passage @ erpretive Problems 4
Prochirality

Consider two chemical changes: one occurring at a tetrahedral sp3 carbon C(x,x,),z), the other at a trigonal sp2 carbon C(x,),z), where x, ), and z are
different atoms or groups attached to C. Each reactant is achiral; both are converted to the chiral product C(w;x,),z). In the first case, w replaces one of

the x atoms or groups; in the other, w adds to the trigonal carbon.

X X
X W 1
N\ N X,
C=Y «——> C=) $—— /'C e 4
Z
Z Z

Achiral Chiral Achiral



Both transformations convert C in each achiral reactant to a chirality center in the product. The two achiral reactants are classified as
prochiral. C is a prochirality center in C(x,x,),z) and has two prochiral faces in C(x,),z). Page 170

In achiral molecules with tetrahedral prochirality centers, substitution of one of the two x groups by w gives the enantiomer of the
product that results from substitution of the other. The two x groups occupy mirror-image sites and are enantiotopic.

Enantiotopic
\.
\‘ wX x W
\ \I
C —_y — Cc—y and/or c—Yy
Z Z/ Z/

Achiral T— Enantiomers —T

Enantiotopic groups are designated as pro-R or pro-S by a modification of Cahn—Ingold—Prelog notation. One is assigned a higher priority than the
other without disturbing the priorities of the remaining groups, and the R,S configuration of the resulting chirality center is determined 1in the usual way.
If it 1s R, the group assigned the higher rank is pro-R. If S, this group is pro-S. Ethanol and citric acid illustrate the application of this notation to two
prochiral molecules.

pro-S oy
proR—pg | pro-R— Ho Clég N
\C—OH 2 2\c OH
H,C HO,C
Ethanol Citric acid

Citric acid played a major role in the development of the concept of prochirality. Its two CH,CO,H chains groups behave differently in a key step
of the Krebs cycle, so differently that some wondered whether citric acid itself were really involved. Alexander Ogston (Oxford) provided the answer
in 1948 when he pointed out that the two CH,CO,H groups are differentiated when citric acid interacts with the chiral environment of an enzyme.

The two prochiral faces of a trigonal atom C(x;,),z) are enantiotopic and designated Re and Si according to whether x, y, and z trace a clockwise (Re)
or counterclockwise (Si) path in order of decreasing Cahn—Ingold—Prelog precedence. An acetaldehyde molecule that lies in the plane of the paper, for
example, presents either the Re or Si face according to how it is oriented.

Re(x>y>z)
0]
~C—y g} g
- P RS
b4 H H H
1 s B 3
Re Acetaldehyde Si
Six>y>z)

The stereochemical aspects of many enzyme-catalyzed reactions have been determined. The enzyme alcohol dehydrogenase catalyzes the oxidation
of ethanol to acetaldehyde by removing the pro-R hydrogen (abbreviated as Hg). When the same enzyme catalyzes the reduction of acetaldehyde to

ethanol, hydrogen is transferred to the Re face.

He H H\
\ L alcohol dehydrogenase, NAD+ Cc—0
O alcohol dehydrogenase, NADH /
Hs3C HiC
Ethanol Acetaldehyde
445  Which molecule is prochiral? Page 171
A_Ethane —_—
B. Propane
C. Butane
D. Cyclopropane

4.46 How many of the carbons in 2-methylpentane [(CH3),CHCH,CH,CH3] are prochirality centers?

A_One
B. Two



4.47

4.48

4.49

4.50

4.51

C. Three
D. Four

What are the pro-R and pro-S designations for the enantiotopic hydrogens in 1-propanol?

pro-R pro-S pro-§ pro-R
H H H H
H,C-_X HiC~_X
"y, OH % OH
H H H H
pro-R pro-S pro-8 pro-R
Al C.
pro-R  pro-§ pro-§  pro-R
H H H H
e, X H,C-_X
7, oH [, OH
H H H H
pro-S  pro-R pro-R  pro-§
B. D.

The enzyme fumarase catalyzes the addition of water to the double bond of fumaric acid.

H H ?OH
fumarase ¢
+ H0 ———— HOC 7)\ co
HO,C \%\C%H ‘7 H %H oH
H
Fumaric acid Water (S)-Malic acid

The —OH group and the pro-R hydrogen of the CH, group of (S)-(—)malic acid come from water. What stereochemical pathway describes
the addition of water to the double bond?

A. syn Addition

B. anti Addition

To which prochiral face of the double bond of fumaric acid does the —OH group add to in the fumarase-catalyzed hydration of fumaric
acid described in the preceding problem?

A. Re
B. Si

A method for the stereoselective synthesis of chiral epoxides gave the product shown in high enantiomeric excess. To which faces of the
doubly bonded carbons is oxygen transferred?

HOCH, H
R /
Cc=C
[z m
H3C CH,

A. Re Re
B. Re Si
C. Si Si
D. Si Re

When the achiral dione shown (below) was incubated in water with baker’s yeast, reduction of one of the C[1O groups occurred to give a
single stereoisomer of the product. This product corresponded to hydrogen transfer to the Re face of the pro-R carbonyl group. Which
product is this?



HiC, CH,CH,CH,
(o A |

Acbhiral dione

Hg(:_”- CH,>CH,CH3 HSC% CH>CH>CH3

H 3
0 ) S
HO OH
A.

(of

H:G CHCHCH,  HC, CH,CH.CH,
%, L
H

*Van't Hoff received the first Nobel Prize in Chemistry in 1901 for his work in chemical dynamics and osmotic pressure—two topics far removed from stereochemistry
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Chapter

As a motion picture tells a story, so too a mechanism tells us how a chemical reaction takes place. If we could look at a reaction “frame-by-frame,”
as we can with a film reel, we would observe intermediates and transition states that appear during it.
©Tetra Images/Alamy Stock Photo
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Alcohols and Alkyl Halides: Introduction to Reaction Mechanisms

Our first four chapters established some fundamental principles concerning the structure of organic molecules and introduced the connection between
structure and reactivity with a review of acid—base reactions in Sections 1.12—1.15. In the present chapter, we’ll explore the relation between structure and
reactivity in more detail by developing two concepts: functional groups and reaction mechanisms. A functional group is the atom or group in a molecule
most responsible for the reaction the compound undergoes under a prescribed set of conditions. How the structure of the reactant is transformed to that of the
product is what we mean by the reaction mechanism.

Organic compounds are grouped into families according to the functional groups they contain. Two of the most important families are alcohols and alkyl
halides; both of which are versatile starting materials for preparing numerous other families and will appear in virtually all of the remaining chapters of this
text.

The major portion of the present chapter concerns the conversion of alcohols to alkyl halides by reaction with hydrogen halides:

R—OH + H—=X — R—X + H—OH
Alcohol Hydrogen halide Alkyl halide Water

It is convenient in equations such as this to represent generic alcohols and alkyl halides as ROH and RX, respectively, where “R” stands for an
alkyl group. In addition to convenience, this notation lets us focus more clearly on the functional-group transformation; the OH functional group Page 173
of an alcohol is replaced by a halogen, such as chlorine (X = CI) or bromine (X = Br).

While developing the connections between structure, reaction, and mechanism, we will also extend the fundamentals of IUPAC nomenclature to
functional-group families, beginning with alcohols and alkyl halides.

5.1 Functional Groups

The families of hydrocarbons—alkanes, alkenes, alkynes, and arenes—were introduced in Section 2.1. The double bond is a functional group in an alkene,
the triple bond a functional group in an alkyne, and the benzene ring itself is a functional group in an arene. Alkanes (RH) are not considered to have a
functional group, although as we’ll see in later chapters, reactions that replace a hydrogen atom can take place. In general though, hydrogen atoms of alkanes
are relatively unreactive and any other group attached to the hydrocarbon framework will be the functional group.

Table 5.1 lists the major families of organic compounds covered in this text and their functional groups.



TABLE 5.1 Functional Groups in Some Important Classes
of Organic Compounds

Generalized Representative Name of
Class abbreviation*® example eucamplef
Alcohol ROH CH5CH,0OH Ethanol
Alkyl halide RCI CH;CH,CI Chloroethane
Aming? RMNH, CH5CH,NH, Ethanamine
R2C\:_:"CR2 HZC\_!,CHz
Epoxide (o] O Oxirane
Ether ROR T Diethyl sther
Nitrile RC=N CH3CHC=N Propanenitrile
Nitroalkane RNO, CH;CH,NO, Nitroethane
Sulfide RSR CH,SCH4 Dimethyl sulfide
Thiol RSH CHsCH,SH Ethanethiol
]
O )]\
Il
Aldehyde RCH H Ethanal
0

O
I
Ketone RCR )'I\/ 2-Butanone
(@]

i oL
1
Carboxylic acid RCOH "OH Ethanoic acid

Carboxylic acid derivatives

0]
i PR
Acyl halide RCX Cl Ethanoyl chloride
i PN
Acid anhydride RCOCR (0] Ethanoic anhydride
]
i PN
Ester RCOR i Ethyl ethanoate
]
Amide RCNR; )L NH; Ethanamide

*When more than one R group is present, the groups may be the same or different.
 Most compounds have more than one acceptable name.
1 The example given is a primary amine (RNH,). Secondary amines have the general structure RyNH; tertiary amines are R3N.

(a) Write a structural formula for a sulfide having the molecular formula C3HgS.
(b) What two thiols have the molecular formula C3HgS?

Sample Solution (a) According to Table 5.1, sulfides have the general formula RSR and the Rs may be the same or different. The only
possible connectivity for a sulfide with three carbons is C—S—C—-C. Therefore, the sulfide is CH3SCH,CHs.




A footnote to Table 5.1 states “The example given is a primary amine (RNH,). Secondary amines have the general structure RoNH;
tertiary amines are R3N.” Eight constitutionally isomeric amines have the molecular formula C4H¢4N. Write their structural formulas and
classify each as a primary, secondary, or tertiary amine as appropriate.

We have already touched on some of these functional-group families in our discussion of acids and bases. We have seen that alcohols resemble water in
pK, and that carboxylic acids, although weak acids, are stronger acids than alcohols. Carboxylic acids belong to one of the most important classes of organic
compounds—those that contain carbonyl groups (CLJO). They and other carbonyl-containing compounds rank among the most abundant and biologically
significant naturally occurring substances. In this chapter we focus our attention on two classes of organic compounds listed in Table 5.1: alkyl halides and
alcohols.

Carbonyl group chemistry is discussed in a block of four chapters (Chapters 18-21).

Many compounds contain more than one functional group. Elenolic acid is obtained from olive oil and contains three carbonyl groups.
Classify each type according to Table 5.1. Identify the most acidic proton in elenolic acid and use Table 1.8 to estimate its pK,.

H
o=/  cH;
N

o

HO\

07 “ocHs

5.2 IUPAC Nomenclature of Alkyl Halides Page 174

The IUPAC rules permit certain common alkyl group names to be used. These include n-propyl, isopropyl, n-butyl, sec-butyl,
isobutyl, tert-butyl, and neopentyl (Section 2.17).

According to the IUPAC rules, alkyl halides may be named in two different ways, called functional class nomenclature and substitutive nomenclature. In
functional class nomenclature the alkyl group and the halide (fluoride, chloride, bromide, or iodide) are designated as separate words. The alkyl group is
named on the basis of its longest continuous chain beginning at the carbon to which the halogen is attached.

7 3 | 4 H
CH:F CH,CH,CH,CH,CH,Cl CH,CH 3C|‘]-IC"H3CH3CH_\ \_><

I
Br
Methyl fluoride Pentyl chloride 1-Ethylbutyl bromide Cyclohexyl iodide

Substitutive nomenclature of alkyl halides treats the halogen as a halo (fluoro-, chloro-, bromo-, or iodo-) substituent on an alkane chain.
The carbon chain is numbered in the direction that gives the substituted carbon the lower number. Page 175

. Br
IR AT F )\/\
I
|-Fluoropentane 2-Bromopentane 3-lodopentane

When the carbon chain bears both a halogen and an alkyl substituent, the two are considered of equal rank, and the chain is numbered so as to give the lower
number to the substituent nearer the end of the chain.



Cl

Cl
5-Chloro-2-methylheptane 2-Chloro-5-methylheptane

Write structural formulas and give the functional class and substitutive names of all the isomeric alkyl chlorides that have the molecular
formula C4HgCl.

Substitutive names are preferred, but functional class names are sometimes more convenient or more familiar and are often encountered in organic
chemistry.

Functional class names are part of the IUPAC system; they are not “common names.”

5.3 IUPAC Nomenclature of Alcohols

Functional class names of alcohols are derived by naming the alkyl group that bears the hydroxyl substituent (—OH), then adding alcohol as a separate word.
The chain is always numbered beginning at the carbon to which the hydroxyl group is attached.

Substitutive names of alcohols are developed by identifying the longest continuous chain that bears the hydroxyl group and replacing the -e ending of the
corresponding alkane by -ol. The position of the hydroxyl group is indicated by number, choosing the sequence that assigns the lower locant to the carbon
that bears the hydroxyl group.

The 1993 IUPAC recommendations alter the substitutive names of alcohols by bracketing the numerical locant for the substituted carbon with hyphens
and placing it immediately before the -0/ ending.

Several alcohols are commonplace substances, well known by common names that reflect their origin (wood alcohol, grain
alcohol) or use (rubbing alcohol). Wood alcohol is methanol (methyl alcohol, CH3OH), grain alcohol is ethanol (ethyl alcohol,

CH3CH>0H), and rubbing alcohol is 2-propanol [isopropyl alcohol, (CH3)2CHOH].

OH HO. |
CH1CH,OH >\/\
M{’/
Functional class name:  Ethyl alcohol 1-Methylpentyl alcohol 1, 1-Dimethylbutyl alcohol
Substitutive names: Ethanol 2-Hexanol 2-Methyl-2-pentanol
Hexan-2-ol 2-Methylpentan-2-ol

Hydroxyl groups take precedence over (“outrank”) alkyl groups and halogens in determining the direction in which a carbon chain is numbered. ————
The OH group is assumed to be attached to C-1 of a cyclic alcohol. Page 176

7 B MOH

5 | "'4"0 H
6-Methyl-3-heptanol trans-2-Methylcy clopentanol 3-Fluoro- 1-propanol
6-Methylhe ptan-3-ol trans-2-Methylcyclopentan-1-ol 3-Fluoropropan-1-ol

Write structural formulas, and give the functional class and substitutive names of all the isomeric alcohols that have the molecular
formula C4H4¢O.

5.4 Classes of Alcohols and Alkyl Halides




Alcohols and alkyl halides are classified as primary, secondary, or tertiary according to the degree of substitution of the carbon that bears the functional
group (Section 2.17). Thus, primary alcohols and primary alkyl halides are compounds of the type RCH,G (where G is the functional group), secondary

alcohols and secondary alkyl halides are RyCHG, and tertiary alcohols and tertiary alkyl halides are R3CG.

-
I~ wCHJ BL‘/\
A\ -OH Br OH Cl

2.2-Dimethyl- 1-propanol 2-Bromobutane 1-Methylcyclohexanol  2-Chlore-2-methylpentane
(a primary alcohol) (a secondary alkyl halide) (a tertiary alcohol) (a tertiary alkyl halide)

Classify the isomeric C4H4O alcohols as being primary, secondary, or tertiary.

Many of the properties of alcohols and alkyl halides are affected by whether their functional groups are attached to primary, secondary, or tertiary
carbons. We will see a number of cases in which a functional group attached to a primary carbon is more reactive than one attached to a secondary or tertiary
carbon, as well as other cases in which the reverse is true.

5.5 Bonding in Alcohols and Alkyl Halides

The carbon that bears the functional group is sp3—hybridized in alcohols and alkyl halides. Figure 5.1 illustrates bonding in methanol. The bond angles at
carbon are approximately tetrahedral, as is the C—-O—-H angle. A similar orbital hybridization model applies to alkyl halides, with the halogen connected to
sp3-hybridized carbon by a ¢ bond. Carbon—halogen bond distances in alkyl halides increase in the order C—F (140 pm; 1.40 A) < C—C1 (179 pm; 1.79 A) <
C-Br (197 pm; 1.97 A) < C-1 (216 pm; 2.16 A).

o

Lone-pair orbitals

/
H

TN

7T ]

]

J

& bond

C—O—H angle = 108.5°
C—O bond distance = 142 pm (1.42 A)

(@) (k)

Figure 5.1

Orbital hybridization model of bonding in methanol. (a) The orbitals used in bonding are the 1s orbital of hydrogen and sp3-hybridized orbitals of
carbon and oxygen. (b) The bond angles at carbon and oxygen are close to tetrahedral, and the carbon—oxygen o bond is about 10 pm (0.10 A)
shorter than a carbon—carbon single bond.

Carbon—oxygen and carbon—halogen bonds are polar covalent bonds, and carbon bears a partial positive charge in alcohols (*C-0%") and in alkyl
halides (**C-X%"). Alcohols and alkyl halides are polar molecules. The dipole moments of methanol and chloromethane are very similar to P—177
each other and to water. age
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Bromine is less electronegative than chlorine, yet methyl bromide and methyl chloride have very similar dipole moments. Why?




Figure 5.2 maps the electrostatic potential in methanol and chloromethane. Both are similar in that the sites of highest negative potential (red) are near
the electronegative atoms: oxygen and chlorine. The polarization of the bonds to oxygen and chlorine, as well as their unshared electron pairs, contribute to
the concentration of negative charge on these atoms.

Methanol (CH.OH)

b

Chloromethane (CHLCI)
Figure 5.2

Electrostatic potential maps of methanol and chloromethane. The electrostatic potential is most negative near oxygen in methanol and near
chlorine in chloromethane. The most positive region is near the O—H proton in methanol and near the methyl group in chloromethane.

Relatively simple notions of attractive forces between opposite charges are sufficient to account for many of the properties of chemical substances. You

will find it helpful to keep the polarity of carbon—oxygen and carbon—halogen bonds in mind as we develop the properties of alcohols and alkyl halides in
later sections.

5.6 Physical Properties of Alcohols and Alkyl Halides: Intermolecular Forces

Boiling Point. When describing the effect of alkane structure on boiling point in Section 2.22, we pointed out that van der Waals attractive forces between
neutral molecules are of three types.

1. Induced-dipole/induced-dipole forces (dispersion forces; London forces)
2. Dipole/induced-dipole forces
3. Dipole—dipole forces

Induced-dipole/induced-dipole forces are the only intermolecular attractive forces available to nonpolar molecules such as alkanes and are important in
polar molecules as well. In addition, polar molecules also engage in dipole—dipole and dipole/induced-dipole attractions. The dipole—dipole

attractive force is easiest to visualize and is illustrated in Figure 5.3. Two molecules of a polar substance experience a mutual attraction between Page 178
the positively polarized region of one molecule and the negatively polarized region of the other. The dipole/induced-dipole force combines ~—
features of both the induced-dipole/induced-dipole and dipole—dipole attractive forces. A polar region of one molecule alters the electron distribution in a
nonpolar region of another in a direction that produces an attractive force between them.

Figure 5.3

A dipole—dipole attractive force. Two molecules of a polar substance associate so that the positively polarized region of one and the negatively
polarized region of the other attract each other.

We can gain a sense of the relative importance of these intermolecular forces by considering three compounds similar in size and shape: the alkane
propane, the alkyl halide fluoroethane, and the alcohol ethanol. Both of the polar compounds, ethanol and fluoroethane, have higher boiling points than the
nonpolar one, propane. We attribute this to a combination of dipole/induced-dipole and dipole—dipole attractive forces that are present in the liquid states of
ethanol and fluoroethane, but absent in propane.
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CH;CH,CH; CH,CH,F CH;CH,OH
Propane (u=0D) Fluoroethane (n= 1.9 D) Ethanol (p=1.7D)
Boiling point: —42°C —32°C 78°C

The most striking difference, however, is that despite the similarity in their dipole moments, ethanol has a much higher boiling point than fluoroethane.
This suggests that the attractive forces in ethanol are unusually strong. They are an example of a special type of dipole—dipole attraction called hydrogen
bonding and involve, in this case, the positively polarized proton of the —OH group of one ethanol molecule with the negatively polarized oxygen of another.
The oxygen of the —OH group of alcohols serves as a hydrogen bond acceptor, while the hydrogen attached to the oxygen serves as a hydrogen bond donor:
Having both hydrogen bond acceptor and donor capability in the same molecule creates a strong network among ethanol molecules in the liquid phase.

N e+ ﬁ—fH
i :0

Figure 5.4 shows the association of two ethanol molecules to form a hydrogen-bonded complex. The proton in the hydrogen bond (O-H---O) is not
shared equally between the two oxygens, but is closer to and more strongly bonded to one oxygen than the other. Typical hydrogen bond strengths are on the
order of 20 kJ/mol (about 5 kcal/mol), making them some 15-20 times weaker than most covalent bonds. Extended networks of hydrogen bonds are broken
when individual ethanol molecules escape from the liquid to the vapor phase, but the covalent bonds remain intact.

An OH proton of one ethancl molecule...

...interacts with the oxygen of a second ethanol...

...to create a hydrogen bond between the two molecules.

This oxygen is available to form a This OH proton is available

hydrogen bond with the OH proton to form a hydrogen bond

of a third ethanol molecule. with the oxygen of a fourth
ethanol molecule.

Figure 5.4

Hydrogen bonding in ethanol involves the oxygen of one molecule and the proton of the —OH group of another. A network of hydrogen-bonded
complexes composed of many molecules characterizes the liquid phase of ethanol.

Among organic compounds, hydrogen bonding involves only OH or NH protons, as in:
O—H—--0 O—H-—-N N—H=@® N=—H=N

The hydrogen must be bonded to a strongly electronegative element in order for the bond to be polar enough to support hydrogen bonding. Therefore, C-H
groups do not participate in hydrogen bonds.



Hydrogen bonds between —OH groups are stronger than those between —NH groups, as a comparison of the boiling points of
water (H20, 100°C) and ammonia (NH3, -33°C) demonstrates.

Write structural formulas for all the isomers of (C3HgO). One of these is a gas at 25°C. Which one? Why?

More than other dipole—dipole attractions, intermolecular hydrogen bonds are strong enough to impose a relatively high degree of structural ————
order on systems in which they occur. We’ll see, in Chapters 25 and 26, that the three-dimensional structures adopted by proteins and nucleic Page 179
acids, the organic chemicals of life, are strongly influenced by hydrogen bonds.

Table 5.2 lists the boiling points of some representative alkyl halides and alcohols. When comparing the boiling points of related compounds as a
function of the alkyl group, we find that the boiling point increases with the number of carbon atoms, as it does with alkanes.

TABLE 5.2 Boiling Points of Some Alkyl Halides and Alcohols W

Substituent X and boiling peint, °C (1 atm)

Name of alkyl

group Formula X=F X=Ci X=Br X=1I X=0H
Methyl CH:X -78 —24 3 42 65
Ethyl CH:CH.X —32 12 38 72 78
Propyl CH:CH,CH:X —] 47 71 103 97
Pentyl CH3(CH,):CH.X 65 108 129 157 138
Hexyl CH(CH,),CH.X 92 134 155 180 157

The importance of hydrogen bonding in alcohols is evident in the last column of the table where it can be seen that the boiling points of alcohols are
consistently higher than the corresponding alkyl fluoride, chloride, or bromide.

Among alkyl halides, the boiling point increases with increasing size of the halogen; alkyl fluorides have the lowest boiling points, alkyl iodides the
highest. Induced-dipole/induced-dipole attractive forces are mainly responsible and are favored when the electron cloud around an atom is ———————
easily distorted. This property of an atom is its pelarizability and is more pronounced when the electrons are farther from the nucleus Page 180
(iodine) than when they are closer (fluorine). Thus, induced-dipole/induced-dipole attractions are strongest in alkyl iodides, weakest in alkyl
fluorides, and the boiling points of alkyl halides reflect this.

The boiling points of the chlorinated derivatives of methane increase with the number of chlorine atoms because the induced-dipole/induced-dipole
attractive forces increase with each replacement of hydrogen by chlorine.
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CH.CI CH-Cl, CHCl; CCl,
Chloromethane Dichloromethane Trichloromethane Tetrachloromethane
Boiling point: -24°C 40°C 61°C Ti°C

Fluorine is unique among the halogens in that increasing the number of fluorines does not lead to higher and higher boiling points.
28 58 58 ¢
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CH.CH,F CH,CHF, CH,CF; CF,CF;
Fluoroethane 1. 1-Difluoroethane 1.1,1-Trifluoroe thane Hexafluoroethane
Boiling point: -32°C -25°C —47°C —78°C



Thus, although the difluoride CH3CHF, boils at a higher temperature than CH3CH,F, the trifluoride CH3CF5 boils at a lower temperature than either of
them. Even more striking is the observation that the hexafluoride CF3CFj is the lowest boiling of any of the fluorinated derivatives of ethane. Its boiling
point is, in fact, only 11°C higher than that of ethane itself. The reason for this has to do with the very low polarizability of fluorine and a decrease in
induced-dipole/induced-dipole forces that accompanies the incorporation of fluorine substituents into a molecule. Their weak intermolecular attractive forces
give fluorinated hydrocarbons certain desirable physical properties such as that found in the “no stick” Teflon coating of frying pans. Teflon is a polymer
(Sections 10.8 and 27.2) made up of long chains of —-CF,CF,— units.

These boiling points illustrate why we should do away with the notion that boiling points always increase with increasing
molecular weight.

Solubility in Water. Alkyl halides and alcohols differ markedly from one another in their solubility in water. All alkyl halides are insoluble in water, but
low-molecular-weight alcohols (methyl, ethyl, n-propyl, and isopropyl) are soluble in all proportions. Their ability to participate in intermolecular hydrogen
bonding not only affects the boiling points of alcohols, but also enhances their water solubility. Hydrogen-bonded networks of the type shown in Figure 5.5,
in which alcohol and water molecules associate with one another, replace the alcohol-alcohol and water—water hydrogen-bonded networks present in the

pure substances.
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Figure 5.5

Hydrogen bonding between molecules of ethanol and water.

Higher alcohols become more “hydrocarbon-like” and less water-soluble. 1-Octanol, for example, dissolves to the extent of only 1 mL in 2000 mL of
water. As the alkyl chain gets longer, the hydrophobic effect (Section 2.22) becomes more important, to the point that it, more than hydrogen bonding,
governs the solubility of alcohols.

Density. Alkyl fluorides and chlorides are less dense, and alkyl bromides and iodides more dense, than water. Page 181

CHx(CH,)sCH-F CH5(CH-)sCH-C1 CH5(CH-)sCH-Br CH1(CH-)sCH-I
Density

(20°C): 0.80 g/mL 0.89 g/mL 1.12 g/mlL. 1.34 g/mL

Because alkyl halides are insoluble in water, a mixture of an alkyl halide and water separates into two layers. When the alkyl halide is a fluoride or chloride,
it is the upper layer and water is the lower. The situation is reversed when the alkyl halide is a bromide or an iodide. In these cases the alkyl halide is the
lower layer. Polyhalogenation increases the density. The compounds CH,Cl,, CHCl3, and CCly, for example, are all more dense than water.

All liquid alcohols have densities of approximately 0.8 g/mL and are less dense than water.

5.7 Preparation of Alkyl Halides from Alcohols and Hydrogen Halides

Much of what organic chemists do is directed toward practical goals. Chemists in the pharmaceutical industry synthesize new compounds as potential drugs.
Agricultural chemicals designed to increase crop yields include organic compounds used for weed control, insecticides, and fungicides. Among the “building
block” molecules used as starting materials to prepare new substances, alcohols and alkyl halides are especially valuable.

By knowing how to prepare alkyl halides, we can better appreciate the material in later chapters, where alkyl halides figure prominently in key
functional-group transformations. Just as important, the preparation of alkyl halides will serve to introduce some fundamental principles of reaction
mechanisms. We’ll begin with the preparation of alkyl halides from alcohols by reaction with hydrogen halides according to the general equation:

R—OH + H—X — R—X + H—OH
Alcohol  Hydrogen halide Alkyl halide Water



The reaction shown is an example of a substitution. A halogen, usually chlorine or bromine, replaces a hydroxyl group on carbon.

The order of reactivity of the hydrogen halides parallels their acidity: HI > HBr > HCI > HF. Hydrogen iodide is used infrequently, however, and the
reaction of alcohols with hydrogen fluoride is not a useful method for the preparation of alkyl fluorides.

Among the various classes of alcohols, tertiary alcohols are the most reactive and primary alcohols the least.

Increasing reactivity of alcohols
toward hydrogen halides

- >

RCH,0H < R,CHOH < R,COH
Primary Secondary Tertiary
Least reactive Most reactive

Tertiary alcohols are converted to alkyl chlorides in high yield within minutes on reaction with hydrogen chloride at room temperature and

below. Page 182
OH Cl
& HEE 2 ,J\ H,0
"'rn,CH l-'"'CH'J. + 2z

HE oo H-C :
= YH, CH;

2-Methyl-2-propanol Hydrogen 2-Chloro-2-methylpropane Water

(tert-butyl alcohol) chloride (tert-butyl chloride) (78—88%)

The efficiency of a synthetic transformation is normally expressed as a percent yield, or percentage of the theoretical yield.
Theoretical yield is the amount of product that could be formed if the reaction proceeded to completion and did not lead to any
products other than those given in the equation.

Secondary and primary alcohols do not react with HCI at rates fast enough to make the preparation of the corresponding alkyl chlorides a method of
practical value. Therefore, the more reactive hydrogen halide HBr is used; even then, elevated temperatures are required to increase the rate of reaction.

<_>—0H+ HBr il <_>—Br + H,0

Cyclohexanol Hydrogen bromide Bromocyclohexane (73%) Water

CHy(CH,)sCH.OH + HBr ——% CH4(CH,)<CH,Br + H,0

I-Heptanol Hydrogen I-Bromoheptane Water
bromide (87-90%)

The same kind of transformation may be carried out by heating an alcohol with sodium bromide and sulfuric acid.

NaBr, H,50,

MOH — MBI

1-Butanol 1-Bromobutane (90%:)

We’ll often write chemical equations in the abbreviated form just shown, in which reagents, especially inorganic ones, are not included in the body of the
equation but instead are indicated over the arrow. Inorganic products—in this case, water—are usually omitted.

Write chemical equations for the reaction that takes place between each of the following pairs of reactants:
(a) 2-Butanol and hydrogen bromide
(b) 3-Ethyl-3-pentanol and hydrogen chloride
(c) 1-Tetradecanol and hydrogen bromide

Sample Solution (a) An alcohol and a hydrogen halide react to form an alkyl halide and water. In this case 2-bromobutane was isolated
in 73% vyield.
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OH Br
2-Butanol Hydrogen bromide 2-Bromobutane  Water
5.8 Reaction of Alcohols with Hydrogen Halides: The Sy1 Mechanism Page 183

The reaction of an alcohol with a hydrogen halide is a substitution. A halogen, usually chlorine or bromine, replaces a hydroxyl group as a substituent on
carbon. In addition to knowing what the reactants and products of a chemical reaction are, it is useful to evaluate the energy relationships between them
(thermodynamics) and the pathway by which reactants become products (mechanism).

With respect to thermodynamics, we’ve already seen how experimentally determined heats of combustion provide quantitative information concerning
the relative stability of constitutional isomers (see Section 2.23) and of stereoisomers (see Section 3.11). These, along with a variety of other studies, have
provided a library of thermochemical data from which the enthalpy change for formation of a particular compound from its component elements under
defined conditions can be calculated. The resulting compilation of standard enthalpy of formation (AH;°) values can then be used to calculate the enthalpy

change AH® for a particular reaction such as that between fert-butyl alcohol and hydrogen chloride.

(CH5):sCOH(I) + HClig) (CH1):CCI(I) + H,O ()
tert-Butyl alcohol Hydrogen chloride tert-Buty| chloride Water
AH§ =—359 kl/mol AH} = —92 kKJ/mol AH; =—211 kl/mol AH§ = —286 kl/mol
(—85.8 kcal/mol) (—22.0 kecal/mol) (—50.4 kcal/mol) (—68.4 kcal/mol)

Subtracting the standard enthalpies of formation of the reactants from those of the products gives the standard enthalpy change for the reaction.

AH®,eyction = (—211 kJ/mol — 286 kJ/mol) — (=359 kJ/mol — 92 kJ/mol) = —46 kJ/mol
(—50.4 kcal/mol — 68.4 kcal/mol) — (—85.8 kcal/mol — 22.0 kcal/mol) = —11 kcal/mol

Energy is transferred to the surroundings, the products are of lower energy than the reactants, and the conversion of ferz-butyl alcohol to tert-butyl
chloride under the conditions shown is calculated to be exothermic.

For the corresponding reaction using aqueous hydrochloric acid, the standard enthalpy of formation of HCl(aq) is —167 kJ/mol (—39.9 kcal/mol), which
makes AH qaction = 129 kJ/mol (+6.9 kcal/mol). Although this would seem to indicate that the reaction of tert-butyl alcohol with hydrochloric acid might
not be suitable as a method for making tert-butyl chloride, we need to remember that concentrated hydrochloric acid is 12 M in HCI versus 1 M for the
standard state used in calculations. The high HCI concentration causes the position of equilibrium to shift to the side of products and makes the reaction of
tert-butyl alcohol with concentrated hydrochloric acid an effective method for preparing fert-butyl chloride.

In developing a mechanism for any reaction, we combine some basic principles of chemical reactivity with experimental observations to deduce the most
likely sequence of steps. A mechanism can never be proven correct but is our best present assessment of how a reaction proceeds. If new experimental data
appear that conflict with the proposed mechanism, the mechanism must be modified to accommodate them. In the absence of conflicting data, our
confidence grows that our proposed mechanism is likely to be correct. The generally accepted mechanism for the reaction of tert-butyl alcohol with
hydrogen chloride is presented as a series of three equations in Mechanism 5.1.

Rase+84

Adapt Mechanism 5.1 so that it applies to the preparation of tert-butyl chloride using aqueous hydrochloric acid according to the
following equation.

(CH3)3COH + H30" + CI~ — (CH3)3CCl + 2H,0

Show each elementary step and write the structural formulas in a bond-line format showing curved arrows and all unshared electron
pairs.

Formation of tert-Butyl Chloride from tert-Butyl Alcohol and Hydrogen Chloride
THE OVERALL REACTION:



%—o\ + HC > Cl + H
H

ert-Butyl aleohol ~ Hydrogen chloride tert-Butyl chloride Water

THE MECHANISM:

Step 1: Protonation of tert-butyl alcohol to give an alkyloxonium ion:

Step 2: Dissociation of fert-butyloxonium ion to give a carbocation:

H H
+ / slow I
0: SRR 4 + :0
[ s o
H
tert-Butyloxonium ion tert-Butyl cation Water

Step 3: Capture of tert-butyl cation by chloride ion:

A e fast \ i
+ + 1 b Cl:

tert-Butyl cation Chloride ion tert-Butyl chloride

Each equation in Mechanism 5.1 represents a single elementary step, meaning that it involves only one transition state. A particular reaction might
proceed by way of a single elementary step, in which it is described as a concerted reaction, or by a series of elementary steps as in Mechanism 5.1. To be
valid a proposed mechanism must meet a number of criteria, one of which is that the sum of the equations for the elementary steps must correspond to the
equation for the overall reaction. Before we examine each step in detail, you should verify that the process in Mechanism 5.1 satisfies this requirement.

Step 1: Proton Transfer

We saw in Chapter 1, especially in Table 1.8, that alcohols resemble water in respect to their Bronsted acidity (ability to donate a proton from oxygen). They
also resemble water in their Bronsted basicity (ability to accept a proton on oxygen). Just as proton transfer to a water molecule gives oxonium ion

(hydronium ion, H3O™), proton transfer to an alcohol gives an alkyloxonium ion (ROH,").

Recall from Section 1.11 that curved arrows indicate the movement of electrons in chemical reactions.
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tert-Butyl Hydrogen tert-Butyloxonium Chloride
alcohol chloride ion ion
(Brgnsted base)  (Brensted acid) (Conjugate acid) (Conjugate base)

Furthermore, a strong acid such as HCI that ionizes completely when dissolved in water, also ionizes completely when dissolved in an alcohol.
Many important reactions of alcohols involve strong acids either as reactants or as catalysts. In all these reactions the first step is formation of an Page 185
alkyloxonium ion by proton transfer from the acid to the alcohol.

The molecularity of an elementary step is given by the number of species that undergo a chemical change in that step. Transfer of a proton from
hydrogen chloride to fert-butyl alcohol is bimolecular because two molecules [HCI and (CH3);COH] undergo chemical change.



The tert-butyloxonium ion formed in step 1 is an intermediate. It was not one of the initial reactants, nor is it formed as one of the final products. Rather
it is formed in one elementary step, consumed in another, and lies on the pathway from reactants to products.

Potential energy diagrams of the kind introduced in Section 3.1 are especially useful when applied to reaction mechanisms. One for proton transfer from
hydrogen chloride to fert-butyl alcohol is shown in Figure 5.6. The potential energy of the system is plotted against the “reaction coordinate,” which is a
measure of the degree to which the reacting molecules have progressed on their way to products. Several aspects of the diagram are worth noting:
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Potential energy —————

Reaction coordinate ——»

Figure 5.6

Potential energy diagram for proton transfer from hydrogen chloride to tert-butyl alcohol (step 1 of Mechanism 5.1).

The 1967 Nobel Prize in Chemistry was shared by Manfred Eigen, a German chemist who developed novel methods for
measuring the rates of very fast reactions such as proton transfers.

= Because this is an elementary step, it involves a single transition state.
= Proton transfers from strong acids to water and alcohols rank among the most rapid chemical processes and occur almost as fast as the molecules collide
with one another. Thus, the height of the energy barrier E, for proton transfer must be quite low.

= The step is known to be exothermic, so the products are placed lower in energy than the reactants.

The concerted nature of proton transfer contributes to its rapid rate. The energy cost of breaking the H-CI bond is partially offset by the energy released
in forming the new bond between the transferred proton and the oxygen of the alcohol. Thus, the activation energy is far less than it would be for a

hypothetical two-step process in which the H-C1 bond breaks first, followed by bond formation between H and the alcohol.

The species present at the transition state is not a stable structure and cannot be isolated or examined directly. Its structure is assumed to be one in which
the proton being transferred is partially bonded to both chlorine and oxygen simultaneously, although not necessarily to the same extent.

Dashed lines in transition-state structures represent partial bonds, that is, bonds in the process of being made or broken.

Inferring the structure at the transition state on the basis of the reactants and products of the elementary step in which it is involved is a time-
honored practice in organic chemistry. Speaking specifically of transition states, George S. Hammond suggested that if two states are similar in Page 186
energy, they are similar in structure. This rationale is known as Hammond’s postulate. One of its corollaries is that the structure of a transition
state more closely resembles the immediately preceding or following state to which it is closer in energy. In the case of the exothermic proton transfer in
Figure 5.6, the transition state is closer in energy to the reactants and so resembles them more closely than it does the products of this step. We often call this
an “early” transition state. The next step of this mechanism will provide us with an example of a “late” transition state.

Hammond made his proposal in 1955 while at lowa State University. He later did pioneering work in organic photochemistry at
CalTech.

Step 2: Carbocation Formation



In the second elementary step of Mechanism 5.1, the alkyloxonium ion dissociates to a molecule of water and a carbocation, an ion that contains a

positively charged carbon.
H H
+ / slow |
= O; w P + - 4 1
- ‘\H “TH

tert-Butyloxonium ion tert-Butyl cation Water

Only one species, fert-butyloxonium ion, undergoes a chemical change in this step. Therefore, the step is unimolecular.

One way to name carbocations in the IUPAC system is to add the word “cation” to the name of the alkyl group.

Like fert-butyloxonium ion, fert-butyl cation is an intermediate along the reaction pathway. It is, however, a relatively unstable species and its formation
by dissociation of the alkyloxonium ion is endothermic. Step 2 is the slowest step in the mechanism and has the highest activation energy. Figure 5.7 shows a
potential energy diagram for this step.

Potential energy ————»

O\: Reaction coordinate —————»

Figure 5.7
Potential energy diagram for dissociation of tert-butyloxonium ion to tert-butyl cation (step 2 of Mechanism 5.1).

= Because this step is endothermic, the products of it are placed higher in energy than the reactants.

= The transition state is closer in energy to the carbocation (tert-butyl cation), so, according to Hammond’s postulate, its structure more closely
resembles the carbocation than it resembles fert-butyloxonium ion. The transition state has considerable “carbocation character,” meaning Page 187

that a significant degree of positive charge has developed at carbon, and its hybridization is closer to sp2 than sp3.

There is ample evidence from a variety of sources that carbocations are intermediates in many chemical reactions but are almost always too unstable to
isolate. The simplest reason for the instability of carbocations is that the positively charged carbon has only six electrons in its valence shell—the octet rule
is not satisfied for the positively charged carbon.



The properties of tert-butyl cation can be understood by focusing on its structure shown in Figure 5.8. With only six valence electrons, which are
distributed among three coplanar ¢ bonds, the positively charged carbon is spz-hybridized. The unhybridized 2p orbital that remains on the positively
charged carbon contains no electrons.

CH;4

+

H;C —C
CHj,

(a)

(b)
Figure 5.8

tert-Butyl cation. (a) The positively charged carbon is sp2-hybridized. Each methyl group is attached to the positively charged carbon by a o bond,
and these three bonds lie in the same plane. (b) The sp2-hybridized carbon has an empty 2p orbital, the axis of which is perpendicular to the
plane of the carbon atoms.

The positive charge on carbon and the vacant p orbital combine to make carbocations strongly electrophilic (“electron-loving” or “electron-seeking”).
Electrophiles are Lewis acids (Section 1.15). They are electron-pair acceptors and react with Lewis bases (electron-pair donors). Step 3, which follows and
completes the mechanism, is a Lewis acid/Lewis base reaction. We’ll return to carbocations to describe them in more detail in Section 5.9.

Step 3: Reaction of tert-Butyl Cation with Chloride Ion
The Lewis bases that react with electrophiles are called nucleophiles (“nucleus seekers”). They have an unshared electron pair that they can use in covalent
bond formation. The nucleophile in step 3 of Mechanism 5.1 is chloride ion.

>£f +-a-‘\:¢ll:_ fast > i

tert-Butyl cation Chloride ion tert-Butyl chloride
{electrophile) (nucleophile)

Step 3 is bimolecular because two species, the carbocation and chloride ion, react together. Figure 5.9 is a potential energy diagram for this step, and Figure
5.10 shows the orbitals involved in C—C1 bond formation.
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Figure 5.9

Potential energy diagram for reaction of tert-butyl cation with chloride anion (step 3 of Mechanism 5.1).
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Figure 5.10

Combination of tert-butyl cation and chloride anion to give tert-butyl chloride. In-phase overlap between a vacant p orbital of (CH3)3C* and a filled
p orbital of CI™ gives a C—Cl o bond.

= The step is exothermic; it leads from the carbocation intermediate to the stable isolated products of the reaction.
= The activation energy for this step is small, and bond formation between a positive ion and a negative ion occurs rapidly.
= The transition state for this step involves partial bond formation between fert-butyl cation and chloride ion.

Having seen how Mechanism 5.1 for the reaction of tert-butyl alcohol with hydrogen chloride can be supplemented with potential energy diagrams for its
three elementary steps, we’ll complete the picture by combining these diagrams into one that covers the entire process.

The composite diagram (Figure 5.11) has three peaks and two valleys. The peaks correspond to transition states, one for each of the three elementary
steps. The valleys correspond to the reactive intermediates—tert-butyloxonium ion and tert-butyl cation—species formed in one step and consumed in
another. The transition state for formation of tert-butyl cation from the oxonium ion is the point of highest energy on the diagram, which ——
makes this elementary step the slowest of the three. It is called the rate-determining step, and the overall reaction can proceed no faster than Page 188
the rate of this, its slowest step. -
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Figure 5.11

Potential energy diagram for the reaction of tert-butyl alcohol and hydrogen chloride according to the Sy1 mechanism (Mechanism 5.1).

Substitution reactions, of which the reaction of alcohols with hydrogen halides is but one example, will be discussed in more detail in Chapter 6. There,
we will make extensive use of a notation originally introduced by Sir Christopher Ingold. Ingold proposed the symbol, Sy, to stand for substitution

nucleophilic, to be followed by the number / or 2 according to whether the rate-determining step is unimolecular or bimolecular. The reaction of zert-butyl
alcohol with hydrogen chloride, for example, is said to follow an Sy1 mechanism because its slow step (dissociation of fert-butyloxonium ion) is

unimolecular. Only the alkyloxonium ion undergoes a chemical change in this step.

Assume the reaction

<_>70H + HBr — <_>7I3r + H,0

Cyclohexanol Hydrogen Bromocyclohexane Water
bromide

follows an Sy1 mechanism, and write a chemical equation for the rate-determining step. Use curved arrows to show the flow of
electrons.

5.9 Structure, Bonding, and Stability of Carbocations Page 189

As we have just seen, the rate-determining step in the reaction of tert-butyl alcohol with hydrogen chloride is formation of the carbocation (CH3);C".
Convincing evidence from a variety of sources tells us that carbocations can exist, but are relatively unstable. When carbocations are involved in chemical
reactions, it is as reactive intermediates, formed slowly in one step and consumed rapidly in another.

Numerous other studies have shown that alkyl groups directly attached to the positively charged carbon stabilize a carbocation. Figure 5.12 illustrates
this generalization for CH3", CH3CH,", (CH3),CH", and (CH3)3C". Among this group, CH3" is the least stable and (CH3);C™ the most stable.



Increasing stability of carbocation
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H.+ H HyC, + H H3C. + .CHj HyC. + _CH,
x.(f -~ \.(%/ x.(l:/ x? -~
H H H CH,
Methyl cation Ethy! cation Isopropyl cation fert-Butyl cation
(primary} (secondary) (tertiary)
Least stable Most stable
Figure 5.12

The order of carbocation stability is methyl < primary < secondary < tertiary. Alkyl groups that are directly attached to the positively charged
carbon stabilize carbocations.

Carbocations are classified according to the degree of substitution at the positively charged carbon. The positive charge is on a primary carbon in
CH;CH,", a secondary carbon in (CH3),CH, and a tertiary carbon in (CH;3);C*. Ethyl cation is a primary carbocation, isopropyl cation a secondary
carbocation, and tert-butyl cation a tertiary carbocation.

As carbocations go, CH;" is particularly unstable, and its existence as an intermediate in chemical reactions has never been demonstrated. Most primary
carbocations, although more stable than CH3+, are still too unstable to be involved as intermediates in chemical reactions. The threshold of stability is

reached with secondary carbocations. Many reactions, including the reaction of secondary alcohols with hydrogen halides, are believed to involve secondary
carbocations. The evidence in support of tertiary carbocation intermediates is stronger yet.

Rage-+90
Problem 5.12 —_
Carbocations are key intermediates in petroleum refining. Of particular importance is one having the carbon skeleton shown.

>(\/

How many different CgH47" carbocations have this carbon skeleton? Write a bond-line formula for each and classify the carbocation as
primary, secondary, or tertiary. The most stable of them corresponds to the intermediate in petroleum refining. Which one is it?

Alkyl groups stabilize carbocations by releasing electron density to the positively charged carbon, thereby dispersing the positive charge. Figure 5.13
illustrates this effect by comparing the electrostatic potential maps of CH3*, CH3CH,*, (CH3),CH", and (CH3);C". The decreased intensity of the blue color
reflects the greater dispersal of positive charge as the number of methyl groups on the positively charged carbon increases.

Methyl cation (CH5™) Ethyl cation (CH,CH %) Isopropyl cation [(C [—[E_}EC[-IJ'l tert-Butyl cation I(CH3}3C+|
Figure 5.13

Electrostatic potential maps of carbocations. The positive charge (blue) is most concentrated in CHz* and most spread out in (CH3)3C*. (The
electrostatic potentials were mapped on the same scale to allow direct comparison.)



Dispersal of positive charge goes hand in hand with delocalization of electrons. The redistribution of negative charge—the electrons—is responsible for
spreading out the positive charge. There are two main ways that methyl and other alkyl groups act as electron sources to stabilize carbocations:

= Inductive effect (by polarization of ¢ bonds)
= Hyperconjugation (by delocalization of electrons in ¢ bonds)

Recall from Section 1.13 that an inductive effect is an electron-donating-or-withdrawing effect of a substituent that is transmitted by the
polarization of  bonds. As illustrated for CH3CH, " in Figure 5.14, the positively charged carbon draws the electrons in its  bonds toward itself Page 191

and away from the atoms attached to it. Electrons in a C—C bond are more polarizable than those in a C—H bond, so replacing hydrogens by alkyl
groups reduces the net charge on the positively charged carbon. Alkyl groups are electron-releasing substituents with respect to their inductive effect. The
more alkyl groups that are directly attached to the positively charged carbon, the more stable the carbocation.

C

La 8

Figure 5.14

The charge in ethyl cation is stabilized by polarization of the electron distribution in the o bonds to the positively charged carbon atom. Alkyl
groups release electrons better than hydrogen. Arrows indicate direction of electron release.

Which would you expect to be more stable: (CH3)3C* or (CF3)3C*? Why?

CH3CH, " can be described in terms of valence bond and molecular orbital models.

The valence bond approach to hyperconjugation in CH3CH2+ is illustrated in Figure 5.15a. Overlap of an orbital associated with one of the C—H o bonds

of the methyl group with the vacant p orbital of the positively charged carbon gives an extended orbital that encompasses both and permits the electrons in
the ¢ bond to be shared by both carbons. The positive charge is dispersed, and the delocalized electrons feel the attractive force of both carbons.

(a) Valence bond (k) Molecular orbital

Figure 5.15

Two views of the stabilization of CH3CH* by hyperconjugation. (a) Valence bond: Overlap of the vacant 2p orbital of the positively charged
carbon with the o orbital of a C—H bond delocalizes the o electrons and disperses the positive charge. (b) Molecular orbital: One of the molecular
orbitals of CH3CH,™ encompasses both the CH3 group and the positively charged carbon; it is a bonding MO and contains two electrons.

A molecular orbital approach parallels the valence bond model. One of the filled bonding MOs of CH;CH," (Eigure 5.15b) combines a portion of the 2p
orbital of the positively charged carbon with orbitals associated with the CH3 group. The pair of electrons in this MO are shared by the CH3 group and by the
positively charged carbon.

When applying hyperconjugation to carbocations more complicated than CH3CH,", it is helpful to keep track of the various bonds. Begin with the

positively charged carbon and label the three bonds originating from it with the Greek letter a. Proceed along the chain, labeling the bonds extending from
the next carbon f3, those from the next carbon vy, and so on.



Only electrons in bonds that are f to the positively charged carbon can stabilize a carbocation by hyperconjugation. Moreover, it doesn’t matter whether
hydrogen or another carbon is at the far end of the § bond; stabilization by hyperconjugation will still operate. The key point is that electrons in bonds that

are P to the positively charged carbon are more stabilizing than electrons in an o "C—H bond. Thus, successive replacement of first one, then two, then three
hydrogens of CH;" by alkyl groups increases the opportunities for hyperconjugation, which is consistent with the observed order of carbocation stability:
CH;" < CH3CH," < (CH3),CH" < (CH3);C™.

D 10
ge=t0?2

For the general case of R = any alkyl group, how many bonded pairs of electrons are involved in stabilizing R3C* by hyperconjugation?
How many in R,CH*? In RCH,*?

We will see numerous reactions that involve carbocation intermediates as we proceed through the text, so it is important to understand how their structure
determines their properties.

5.10 Effect of Alcohol Structure on Reaction Rate

For a proposed reaction mechanism to be valid, the sum of its elementary steps must equal the equation for the overall reaction and the mechanism must be
consistent with all experimental observations. The Sy1 process set forth in Mechanism 5.1 satisfies the first criterion. What about the second?

One important experimental fact is that the rate of reaction of alcohols with hydrogen halides increases in the order primary < secondary < tertiary. This
reactivity order parallels the carbocation stability order and is readily accommodated by the mechanism we have outlined.

The rate-determining step in the Sy 1 mechanism is dissociation of the alkyloxonium ion to the carbocation.

. H . H " H
e 23w/ \ S /
E—0 s—— SRy C* + 0
N /N | \
H H H
Alkyloxonium Transition state Carbocation Water

1on

The rate of this step is proportional to the concentration of the alkyloxonium ion:

o H

3 «/

Rate =k C—0:
/ N
H

where £ is a constant of proportionality called the rate constant. The value of k is related to the activation energy for alkyloxonium ion dissociation and is
different for different alkyloxonium ions. A low activation energy implies a large value of £ and a rapid rate of alkyloxonium ion dissociation. Conversely, a
large activation energy is characterized by a small & for dissociation and a slow rate.

The rate of any chemical reaction increases with increasing temperature. Thus the value of k for a reaction is not constant, but
increases as the temperature increases.

The transition state is closer in energy to the carbocation and, according to Hammond’s postulate, more closely resembles it than the alkyloxonium ion.
Thus, structural features that stabilize carbocations stabilize transition states leading to them. It follows, therefore, that alkyloxonium ions derived from
tertiary alcohols have a lower energy of activation for dissociation and are converted to their corresponding carbocations faster than those derived from
secondary and primary alcohols. Simply put: more stable carbocations are formed faster than less stable ones. Figure 5.16 expresses this principle via a
series of potential energy diagrams.
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Figure 5.16

Energies of activation for formation of carbocations from alkyloxonium ions of methyl, primary, secondary, and tertiary alcohols.

The Sy1 mechanism is generally accepted to be correct for the reaction of tertiary and most secondary alcohols with hydrogen halides. It is almost

certainly not correct for methyl alcohol and primary alcohols because methyl and primary carbocations are believed to be much too unstable, and the
activation energies for their formation much too high, for them to be reasonably involved. Before describing the mechanism by which methyl and primary
alcohols are converted to their corresponding halides, we’ll complete our discussion of the Syl mechanism by examining its stereochemical aspects in

Section 5.11 and some novel properties of carbocations in Section 5.12.
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5.11 Stereochemistry and the Sy1 Mechanism

When studying reactions that are believed to involve carbocations as intermediates, it is common to test this proposal by assessing the stereochemical
relationship between the organic reactant and its product. Almost all the studies of the reactions of hydrogen halides with optically active alcohols have
involved secondary alcohols, the case of 2-butanol being typical.

OH ¢l
\/l\ HClig) i
v\\
2-Butanol 2-Chlorobutane (96% yield)
84% S 16% R 70% R; 30% S

Even with a reactant that is not enantiopure, the data tell a clear story. The change in configuration at the chirality center from 84% S in the alcohol to
70% R in the product is an example of a reaction that proceeds with predominant inversion of configuration at the chirality center. A modified version of
the Sy1 mechanism is generally accepted to account for the observed stereochemistry. According to this model, dissociation of the oxonium ion intermediate
to a carbocation and water remains the rate-determining step. The two of them, however, retain a close spatial orientation that favors approach of chloride
from the side opposite the original C-O bond.

H_._H H_. H
b ¢ g "0
T slow h fast " s
A L. SR N IV w
\//\H ~N o _;\\ |
1Cl :Cl:

With a water molecule shielding one face of the carbocation, the opposite face is more exposed to the medium and chloride bonds preferentially to that
face.



Were this the only possibility, configurational inversion would be 100% and is sometimes observed. At the other extreme, the rate at which
halide bonds to one face of the carbocation is the same as the rate at which it bonds to the other and the product is an optically inactive racemic Page 194
mixture.

Two stereoisomeric bromides are formed in the reaction of hydrogen bromide with the 4-methyl-2-hexanol sterecisomer shown.

OH
E HEBEr

—_—

heat

Write structural formulas showing their stereochemistry, identify the configuration of all chirality centers as R or S, and predict which
stereoisomer is the major product.

In a slightly different example involving relative stereochemistry in an achiral tertiary alcohol with hydrogen chloride, both the cis and trans
stereoisomers of 4-tert-butyl-1-methylcyclohexanol give the same two products with identical yields.

}ﬁ

Methyl cis to tert-butyl
HCl (18-22%) HCl

OH
ﬁ\&\%m s -H,0 + -H,0 Wh

Cl
Methyl cis to fert-butyl }1 \\Zﬁk Methy! trans to tert-butyl

Methyl trans to tert-butyl
(78-82%)

The identical yields from the different alcohols indicates chloride reacts with a common intermediate carbocation, void of any shielding from the water
molecule.

ﬁ\% + Qi
\\ :o
Carbocation

A carbocation that is not shielded by a water molecule may be expected to give equal amounts of the stereoisomeric 4-tert-butyl-1-methylcyclohexyl
halides instead of the approximately 80:20 ratio observed. The reason for the different yields is not because of shielding of the water molecule—instead,
structural features of the cyclohexyl cation ring allow for the formation of the more stable cyclohexane product with the chlorine axial. Since these two
products are related as cis and trans isomers, they are diastereomers. Because one diastereomer is formed in higher yield, this is a diastereoselective
reaction.

Reactions involving carbocation intermediates can sometimes give products having a carbon skeleton different from the starting alcohol. When and how
this occurs is the topic of the next section.
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5.12 Carbocation Rearrangements

A reaction is said to have proceeded with rearrangement when an atom or group in the reactant migrates from the atom to which it is attached and becomes
bonded to another.

In the example shown:



Cl
HCl

OH !

3,3-Dimethyl-2-butanol 2-Chloro-2,3-
dimethylbutane (83%)

instead of chlorine simply replacing the hydroxyl group at C-2, one of the methyl groups at C-3 has moved to C-2 and its original place at C-3 is taken by the
incoming chlorine.

Similar reactions called Wagner—Meerwein rearrangements were discovered over one hundred years ago. The mechanistic
explanation is credited to Frank Whitmore of Penn State who carried out a systematic study of rearrangements during the
1930s.

The generally accepted explanation for this rearrangement is outlined in Mechanism 5.2. It extends the Sy1 mechanism of Section 5.8 by introducing a

new reaction path for carbocations. Not only can a carbocation react with a halide ion, it can also rearrange to a more stable carbocation prior to capture by
the nucleophile.

Carbocation Rearrangement in the Reaction of 3,3-Dimethyl-2-butanol with Hydrogen Chloride

THE OVERALL REACTION:

Cl
HCl1
OH
3.3-Dimethyl-2- 2-Chloro-2,3-
butanol dimethylbutane

THE MECHANISM:

Step 1: This is a proton-transfer reaction. Hydrogen chloride is the proton donor (Brensted acid) and the alcohol is the proton acceptor (Brensted
base).

H H\ =+

&y —

1057 N x :0—H L
%_< + H-Cl: =—— %_Q + CL
3,3-Dimethyl- Hydrogen 1,2,2-Trimethyl- Chloride

2-butanol chloride propyloxonium ion ion

Step 2: The oxonium ion dissociates to a carbocation and water.

H\
+
:0—H H
= \ el
T
H
1,2,2-Trimethyl- 1,2,2-Trimethyl- Water
propyloxonium ion propyl cation

Step 3: The secondary carbocation formed in step 2 rearranges to a more stable tertiary carbocation. One of the methyl groups at C- ————
3 migrates with its electron pair to C-2. Page 196



7 X

1,2,2-Trimethyl- 1,1.2-Trimethyl-
propyl cation propyl cation

Step 4: Chloride ion acts as a nucleophile and bonds to the positively charged carbon.

Chloride 1.1.2-Trimethyl- 2-Chloro-2.,3-
ion propyl cation dimethylbutane

Why do carbocations rearrange? The answer is straightforward once we recall that tertiary carbocations are more stable than secondary ones (Section
5.9); rearrangement of a secondary to a tertiary carbocation is energetically favorable. As shown in Mechanism 5.2, the carbocation that is formed first in the
dehydration of 3,3-dimethyl-2-butanol is secondary; the rearranged carbocation is tertiary. Rearrangement occurs, and the alkyl halide comes from the
tertiary carbocation.

How do carbocations rearrange? To understand this we need to examine the structural change that takes place at the transition state. Referring to the
initial (secondary) carbocation intermediate in Mechanism 5.2, rearrangement occurs when a methyl group shifts from C-2 of the carbocation to the
positively charged carbon. The methyl group migrates with the pair of electrons that made up its original ¢ bond to C-2. In the curved arrow notation for this
methyl migration, the arrow shows the movement of both the methyl group and the electrons in the ¢ bond.

CH; CH; CH
H3C '-.___f:__\ H H3C H H3'C a I_I-2
N TG —— £
H,C CH; HsC CH; H,C CH;
1,2,2-Trimethylpropyl Transition state for 1.1.2-Trimethylpropyl
cation methyl migration cation
(secondary, less stable) (dashed lines indicate (tertiary, more stable)

partial bonds)

At the transition state for rearrangement, the methyl group is partially bonded both to its point of origin and to the carbon that will be its destination.

This rearrangement is shown in orbital terms in Figure 5.17. The relevant orbitals of the secondary carbocation are shown in structure (a), those of the
transition state for rearrangement in (b), and those of the tertiary carbocation in (c). Delocalization of the electrons of the C—-CHj o bond into the vacant p

orbital of the positively charged carbon by hyperconjugation is present in both (a) and (c), requires no activation energy, and stabilizes each carbocation.
Migration of the atoms of the methyl group, however, occurs only when sufficient energy is absorbed by (@) to achieve the transition state (b). The activation
energy is modest, and carbocation rearrangements are normally quite fast.
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1.2.2-Trimethy Ipropyl cation
(secondary)

(¢)

1.2,2-Trimethylpropyl cation
(tertiary)

Figure 5.17

Methyl migration in 1,2,2-trimethylpropyl cation. Structure (a) is the initial secondary carbocation; structure (b) is the transition state for methyl
migration; and structure (c) is the final tertiary carbocation.

Many carbocation rearrangements involve migration of a hydrogen and are called hydride shifts. The same requirements apply to hydride shifts as to
alkyl group migrations; they proceed in the direction that leads to a more stable carbocation; the origin and destination of the migrating ——————
hydrogen are adjacent carbons, one of which must be positively charged; and the hydrogen migrates with a pair of electrons. Page 197

Cl
)Y\ oo >L_/\
OH

2-Methyl-3-pentanol 2-Chloro-2-methylpentane
(89%)

In this example, a secondary carbocation is formed initially then converted to a more stable tertiary one by migration of a hydrogen with its pair of

electrons.
H H Cl
| [—
: HCI i + cr
T .
H H H H H

H OH
2-Methyl-3- 2-Methyl-3- 2-Methyl-2-pentyl 2-Chloro-2-
pentanol pentyl cation cation methylpentane

5.13 Reaction of Methyl and Primary Alcohols with Hydrogen Halides: The Sy2
Mechanism

Unlike tertiary and secondary carbocations, methyl and primary carbocations are too high in energy to be intermediates in chemical reactions. However,

methyl and primary alcohols are converted, albeit rather slowly, to alkyl halides on treatment with hydrogen halides. Therefore, they must follow a different

mechanism, one that avoids carbocation intermediates. This alternative process is outlined in Mechanism 5.3 for the reaction of 1-heptanol with m
age

hydrogen bromide.




The first step of this new mechanism is exactly the same as that seen earlier for the reaction of tert-butyl alcohol with hydrogen chloride—formation of
an alkyloxonium ion by proton transfer from the hydrogen halide to the alcohol. Like the earlier example, this is a rapid, reversible Bronsted acid-base
reaction.

The major difference between the two mechanisms 1s the second step. The second step in the reaction of tert-butyl alcohol with hydrogen chloride is the
unimolecular dissociation of fert-butyloxonium ion to terz-butyl cation and water. Heptyloxonium ion, however, instead of dissociating to an unstable
primary carbocation, reacts differently. It reacts with bromide ion, which acts as a nucleophile. We can represent the transition state of this displacement as:

H H

o
H, |
| 5

Transition state for step 2

Bromide ion forms a bond to the primary carbon by “pushing off” a water molecule. This step is bimolecular because it involves both bromide and
heptyloxonium ion. Step 2 is slower than the proton transfer in step 1, so it is rate-determining. Using Ingold’s terminology, we classify nucleophilic
substitutions that have a bimolecular rate-determining step by the mechanistic symbol Sy2. In the present case, the Sy2 mechanism is favored because the
reaction site, being a primary carbon, 1s less crowded than that of a secondary or tertiary carbon. Further, because primary carbocations are much less stable
than secondary and tertiary ones, an Sy1 mechanism is too slow to compete with Sy2.

Formation of 1-Bromoheptane from 1-Heptanol and Hydrogen Bromide

THE OVERALL REACTION:

/\/\/\/O\ n + HBr - e /\/\/\/ Br + H2O

1-Heptanol Hydrogen bromide 1-Bromoheptane Water

THE MECHANISM:
Step 1: Proton transfer from hydrogen bromide to 1-heptanol to give the corresponding alkyloxonium ion:

7~ e 2 ll{

/\/\/\/Q\H - HCBy: - /\/\/\/QiH + :Br
1-Heptanol Hydrogen bromide Heptyloxonium ion Bromide ion

Step 2: Displacement of water from the alkyloxonium ion by bromide:

|
- low H
/\/\/\9( X H — + .
~ e Oy
Br: :Br:
Heptyloxonium ion + bromide ion 1-Bromoheptane Water

Problem 5.1€ Page 199
Sketch a potential energy diagram for the reaction of 1-heptanol with hydrogen bromide, paying careful attention to the
positioning and structures of the intermediates and transition states.




It 1s important to note that although methyl and primary alcohols react with hydrogen halides by a mechanism that involves fewer steps than the
corresponding reactions of secondary and tertiary alcohols, fewer steps do not translate to faster reaction rates. Remember, the observed order of reactivity of
alcohols with hydrogen halides is tertiary > secondary > primary. Reaction rate 1s governed by the activation energy of the slowest step, regardless of how
many steps there are.

We described the effect of temperature on reaction rates in Section 3.1 and will examine concentration effects beginning in Section 6.3. These and other
studies provide additional information that can be used to determine reaction mechanisms and a deeper understanding of how reactions occur.

5.14 Other Methods for Converting Alcohols to Alkyl Halides

Alkyl halides are such useful starting materials for preparing other functional-group types that chemists have developed several alternative methods for
converting alcohols to them. Of these, those based on thionyl chloride (SOCl,) and the phosphorus trihalides PCl3 and PBrj3, bear special mention.

Thionyl chloride reacts with alcohols to give alkyl chlorides.

RCI + SO, + HCI

ROH + SOCl,

Alcohol Thionyl Alkyl Sulfur Hydrogen
chloride chloride dioxide chloride

The reactions are typically carried out in the presence of an amine such as pyridine or triethylamine. In such cases, the amine acts as both a Brensted
base and a catalyst.

- .
ROH + SOCl, + (CH:CH,)sN RCI + SO, + (CH;CH,);:NH ClI

Alcohol Thionyl Triethylamine Alkyl Sulfur Triethylammonium
chloride chloride dioxide chloride
SOCl;
OH pyridine Cl
2-Ethyl-1-butanol 1-Chloro-2-ethylbutane (82%)

Inversion of configuration is normally observed when optically active alcohols are used.

8 x —'_—/Z/L/\)\
N ) %
\‘y\/\)\

triethylamine Cl

(5)-3,7-Dimethyl-3-octanol (R)-3-Chloro-3,7-dimethyloctane
(54%)

The reaction mechanism differs according to whether the alcohol is primary, secondary, or tertiary and whether it is carried out in the presence of an
amine or not. When an amine 1s present, we can regard it as proceeding in two stages, each of which involves more than one elementary step. In the first
stage, reaction with thionyl chloride converts the alcohol to a chlorosulfite. Pyridine, shown above the arrow in the equation, acts as a catalyst

in one reaction and as a weak base in another. Triethylamine can serve the same function. Page 200
N ~ 7 O
:OH O .. A1 Z 2 o 107 Cl:
R Vel o=
Ny o+ \'S \ / Nz . LAl ¢ €
H R :Cl: H™ R '
Alcohol Thionyl Alkyl chlorosulfite Chloride
chloride ion

In the second stage, the alkyl halide is formed by reaction of the chlorosulfite with chloride ion. In the presence of pyridine or trimethylamine as a
catalyst, two separate reactions characterize this stage.



‘0

:()j"\m: rR—y H Il -
R l e g 4 ..//S: — :Cl:
NN o . :0 "
0= :cr R
:C"_]:
Alkyl chlorosulfite Alkyl Sulfur Chloride
+ halide dioxide ion

chloride ion

If the starting alcohol 1s primary, (R'0OH), carbon—chlorine bond formation and carbon—oxygen bond-breaking occur in the same step by an Sy2 process
as shown. If the starting alcohol is secondary or tertiary, an Sy1 process in which a carbon—oxygen bond-breaking step precedes carbon—chlorine bond-
making 1s involved.

For the reaction of a primary alcohol RCH,OH with thionyl chloride in pyridine, use curved arrows to show how the last intermediate can
be transformed to RCH,ClI by reacting with chloride ion in a single step. Two additional compounds are formed. What are they?

Phosphorus trichloride and phosphorus tribromide react with alcohols to give alkyl chlorides and bromides, respectively.

3ROH + PX3 3RX + P(OH);

Alcohol Phosphorus Alkyl Phosphorous
trihalide halide acid
PBr;
)\/OH - AN B
2-Methyl-1-propanol 1-Bromo-2-methylpropane
(55-60%)
PBT}
OH Br
Cyclopentanol Cyclopentyl bromide
(78-84%)

An early step in the mechanism of phosphorus trihalides with alcohols 1s the formation of a series of intermediates of the type ROPXj,
(RO),PX, (RO)3P, which react with the nucleophilic halide ion in subsequent steps. Chiral alcohols are converted to the corresponding alkyl
halides with predominant inversion of configuration.
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5.15 Sulfonates as Alkyl Halide Surrogates

As pointed out at the beginning of this chapter, alkyl halides are commonly used to prepare other functional-group families of organic compounds. On
exploring the preparation of alkyl halides themselves, we emphasized the role of alcohols as their precursors and saw that the stereochemical integrity of the
alcohol is not always completely maintained in the process. Usually an optically active alcohol gives an alkyl halide with net, but incomplete and varying,
inversion of configuration at its chirality center. Moreover, we’ll see in Chapter 6 that the customary reaction conditions invite the formation of an alkyl
halide mixture containing isomers having carbon skeletons different from the original alcohol.

Organic chemists have devised alternatives to minimize these shortcomings by using alkyl sulfonates instead of alkyl halides. Sulfonates undergo many
of the same kinds of reactions as alkyl halides but have the advantage that their preparation involves the oxygen of the alcohol, not the carbon to which the
oxygen is attached.



R—X Alkyl halide

Alcohol R—( )\

H i
CH,

Alkyl methanesulfonate

Thus, both the carbon skeleton and stereochemistry of the original alcohol are maintained on converting it to a sulfonate. Alkyl sulfonates are prepared
by the reaction of an alcohol with one of a number of sulfonyl chlorides including the following:

CH3SOCl H;C@—SO:CI

Methanesulfonyl p-Toluenesulfonyl
chloride chloride

The reactions are normally carried out in the presence of an amine such as trimethylamine or pyridine. The first example demonstrates the maintenance of
the carbon skeleton during the process. The second shows that the stereochemical configuration at the chirality center is retained. We will discuss these
reactions again in Section 6.10.

CH,S0,CI
triethylamine
OH OSO,CH3
2.2-Dimethyl-3-pentanol 1-Ethyl-2.2-dimethylpropy!
methanesulfonate (90%)
\/\/\/Cﬁ - Q - \/\/\)Ui
pyridine
(8)-(+)-2-Octanol (8)-(4)-1-Methylheptyl p-toluenesulfonate

(enantiopure) (enantiopure)

p-Toluenesulfonates are commonly referred to as “tosylates” and their compounds written as ROTs. Likewise,
methanesulfonates are called “mesylates” and written as ROMs.

Write a chemical equation describing the preparation of cis-4-tert-butylcyclohexyl methanesulfonate.
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Chemical reactivity and functional-group transformations involving the conversion of alcohols to alkyl halides comprise the main themes of this
chapter.

Section 5.1 Functional groups are the structural units responsible for the characteristic reactions of a molecule. The hydrocarbon chain to
which a functional group is attached can often be considered as a supporting framework. The most common functional groups
characterize the families of organic compounds listed on first pages of the text.

Section 5.2 Alcohols and alkyl halides may be named using either substitutive or functional class TUPAC nomenclature. In substitutive
nomenclature alkyl halides are named as halogen derivatives of alkanes. The parent 1s the longest continuous chain that bears the
halogen substituent, and in the absence of other substituents the chain is numbered from the direction that gives the lower number
to the carbon that bears the halogen. The functional class names of alkyl halides begin with the name of the alkyl group and end
with the halide as a separate word.

Br

Substitutive [UPAC name: 2-Bromohexane
/‘\/\/ Functional class IUPAC name: 1-Methylpentyl bromide



Section 5.3

Section 5.4

Section 5.5

Section 5.6

Section 5.7

The substitutive names of alcohols are derived by replacing the -e ending of an alkane with -ol. The longest chain containing the
OH group becomes the basis for the name. Functional class names of alcohols begin with the name of the alkyl group and end in
the word alcohol.

OH

Substitutive IUPAC name: 2-Hexanol or hexan-2-ol
M Functional class [IUPAC name: 1-Methylpentyl alcohol

Alcohols (X = OH) and alkyl halides (X = F, Cl, Br, or I) are classified as primary, secondary, or tertiary according to the degree
of substitution at the carbon that bears the functional group.

RIN
RCH,X R(IZHR’ R(IZR’
X X

Primary Secondary  Tertiary

The halogens (especially fluorine and chlorine) and oxygen are more electronegative than carbon, and the carbon-halogen bond in
alkyl halides and the carbon—oxygen bond in alcohols are polar. Carbon is the positive end of the dipole and halogen or oxygen

the negative end.
Ci ol
"y N

Dipole/induced-dipole and dipole—dipole attractive forces make alcohols higher boiling than alkanes of similar molecular size.
The attractive force between —OH groups is called hydrogen bonding.

R R

\o---ti—0
4

H

Hydrogen bonding between the hydroxyl group of an alcohol and water makes the water-solubility of alcohols greater than that of
hydrocarbons. Low-molecular-weight alcohols [CH30H, CH3CH,OH, CH3CH,CH,OH, and (CH3),CHOH] are soluble in water

in all proportions. Alkyl halides are insoluble in water.

See Table 5.3 Page 203



TABLE 5.3 Conversions of Alcohols to Alkyl Halides and Sulfonates

Reaction (section) and comments

Reactions of alcohols with hydrogen halides
(Section 5.7) Alcohols react with hydrogen halides to
yield alkyl halides. The reaction is useful as a synthesis
of alkyl halides. The reactivity of hydrogen halides
decreases in the order HI > HBr > HCI > HF. Alcohol
reactivity decreases in the order tertiary > secondary
> primary.

Reaction of alcohols with thionyl chloride
(Section 5.14) Thionyl chloride converts alcohols to
alky! chlorides.

As in the reaction of chiral alcohols with hydrogen
halides, the reaction proceeds with net, but varying
degrees of inversion of configuration.

Reaction of alcohols with phosphorus tribromide
(Section 5.14) As an alternative to converting alcohols
to alkyl bromides with hydrogen bromide, the inorganic
reagent phosphorus tribromide is sometimes used.

Net, but incomplete, inversion of configuration is
normally observed with chiral alcohols.

Preparation of alkyl sulfonates (Section 5.15) Alkyl
sulfonates undergo certain reactions analogous to
those of alkyl halides and are often used instead of
them in synthesis. They are prepared by the reaction of
an alcohol with a sulfonyl chloride.

Section 5.8
intermediate in the rate-determining step.

fast +
1. ROH + HX <<= ROH, +

Alkyloxonium  Halide
i anion

Alcohol  Hydrogen

halide ion

slow R*

+
2. ROH,
Alkyloxonium ion Carbocation

fast

3. R* 4+ X — RX

Carbocation Halide ion

Section 59
hybridized and has a vacant 2p orbital.

+ H,0
Water

Alkyl halide

Carbocations contain a positively charged carbon with only three atoms or groups attached to it. This carbon is sp>-

General equation and specific example(s)

ROH + HX —_—= RX + H0

Alcohol Hydrogen Alkeyl Water
halide halide
CH; HCl CH3
OH Cl
1-Methylcyclopentanol 1-Chloro-1-
methylcyclopentane (96%)

—— RCI + SO + HCI

Sulfur Hydrogen
dioxide chloride

ROH + SOCI;

Alcohol Thionyl Alkyl
chloride chloride

SOCI

— /\/\/Cl
pyridine

1-Chloropentane (80%)

1-Pentanol

3ROH + PBr3 — 3RBr + H3PO3

Alcohol Phosphorus Alkyl Phosphorous
tribromide bromide acid

OH Br
)\/\ o )\/\
——

2-Pentanol 2-Bromopentane (67%)

ROH +
Alcohol

R'SO.CI pyridine

ROSO,R’

A sulfonyl
chloride

CH3(CH2gCH,0H  + Hac—QSO;CI

p-Toluenesulfonyl chloride

Alkyl sulfonate

1-Decanol

pyridine
s CH3(CHjsCH20%2@CH3

Decyl p-toluenesulfonate (98%)

Secondary and tertiary alcohols react with hydrogen halides by an Syl mechanism that involves formation of a carbocation

X-

Page 204




Section 5.10

Section 5.11

Section 5.12

Section 5.13

Section 5.13

Section 5.14

Section 5.15

Carbocations are stabilized by alkyl substituents attached directly to the positively charged carbon. Alkyl groups are electron-
releasing substituents. Stability increases mn the order

(least stable) CH;* < RCH,* < R,CH* < R C* (most stable)
Carbocations are strong electrophiles (Lewis acids) and react with nucleophiles (Lewis bases).

The rate at which alcohols are converted to alkyl halides depends on the rate of carbocation formation: tertiary alcohols are most
reactive; primary alcohols do not react. A low activation energy gives a large reaction rate.

The reaction of optically active alcohols with hydrogen halides normally proceeds with predominant inversion of configuration
accompanied by varying degrees of racemization. A reaction that yields one diastereomer over another is called a
diastereoselective reaction.

A complicating feature of reactions that involve carbocation intermediates 1s their capacity to undergo rearrangement.

Primary alcohols and methanol do not react with hydrogen halides by way of carbocation intermediates. The nucleophilic species

(Br~ for example) attacks the alkyloxonium ion and displaces a water molecule from carbon in a bimolecular step. This step 1s
rate-determining, and the mechanism is Sy2.

See Table 5.3.

See Table 53

See Table 5.3.

Structure and Nomenclature

5.19 Write structural formulas for each of the following alcohols and alkyl halides:
(a) Cyclobutanol
(b) sec-Butyl alcohol
(c) 3-Heptanol
(d) trans-2-Chlorocyclopentanol
(e) 2,6-Dichloro-4-methyl-4-octanol
(f) trans-4-tert-Butylcyclohexanol

(g) 1-Cyclopropylethanol
(h) 2-Cyclopropylethanol

5.20 Name each of the following compounds according to substitutive [UPAC nomenclature:



5.21

5.22

5.23

@) (CH;);CHCH,CH,CH,Br @® CH,

(b) (CHs),CHCH,CH,CH,OH Q—(—ou
(¢) CLLCCH,Br CH,
@ CILCHGHB: (h)

Cl
() CF,CH,0H Br

®) i
3 LT on D

OH

Each of the following is a functional class name developed according to the 1993 TUPAC recommendations. Alkyl group M

names of this type are derived by naming the longest continuous chain that includes the point of attachment, numbering in the
direction so as to give the substituted carbon the lower number. The -e ending of the corresponding alkane is replaced by -y/, which is
preceded by the number corresponding to the substituted carbon bracketed by hyphens. Write a structural formula for each alkyl halide.
(a) 6-Methylheptan-3-yl chloride
(b) 2,2-Dimethylpentan-3-yl bromide
(c) 3,3-Dimethylcyclopentan-1-yl alcohol

Write structural formulas for all the constitutionally isomeric alcohols of molecular formula CsHj7O. Assign a substitutive and a
functional class name to each one, and specify whether it is a primary, secondary, or tertiary alcohol.

A hydroxyl group is a somewhat “smaller” substituent on a six-membered ring than is a methyl group. That 1s, the preference of a
hydroxyl group for the equatorial orientation is less pronounced than that of a methyl group. Given this information, write structural
formulas for all the 1someric methylcyclohexanols, showing each one in its most stable conformation. Give the substitutive [TUPAC name
for each 1somer.

Functional Groups

5.24

5.25

5.26

5.27

5.28

Epichlorohydrin 1s the common name of an industrial chemical used as a component in epoxy cement. The molecular formula of
epichlorohydrin is C3HsClO. Epichlorohydrin has an epoxide functional group; it does not have a methyl group. Write a structural
formula for epichlorohydrin.

(a) Complete the structure of the pain-relieving drug ibuprofen on the basis of the fact that ibuprofen is a carboxylic acid that has the
molecular formula Cy3H;40,, X is an isobutyl group, and Y is a methyl group.

(b) Mandelonitrile may be obtained from peach flowers. Derive its structure from the template in part (a) given that X is hydrogen, Y is
the functional group that characterizes alcohols, and Z characterizes nitriles.

Isoamyl acetate 1s the common name of the substance most responsible for the characteristic odor of bananas. Write a structural formula
for 1soamyl acetate, given the information that it is an ester in which the carbonyl group bears a methyl substituent and there is a 3-
methylbutyl group attached to one of the oxygens.

n-Butyl mercaptan 1is the common name of a foul-smelling substance obtained from skunk spray. It is a thiol of the type RX, where R is
an n-butyl group and X is the functional group that characterizes a thiol. Write a structural formula for this substance.

Some of the most important organic compounds in biochemistry are the a-amino acids, represented by the general formula shown.

0

HA
3 o

R



5.29

5.30

5.31

Wirite structural formulas for the following a-amino acids.
(a) Alanine (R = methyl)
(b) Valine (R = isopropyl)
(c) Leucine (R = isobutyl)
(d) Isoleucine (R = sec-butyl)
(e) Serine (R = XCHj, where X is the functional group that characterizes alcohols)
(®) Cysteine (R = XCH,, where X is the functional group that characterizes thiols)

(g) Aspartic acid (R = XCH,, where X 1s the functional group that characterizes carboxylic acids)

The compound zoapatanol was isolated from the leaves of a Mexican plant. Classify each oxygen in zoapatanol according to Page 206

the functional group to which it belongs. If an oxygen is part of an alcohol, classify the alcohol as primary, secondary, or
tertiary.

o HO,

OH

Consult Table 5.1 and classify each nitrogen-containing functional group in the anesthetic /idocaine according to whether it is an amide,
or a primary, secondary, or tertiary amine.

CH; O

N N
\H < _\
CH;,

Uscharidin 1s a natural product present in milkweed. It has the structure shown. Locate all of the following in uscharidin:

0 O

o 0 H CH3 \ —
i PD L L @
(0}

CH;

(a) Alcohol, aldehyde, ketone, and ester functional groups
(b) Methylene groups
(c) Primary carbons

Reactions and Mechanisms

5.32

5.33

Write a chemical equation for the reaction of 1-butanol with each of the following:
(a) Sodium amide (NaNH>)
(b) Hydrogen bromide, heat
(c) Sodium bromide, sulfuric acid, heat
(d) Phosphorus tribromide
(e) Thionyl chloride
(f) Methanesulfonyl chloride, pyridine

Each of the following reactions has been described in the chemical literature and involves an organic reactant somewhat more complex
than those we have encountered so far. Nevertheless, on the basis of the topics covered in this chapter, you should be able to write the



structure of the principal organic product of each reaction.

on PBry
(a) =
pyridine

CH,3 0
b SOCl,
®) O/\ pyridine
OH
Br
& o o oy _HC
(8
\ /7 \
/\/©/\/ . heat
(O] + 2HBr
HO
OCH,4
CH,0 pyridine
@) + CH; SO,C1 ———
CH,0 o

5.34 Select the compound in each of the following pairs that will be converted to the corresponding alkyl bromide more rapidly on Page 207
being treated with hydrogen bromide. Explain the reason for your choice.

(a) 1-Butanol or 2-butanol

(b) 2-Methyl-1-butanol or 2-butanol

(c) 2-Methyl-2-butanol or 2-butanol

(d) 2-Methylbutane or 2-butanol

(e) 1-Methylcyclopentanol or cyclohexanol

(f) 1-Methylcyclopentanol or frans-2-methylcyclopentanol

(g) 1-Cyclopentylethanol or 1-ethylcyclopentanol

5.35 On reaction with hydrogen chloride, one of the trimethylcyclohexanols shown gives a single product, the other gives a mixture of two

stereoisomers. Explain.
OH OH

5.36 Which alcohol is converted to the corresponding chloride at the fastest rate on reaction with concentrated hydrochloric acid? Which one

reacts at the slowest rate?
OH OH
0 et S Ll OH
OH

5.37 The compound shown was used as a building block in the synthesis of an HIV protease inhibitor. Write an equation for the preparation of
this compound from a suitable alcohol and a reactant of your choice.

0O

5.38 Alcohols in which the hydroxyl group occupies a “bridgehead” position such as bicyclo[2.2.1]heptan-1-ol are relatively unreactive
toward hydrogen halides. Why?



5.39

5.40

5.41

5.42

5.43

HO

Each of the following chiral alcohols is shown in a different format. Page 208
CH, CH;
\)\‘;u H CH,CH, H——OH
H CH;,

(a) (b) (c) (d)

Draw a structural formula for the alkyl bromide formed as the major product from each alcohol on reaction with hydrogen bromide. Use
the same format for the alkyl bromide as the original alcohol. Give the IUPAC name for each alkyl bromide including its stereochemistry
according to the Cahn-Ingold-Prelog R,S system.

(a) Assuming that the rate-determining elementary step in the reaction of frans-4-methylcyclohexanol with hydrogen bromide is
unimolecular, write an equation for this step. Use curved arrows to show electron flow.

(b) Two stereoisomers of 1-bromo-4-methylcyclohexane are formed when frans-4-methylcyclohexanol reacts with hydrogen bromide.
Write a separate equation for the elementary step that gives each stereoisomer.

The reaction of 3-tert-butyl-3-pentanol with hydrochloric acid gave the products shown. Write appropriate equations explaining the

formation of each.
Cl
HCl +
OH Cl

Bromomethylcycloheptane has been prepared in 92% yield by the reaction shown. Write a stepwise mechanism and use curved arrows to
show electron flow. The reaction was carried out in water, so use H3O+ as the proton donor in your mechanism. Is the rate-determining

step unimolecular (Sy1) or bimolecular (Sy2)?

OH Br
+ HBr

Although useful in agriculture as a soil fumigant, methyl bromide is an ozone-depleting chemical, and its production is being phased out.
The industrial preparation of methyl bromide 1is from methanol, by reaction with hydrogen bromide. Write a mechanism for this reaction
and classify it as Sy1 or Sy2.

More About Potential Energy Diagrams

Chapter 6 will describe elimination reactions and their mechanisms. In one example, heating fert-butyl bromide in ethanol gives the alkene 2-
methylpropene by a two-step mechanism:



CH, H:C

Step 1: H_,C—(I:—ér: _— \C+—CH3 + Bri
(I:H3 H3C/
tert-Butyl bromide tert-Butyl cation Bromide ion
H,C H.C H
Step 2: \C+—CH3 + CH,CH,—OH —> \C=CH2 + CH3CH2—+O/:
H3C/ H;C/ e
tert-Butyl cation Ethanol 2-Methylpropene Ethyloxonium ion

A potential energy diagram for the reaction provides additional information to complement the mechanism expressed in the equations =————
for the two elementary steps. Page 209
The energy relationships in the diagram are not only useful in their own right, but also aid in understanding the structural changes
occurring at the transition state. Hammond’s postulate tells us that if two states occur consecutively, the closer they are in energy, the more similar
they are in structure.

Potential energy ——»

Reaction coordinate

5.44 Ethanol 1s:
A_A catalyst
B. A reactive intermediate
C. A Brensted acid
D. A Bronsted base

5.45 According to the potential energy diagram, the overall reaction 1s:
A_ Endothermic
B. Exothermic

5.46 Classify the elementary steps in the mechanism according to their molecularity.
A_ Step 1 1s umimolecular; step 2 1s bimolecular.
B. Step 1 1s bimolecular; step 2 1s unimolecular.
C. Both steps are unimolecular.
D. Both steps are bimolecular.

5.47 Classify states 2—4 in the potential energy diagram.
A_2, 3, and 4 are transition states.
B. 2, 3, and 4 are reactive intermediates.
C. 2 and 4 are transition states; 3 is a reactive intermediate.
D. 2 and 4 are reactive intermediates; 3 is a transition state.



5.48 According to the diagram, the activation energy of the slow step is given by the energy difference between states
A.land2
B.2and 3
C.3and 4
D.land5

5.49 What best describes the species at the rate-determining transition state?
CH;

5.50 By applying Hammond’s postulate to the potential energy diagram for this reaction, we can say that:
A. The structure of 2 is more carbocation-like than 4.
B. The structure of 2 is less carbocation-like than 4.
C. The structure of 2 resembles 1 more than it resembles 3.
D. The structure of 4 resembles 5 more than it resembles 3.
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This electrostatic potential map is of the transition state for the reaction of hydroxide ion with chloromethane. The tetrahedral arrangement of
bonds inverts | ke an umbrella in a storm during the reaction.
©Flickr RF/Mami Gibbs/Getty Images
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Nucleophilic Substitution

Nucleophilic substitution was introduced in Chapter 5 with the reaction of alcohols with hydrogen halides to form alkyl halides. Now we’ll see how alkyl
halides themselves can be converted by nucleophilic substitution to other classes of organic compounds. Like Chapter 5, the present chapter has a
mechanistic emphasis designed to achieve a practical result. By understanding the mechanisms by which alkyl halides undergo nucleophilic substitution, we
can choose experimental conditions best suited to carrying out a particular functional-group transformation. The difference between a successful reaction that
leads cleanly to a desired product and one that fails is often a subtle one. Mechanistic analysis helps us to appreciate these subtleties and use them to our
advantage.

6.1 Functional-Group Transformation by Nucleophilic Substitution

We’ve learned in Sections 5.8-5.13 that the initial intermediate in the reaction of alcohols with hydrogen halides is the conjugate acid of the alcohol and that,
once formed, two mechanistic pathways are available to it. In one, called SN2 for substitution nucleophilic bimolecular, rate-determining step displacement

of a water molecule by a halide anion gives an alkyl halide.

R HX: R\_’_ X . Page 211
0: =—— 0-H —— RX: + H0: —
/ fast / slow =
H H
Alcohol Alkyloxonium Alkyl Water
ion halide

In the other, called Sn1 for substitution nucleophilic unimolecular, the rate-determining step in alkyl halide formation is dissociation of the alkyloxonium ion
to give a carbocation that is then captured by halide.

R HX B ~H,0: X .
0 :0—H R* RX:
/ fast / slow fast i
H H
Alcohol Alkyloxonium Carbocation Alkyl
ion halide

In the present chapter, alkyl halides feature prominently as starting materials for preparing a large variety of other classes of organic compounds by reactions
of the SN2 type:

i

M* Y 4+ R—X:

R—Y + M* X7

Nucleophilic Alkyl Product of Metal halide
reagent halide nucleophilic
substitution

M" in the nucleophilic reagent is typically Li*, Na*, or K*. Frequently encountered nucleophilic reagents include

MOH (a metal hydroxide, a source of the nucleophilic anion HO )
MOR (a metal alkoxide, a source of the nucleophilic anion RO )
0] Hol

MOCR (a metal carboxylate, a source of the nucleophilic anion RC—O Y

MSH (a metal hydrogen sulfide, a source of the nucleophilic anion HS )
MCN (a metal cyanide, a source of the nucleophilic anion *C=N:)

A T
MN, (a metal azide, a source of the nucleophilic anion N =N —-N!]

Table 6.1 illustrates an application of each of these to a functional-group transformation. The anionic portion of the salt substitutes for the halogen of an
alkyl halide. The metal cation portion becomes a lithium, sodium, or potassium halide.

TABLE 6.1 Functional-Group Transformation via Nucleophilic Substitution

Nucleophile and comments General equation and specific example



Hydroxide ion: The oxygen atom of hydroxide is
nucleophilic and replaces the halogen of an alkyl
halide. The product is an alcohol.

Alkoxide ion: The oxygen atom of a metal
alkoxide is nucleophilic and replaces the halogen
of an alkyl halide. The product is an ether.

Carboxylate ion: An ester is formed when the
negatively charged oxygen of a carboxylate
replaces the halogen of an alkyl halide.

Hydrogen sulfide ion: Using hydrogen sulfide as
a nucleophile permits the conversion of alkyl
halides to thiols.

Cyanide ion: The negatively charged carbon of
cyanide is the site of its nucleophilic character.
Cyanide reacts witn alkyl halides to extend a
carbon chain by forming an alky! cyanide or nitrile.

Azide ion: Sodium azide makes carbon-nitrogen
bonds by converting an alkyl halide to an alky!
azide.

lodide ion: Alkyl chlorides and bromides are
converted to alkyl iodides by treatment with
sodium iodide in acetone. Nal is soluble in
acetone, but the NaCl or NaBr that is formed is
not and crystallizes from the reaction mixture,
making the reaction irreversible.

HOR + :Xi
Hydroxide ion  Alkyl halide Alcohol  Halide ion
dlrlr;ethgl
sulfoxide
NaOH +* \/Bf — \/OH
Sodium hydroxide  Ethyl bromide Ethancl
RO + ™ R'DX: ROR + X7
Alkoxide ion Alkyl halide Ether Halide fon

alcohol

Isobutyl
\(\ ONa i s Br _ alcohol A 0/\
|

Sodium isobutoxide Ethyl bromide Ethyl isobutyl ether (66%)

W s & i o
RCQ:/TL\R'\-\);: RCOR + X

Carboxylate Alkyl halide Ester Hallde ion
ion
(o] (0]
Il acetone 1l
CHg(CH 2)16COK + CH3CH2' _Ta-;r. CH3(CH 2)16COCH2CH3
Potassium Ethyl iodide Ethyl octadecanoate
octadecanoate (95%)
HS™™ + REX HSR  +  oX©
Hydrogen Alkyl halide Thiol Halide ion
sulfide ion
KSH -+ CHICHCHICH, e CHACHICHISCH;
Br SH
Potassium 2-Bromononane 2-Nonanethiol (74%)
hydrogen
sulfide

:NEC:'/I\RDX: INSCR +  XT

Cyanide Alkyl halide Alkyl Halide ion
ion cyanide
dimethyl
NaCN  + Q cl sulfoxide O__CN
Sodium Cyclopentyl Cyclopentyl
cyanide chloride cyanide (70%)

S 2 o e e
:N=N=N:/r\R'Dx: — TN=N=NR' + X

Azide ion Alkyl halide Alkyl azide Halide ion
1-propanol
NG DA
Nl * I water N3

Sodium azide Pentyl iodide Pentyl azide (52%)

R —— o+ &
lodide Alkyl chloride Alkyl lodide Chloride or

fon or bromide bromide ion

Nal + Y acetone \|/

Rr I



s

Sodium iodide 2-Bromopropane 2-lodopropane (63%)

Alkenyl halides are also referred to as vinylic halides.

Notice that all the examples in Table 6.1 involve alkyl halides, that is, compounds in which the halogen is attached to an sp>-hybridized carbon. Alkenyl

halides and aryl halides, compounds in which the halogen is attached to sp*-hybridized carbons, are essentially unreactive under these conditions, and the
principles to be developed in this chapter do not apply to them.

sp -hybridized carbon sp™-hybridized carbon Page 213  Page 212
l/ % / \47
o & =
-4 5 \_/
X
Alkyl halide Alkenyl halide Aryl halide

To ensure that reaction occurs in homogeneous solution, solvents are chosen that dissolve both the alkyl halide and the ionic salt. Alkyl halides are soluble in
organic solvents, but the salts often are not. Inorganic salts are soluble in water, but alkyl halides are not. Mixed solvents such as ethanol-water mixtures that
can dissolve both the alkyl halide and the nucleophile are frequently used. Many salts, as well as most alkyl halides, possess significant solubility in dimethyl
sulfoxide (DMSO) or N,N-dimethylformamide (DMF), which makes them good solvents for carrying out nucleophilic substitution reactions (Section 6.9).

Write a structural formula for the principal organic product formed in the reaction of methyl bromide with each of the following
compounds:

(a) NaOH (sodium hydroxide) (d) LiN; (lithium azide)

(b) KOCH,CH; (potassium ethoxide) (e) KCN (potassium cyanide)

(c) O () NaSH (sedium hydrogen sulfide)
Naotljl / \ (sodium benzoate) (@) Nal (sodium iodide)

Sample Solution (a) The nucleophile in sodium hydroxide is the negatively charged hydroxide ion. The reaction that occurs is
nucleophilic substitution of bromide by hydroxide. The product is methyl alcohol.

HOT + HC—Br: ——= HC—OH + Br:
Hydroxide lon Methyl bromide Methyl alcohol Bromide ion
(nucleophile) (substrate) {product) (leaving group)

With Table 6.1 as background, you can begin to see how useful alkyl halides are in synthetic organic chemistry. Their ease of preparation from alcohols
makes them readily available as starting materials for the preparation of other functionally substituted organic compounds. The range of compounds that can
be prepared by nucleophilic substitution reactions of alkyl halides is quite large; the examples shown in Table 6.1 illustrate only a few of them. Numerous
other examples will be added to the list in this and subsequent chapters.

6.2 Relative Reactivity of Halide Leaving Groups

Among alkyl halides, alkyl iodides undergo nucleophilic substitution at the fastest rate, alkyl fluorides the slowest.
Increasing rate of substitution by nucleophiles

RF << RCI < RBr RI

Least reactive Most reactive

M

Alkyl iodides are several times more reactive than alkyl bromides and from 50 to 100 times more reactive than alkyl chlorides. Alkyl fluorides are several
thousand times less reactive than alkyl chlorides and are rarely used in nucleophilic substitutions. These reactivity differences can be related to —————
(1) the carbon—halogen bond strength and (2) the basicity of the halide anion. Alkyl iodides have the weakest carbon-halogen bond and require Page 214



the lowest activation energy to break; alkyl fluorides have the strongest carbon-halogen bond and require the highest activation energy.
Regarding basicity of the halide leaving group, iodide is the weakest base, fluoride the strongest. It is generally true that the less basic the leaving group, the
smaller the energy requirement for cleaving its bond to carbon and the faster the rate.

1-Bromo-3-chloropropane reacts with one molar equivalent of sodium cyanide in aqueous ethanol to give a single organic product.
What is this product?

6.3 The SN2 Mechanism of Nucleophilic Substitution

Much of what we know about the mechanisms of nucleophilic substitution is due to studies carried out by Sir Christopher Ingold and Edward D. Hughes at
University College, London, in the 1930s using kinetics and stereochemistry as their key experimental tools. Indeed, it is these studies of substitution in alkyl
halides that are the foundation upon which our earlier discussion of the reactions of alcohols with hydrogen halides in Chapter 5 rested.

Kinetics. Because the rate of nucleophilic substitution of an alkyl halide—be it methyl, primary, secondary, or tertiary—depends on the leaving group (I >
Br > Cl > F), the carbon—halogen bond must break in the slow (rate-determining) step, and the concentration of the alkyl halide must appear in the rate law.
What about the nucleophile? Hughes and Ingold found that many nucleophilic substitutions, such as the hydrolysis of methyl bromide in base:

CH:OH +  :Br

CHsBr: +  HO*
Methyl bromide Hydroxide ion Methyl alcohol Bromide ion
obey a second-order rate law, first order in the alkyl halide and first order in the nucleophile.
Rate = k[CH3Br][HO ]

They concluded that the rate-determining step is bimolecular and proposed the substitution nucleophilic bimolecular (Sy2) mechanism shown as an

equation in Mechanism 6.1 and as a potential energy diagram in Figure 6.1.

H H
£ b, e S
H=0 “'“""(|3““"B_r‘
H

k=
5
£
f 2
H P,I»H
H—:c)—ci + :Bri
H
Reaction coordinate s———
Figure 6.1

Potential energy diagram for the reaction of methyl bromide with hydroxide ion by the Sy2 mechanism.

The Hughes—Ingold Sn2 mechanism is a one-step concerted process in which both the alkyl halide and the nucleophile are involved at the transition
state. Cleavage of the bond between carbon and the leaving group is assisted by formation of a bond between carbon and the nucleophile. Carbon is partially



bonded to both the incoming nucleophile and the departing halide at the transition state. Progress is made toward the transition state as the nucleophile
begins to share a pair of its electrons with carbon and the halide ion leaves, taking with it the pair of electrons in its bond to carbon.

Is the two-step sequence depicted in the following equations consistent with the second-order kinetic behavior observed for the
hydrolysis of methyl bromide?

(™ | "
HsCtBr: —"= HyCt + :Br:
TN .
HiCt + “0—H —2L o H,c—O—H
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The Sy2 Mechanism of Nucleophilic Substitution
THE OVERALL REACTION:
CH,Br + HO™ — CH,0OH + Br~
Methy! bromide Hydroxide ion Methyl alcohol Bromide ion

THE MECHANISM: The reaction proceeds in a single step. Hydroxide ion acts as a nucleophile. While the C—Br bond is breaking, the C—O bond
is forming.

H—07 + HclBr — H—O0—CH, + Brf
Hydroxide ion Methyl bromide Methy] alcohol Bromide ion

THE TRANSITION STATE: Hydroxide ion attacks carbon from the side opposite the C—Br bond.

~ H H
i NS R
H—Q~——-0C———-Br!

I
H

Carbon is partially bonded to both hydroxide and bromide. Oxygen and bromine, both partially negative, share the charge. The arrangement of

. . E i .
bonds undergoes tetrahedral inversion from (— to —(C  as the reaction progresses.

Stereochemistry. The diagram for the transition state in Mechanism 6.1 and Figure 6.1 for the reaction of methyl bromide with hydroxide illustrates a key
stereochemical feature of the Sy2 mechanism. The nucleophile attacks carbon from the side opposite the bond to the leaving group. Figure 6.2, which maps

the electrostatic potential of methyl bromide and hydroxide, supports this fact, where the highest negative potential (red) of the oxygen atom in

hydroxide attacks the positive (blue) carbon of methyl bromide, opposite to the bromide. Page 216
H o
0: Hydroxide H..:-:. &+ 5~
P — nucleophile — C—Br:
H attacks here / "
H
Figure 6.2

Electrostatic potential maps of hydroxide and methyl bromide. Hydroxide is most negative (red) at the oxygen. The most positive region of methyl
bromide (blue) resides on the methyl group, opposite the side of the bromine.

Another way of expressing the same point, especially when substitution occurs at a chirality center, is that Sy2 reactions proceed with inversion of

configuration at the carbon that bears the leaving group. The tetrahedral arrangement of bonds in the reactant is converted to an inverted tetrahedral
arrangement in the product.
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Nucleophile Alky! halide 8,2 product Leaving group

This generalization comes from studies of nucleophilic substitutions of optically active alkyl halides such as that shown in the equation:

S—BI.
Br  NaOH H
/\Nvil{ ethanol- /\/\/\\J H AA/Y
water HO*“ OH

S-(+)-2-Bromooctane Transition state B2 ]

The Fischer projection for (+)-2-bromooctane is shown. Write the Fischer projection of the (-)-2-octanol formed from it by the Sy\2
mechanism.

CHz
Br
CH5(CH,)4CH3

H

Would you expect the 2-octanol formed by S\2 hydrolysis of (—)-2-bromooctane to be optically active? If so, what will be its absolute
configuration and sign of rotation? What about the 2-octanol formed by hydrolysis of racemic 2-bromooctane?

Countless experiments have confirmed that substitution by the Sn2 mechanism is stereospecific and suggest that there exists a stereoelectronic
requirement for the nucleophile to approach carbon from the side opposite the bond to the leaving group. The results of molecular orbital calculations help us
understand why.

When a nucleophile such as hydroxide ion reacts with methyl bromide, electrons flow from the highest occupied molecular orbital (HOMO) of HO™ to
the lowest unoccupied molecular orbital (LUMO) of CH;3Br. Directing our attention to the LUMO of CH3Br, we find three main regions

where the HOMO of the nucleophile can overlap with the LUMO. One of these—the blue region shown at the right—can be ignored because
it is associated only with Br, and nucleophilic attack from that direction does not produce a C—O bond.
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Node
- H
:0: Hydroxide H N
o — nucleophile —= C—Br
H attacks here /
H
HOMO of hydroxide LUMO of methyl bromide

The region between carbon and bromine contains a nodal surface; therefore, no net bonding results from its overlap with the HOMO of HO . The remaining
possibility, which is also the one that coincides with experimental observation, is overlap of the HOMO of HO™ with the LUMO of CH;3Br in the region
opposite the C—Br bond. It involves a major region of the LUMO, avoids a node, and gives a C—O bond with inversion of configuration at carbon.

The SN2 mechanism is believed to describe most substitutions in which simple primary and secondary alkyl halides react with negatively charged
nucleophiles. All the examples that introduced nucleophilic substitution in Table 6.1 proceed by the Sy2 mechanism (or a mechanism very much like Sy2—
remember, mechanisms can never be established with certainty but represent only our best present explanations of experimental observations).



Problem 6.6
Sketch the structure of the Sy2 transition state for the following reaction taken from Table 6.1. Na* is a spectator ion and can be omitted
from the transition state.

f
(CH),CHBr + Nal —2 (CHi),CHI + NaBr

We saw in Section 6.2 that the rate of nucleophilic substitution depends strongly on the leaving group—alkyl iodides are the most reactive, alkyl
fluorides the least. In the next section, we’ll see that the structure of the alkyl group can have an even larger effect.

6.4 Steric Effects and Sy2 Reaction Rates

There are very large differences in the rates at which the various kinds of alkyl halides—methyl, primary, secondary, or tertiary—undergo nucleophilic
substitution. For the reaction:

acetone

RBr + Lil —— RI o LiBr
Alkyl bromide Lithium iodide Alkyl iodide Lithium bromide

the rates of nucleophilic substitution of a series of alkyl bromides differ by a factor of over 10°.

Increasing relative reactivity toward S42 substitution
(RBr + Lil in acetone, 25°C)

- 2
%—Br >—Br T ke CH:Br
1

1,350 221,000

unreactive

The very large rate differences between methyl, ethyl, isopropyl, and tert-butyl bromides reflect the steric hindrance each offers to
nucleophilic attack. The nucleophile must approach the alkyl halide from the side opposite the bond to the leaving group, and, as illustrated in Page 218
Figure 6.3, this approach is hindered by alkyl substituents on the carbon that is being attacked. The three hydrogens of methyl bromide offer little
resistance to approach of the nucleophile, and a rapid reaction occurs. Replacing one of the hydrogens by a methyl group somewhat shields the carbon from
approach of the nucleophile and causes ethyl bromide to be less reactive than methyl bromide. Replacing all three hydrogens by methyl groups almost
completely blocks approach to the tertiary carbon of (CH3)3CBr and shuts down bimolecular nucleophilic substitution.

Most crowded— Least crowded-
least reactive most reactive
e_6

9, " B . & . ¢
&Qog" Q‘Q : 4 s—-‘:

(CH3)3CBr (CH:),CHBr CH:CH:Br CHaBr

SRS e

Figure 6.3




Ball-and-stick (top) and space-filling (boftom) models of alkyl bromides, showing how substituents shield the carbon atom that bears the leaving
group from attack by a nucleophile. The nucleophile must attack from the side opposite the bond to the leaving group.

In general, SN2 reactions of alkyl halides show the following dependence of rate on structure: CH3X > primary > secondary > tertiary.

Identify the compound in each of the following pairs that reacts with sodium iodide in acetone at the faster rate:
(a) 1-Chlorohexane or cyclohexyl chloride
(b) 1-Bromopentane or 3-bromopentane
(c) 2-Chloropentane or 2-fluoropentane
(d) 2-Bromo-2-methylhexane or 2-bromo-5-methylhexane
(e) 2-Bromopropane or 1-bromodecane
Sample Solution (a) Compare the structures of the two chlorides. 1-Chlorohexane is a primary alkyl chloride; cyclohexyl chloride is

secondary. Primary alkyl halides are less crowded at the site of substitution than secondary ones and react faster in substitution by the
SN2 mechanism. 1-Chlorohexane is more reactive.

/’W(ﬂ QC|

1-Chlorchexane Cyclohexyl chloride
(primary, more reactive) (secondary, less reactive)

Alkyl groups at the carbon atom adjacent to the point of nucleophilic attack also decrease the rate of the Sy2 reaction. Taking ethyl bromide as the

standard and successively replacing its C-2 hydrogens by methyl groups, we see that each additional methyl group decreases the rate of —————
displacement of bromide by iodide. When C-2 is completely substituted by methyl groups, as it is in neopentyl bromide [(CH3);CCH,Br], we Page 219

see the unusual case of a primary alkyl halide that is practically inert to substitution by the SN2 mechanism because of steric hindrance.

‘1."- ¢
. cod @
< e

Neopentyl bromide
(1-Bromo-2.2-dimethylpropane)

Increasing relative reactivity toward S,2 substitution
(RBr + Lil in acetone, 25°C)

s = T T

0.00002 0.036 0.8 1

The first step in the synthesis of the antimalarial drug primaquine is summarized in the equation shown. What is the structure of the
product?



/

AN TN e
NK Br

\

Br

C;3H|4BI'N02

6.5 Nucleophiles and Nucleophilicity

The Lewis base that acts as the nucleophile often is, but need not always be, an anion.

sulfides (R,S:) can also serve as nucleophiles.

HsC
A\
o]
i
H,C
Dimethyl sulfide

”

P ¥ ot
+ CHy T

Methy! iodide

Neutral Lewis bases such as amines (R3N:), phosphines (R3P:), and

H.C
i .
'§S—CH; :1:
Y 1
H.C

Trimethylsulfonium iodide

Other common examples of substitutions involving neutral nucleophiles include solvolysis reactions—substitutions where the nucleophile is the solvent in
which the reaction is carried out. Solvolysis in water (hydrolysis) converts an alkyl halide to an alcohol.

RX + 2H,0 —— ROH +

Alkyl
halide

Water Alcohol

H,0"

Hydronium

ok
Halide

1on lon

The reaction occurs in two steps. The first yields an alkyloxonium ion by nucleophilic substitution and is rate-determining. The second gives the
alcohol by proton transfer—a rapid Brensted acid—base reaction.
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: N I H) HKO - +
\ 2 .- slow el NS 07 :
07+ R-X: XT + :0=R £ ‘0—R ;  H,0:
/ f/ S " I+ fast u 3
H ' H
Water Alkyl halide Halide Alkoxonium Alcohol Hydronium ion
ion ion

Analogous reactions take place in other solvents that, like water, contain an —OH group. Solvolysis in methanol (methanolysis) gives a methyl ether.

. v +
N .- slow e ¥ -
07 + RFX: =2+ X7 + :0-R —2=- O0—R 4 CH;0H,
I 5 s /ot fast H-C i
H3C H;C 3
Methanol Alkyl Halide Alkylmethyl- Alkyl methyl Methyl-
halide ion oxonium ion ether

oxonium ion

Because attack by the nucleophile is the rate-determining step of the SN2 mechanism, the rate of substitution varies from nucleophile to nucleophile.

Nucleophilic strength, or nucleophilicity, is a measure of how fast a Lewis base displaces a leaving group from a suitable substrate. Table 6.2 compares the
rate at which various Lewis bases react with methyl iodide in methanol, relative to methanol as the standard nucleophile.

:?:
R—D 3 is more nucleophilic than RC—Q 1
Stronger base Weaker base
Conjugate acid is ROH:

pK,= 16 pK,=35

Conjugate acid is RCO,H:

“Relative reactivity is k(nucleophile)/k(methanol) for typical SN2 reactions and is approximate. Data pertain to methanol as the solvent.

As long as the nucleophilic atom is the same, the more basic the nucleophile, the more reactive it is. An alkoxide ion (RO") is more basic and more
nucleophilic than a carboxylate ion (RCO;").



TABLE 6.2 Nucleophilicity of Some Common Nucleophiles

Reactivity class Nucleophile Relative reactivity*
Very good nucleophiles I,HS", RS~ >10°

Good nucleophiles Br,HO",RO",CN", N3~ 10*

Fair nucleophiles NH;, CI', F,RCO;~ 10°

Weak nucleophiles H,0, ROH 1

Very weak nucleophiles RCO,H 1072

The connection between basicity and nucleophilicity holds when comparing atoms in the same row of the periodic table. Thus, HO™ is more basic and
more nucleophilic than F~, and NH3 is more basic and more nucleophilic than H)O. It does not hold when proceeding down a column in the periodic table.
In that case, polarizability involving the distortion of the electron density surrounding an atom or ion comes into play. The more easily distorted the electron
distribution, the more nucleophilic the atom or ion. Among the halide ions, for example, I" is the least basic but the most nucleophilic, F~ the most basic but
the least nucleophilic. In the same vein, phosphines (R3P) are more nucleophilic than amines (R3N), and thioethers (R»S) more nucleophilic than their
oxygen counterparts (Ry0).

Another factor, likely the one most responsible for the inverse relationship between basicity and nucleophilicity among the halide ions, is the =————
degree to which the ions are solvated by ion—dipole forces of the type illustrated in Figure 6 4. Smaller anions, because of their high charge-to- Page 221
size ratio, are more strongly solvated than larger ones. In order to act as a nucleophile, the halide must shed some of the solvent molecules that —
surround it. Among the halide anions, 1on—dipole forces are strongest for F~ and weakest for I". Thus, the nucleophilicity of F~ is suppressed more than that
of CI", CI" more than Br, and Br more than I . Similarly, HO™ is smaller, more solvated, and less nucleophilic than HS™. The importance of solvation in
reducing the nucleophilicity of small anions more than larger ones can be seen in the fact that, when measured in the gas phase where solvation forces don’t
exist, the order of halide nucleophilicity reverses and does track basicity: F >CI” >Br >T .

Figure 6.4

Solvation of a chloride ion by water.

( )
Enzyme-Catalyzed Nucleophilic Substitutions of Alkyl Halides

ucleophilic substitution is one of a variety of mechanisms by which living systems detoxify halogenated organic compounds

introduced into the environment. Enzymes that catalyze these reactions are known as haloalkane dehalogenases. The

hydrolysis of 1,2-dichloroethane to 2-chloroethanol, for example, is a biological nucleophilic substitution catalyzed by the
dehalogenase shown in Figure 6.5.

H0
—_—
dehalogenase

This haloalkane dehalogenase is believed to act by covalent catalysis using one of its side-chain carboxylates to displace
chloride by an Sy2 mechanism.
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O:
Enzyme Cl:

The product of nucleophilic substitution then reacts with water, restoring the enzyme to its original state and giving the

observed products of the reaction.
Enzyme —{O: Gl ﬁHzo
= several
—— :0 _/_

steps

O: .
Enzyme 4{ & HO/\/(':'I:
Ho Ol

Both stages of the mechanism are faster than the hydrolysis of 1,2-dichloroethane in the absence of the enzyme.

Enzyme-catalyzed hydrolysis of racemic 2-chloropropanoic acid is a key step in the large-scale preparation (2000 tons per
yearl) of (S)-2-chloropropanoic acid used in the production of agricultural chemicals.

O

Racemic
HO 2-chloropropanoic acid

Cl

H,0 J dehalogenase

(o] (o]
cl OH
(S)-2-Chloropropanoic (S)-Lactic acid
acid

In this enzymatic resolution, the dehalogenase enzyme catalyzes the hydrolysis of the R-enantiomer of 2-chloropropanoic acid
to (S)-lactic acid. The desired (S)-2-chloropropanoic acid is unaffected and recovered in a nearly enantiomerically pure state.

Some of the most common biological Sy2 reactions involve attack at methyl groups, especially the methyl group of S-
adenosylmethionine. Examples of these will be given in Chapter 17.

\../ \/’

Figure 6.5

A ribbon diagram of the dehalogenase enzyme that catalyzes the hydrolysis of 1,2-dichloroethane. The progression of amino acids
along the chain is indicated by a color change. The nucleophilic carboxylate group is near the center of the diagram.

. J




When comparing species that have the same nucleophilic atom, a negatively charged nucleophile is more reactive than a neutral one.

R—O: is more nucleophilic than R—O—H Page 222
Alkoxide ion Alcohol
;?; :L?;
RC—QT is more nucleophilic than R—C—Q—H
Carboxylate ion Carboxylic acid

6.6 The Sy1 Mechanism of Nucleophilic Substitution

Having seen that tertiary alkyl halides are practically inert to substitution by the SN2 mechanism because of steric hindrance, we might wonder whether they
undergo nucleophilic substitution at all. They do, but by a variant of the mechanism introduced in Section 5.8.
In their studies of reaction kinetics, Hughes and Ingold observed that the hydrolysis of fert-butyl bromide follows a first-order rate law:

(CH;):CBr + 2H,O0 —— (CH;);COH + H,0F + Br-
tert-Butyl bromide Water tert-Butyl alcohol Hydronium ion Bromide ion

Rate = L{CH_‘J,)_‘:,’CB['

The reaction rate depends only on the concentration of tert-butyl bromide. Just as they interpreted a second-order rate law in terms of a bimolecular rate-
determining step, Hughes and Ingold saw first-order kinetics as evidence for a unimolecular rate-determining step involving only the alkyl halide while
independent of both the concentration and identity of the nucleophile. Like the Sy1 mechanism for the reaction of alcohols with hydrogen halides (Section
5.8), this pathway is characterized by the formation of a carbocation in the rate-determining step.

The Sy1 mechanism for the hydrolysis of tert-butyl bromide is presented as a series of elementary steps in Mechanism 6.2 and as a potential energy
diagram in Figure 6.6. The key step is the first: a rate-determining unimolecular ionization of the alkyl halide to give a carbocation and a halide ion.
Following this, capture of the carbocation by a water molecule acting as a nucleophile gives an alkyloxonium ion, which is then deprotonated by a second
water molecule acting as a Bronsted base to complete the process.

Potential energy

2H,0:

Reaction coordinate ————

Figure 6.6

Energy diagram illustrating the SN1 mechanism for hydrolysis of tert-butyl bromide.

Page 223



The Sy1 Mechanism of Nucleophilic Substitution

THE OVERALL REACTION:

%Br + 2H,0 %7 0\ + H;0t + Br~
H

tert-Butyl bromide =~ Water tert-Butyl alcohol ~ Hydroniumion  Bromide ion

THE MECHANISM:

Step 1: The alkyl halide dissociates to a carbocation and a halide ion.

g A )— e w

tert-Butyl bromide tert-Butyl cation Bromide ion

Step 2: The carbocation formed in step 1 reacts rapidly with water, which acts as a nucleophile. This step completes the nucleophilic substitution
stage of the mechanism and yields an alkyloxonium ion.

— H H
r/ \ | \ + /
+ : Q\ / O\
i H
tert-Butyl cation ~ Water tert-Butyloxonium ion

Step 3: This step is a fast acid-base reaction that follows the nucleophilic substitution. Water acts as a base to remove a proton from the
alkyloxonium ion to give the observed product of the reaction, tert-butyl alcohol.

H H H H
+ / | i I 1+
O: + 0 — 0O: G A AL
f/\ e i it
Bl S
tert-Butyloxonium ion Water tert-Butyl alcohol Hydronium ion

In order to compare Sy 1 rates in a range of alkyl halides, experimental conditions of low nucleophilicity such as solvolysis (Section 6.5) are chosen so as
to suppress competition from Sy2. Under these conditions, the structure/reactivity trend among alkyl halides is exactly opposite to the Sy2 profile.

Increasing relative reactivity toward solvolysis
(aqueous formic acid)

CH3Br \B i >—Br %—Br
T
1 26

0.6 ~100,000,000
Syl reactivity: methyl < primary < secondary < tertiary

We have seen a similar trend in the reaction of alcohols with hydrogen halides (Section 5.10); the more stable the carbocation, the faster it is —————
formed, and the faster the reaction rate. Methyl and primary carbocations are so high in energy that they are unlikely intermediates in Page 224
nucleophilic substitutions. Although methyl and ethyl bromide undergo hydrolysis under the conditions just described, substitution probably

takes place by an S\2 process in which water is the nucleophile.

In general, methyl and primary alkyl halides never react by the Sy mechanism, tertiary alkyl halides never react by Sy2.



Secondary alkyl halides occupy a borderline region in which the nature of the nucleophile is the main determining factor in respect to the mechanism.
Secondary alkyl halides usually react with good nucleophiles by the SN2 mechanism, and with weak nucleophiles by Sy1.

Identify the compound in each of the following pairs that reacts at the faster rate in an Sy1 reaction:
a) Isopropyl bromide or isobutyl bromide

(a)

(b) Cyclopentyl iodide or 1-methylcyclopentyl iodide

(c) Cyclopentyl bromide or 1-bromo-2,2-dimethylpropane
(

d) tert-Butyl chloride or tert-butyl iodide

Sample Solution (a) Isopropyl bromide, (CH3),CHBEr, is a secondary alkyl halide, whereas isobutyl bromide, (CH3),CHCHJBr, is
primary. Because the rate-determining step in an Sy1 reaction is carbocation formation and secondary carbocations are more stable
than primary ones, isopropyl bromide is more reactive than isobutyl bromide in nucleophilic substitution by the Sy1 mechanism.

Numerous studies of their solvolysis reactions (Sy1) have established the approximate rates of nucleophilic substitution in bicyclic
compounds A and B relative to their tert-butyl counterpart, where X is a halide or sulfonate leaving group.

A O

tert-Butyl: 1 A: 1076 B: 107"

Suggest a reasonable explanation for the very large spread in reaction rates.

6.7 Stereochemistry of Sy1 Reactions

Although SN2 reactions are stereospecific and proceed with inversion of configuration at carbon, the situation is not as clear-cut for Sy1. When the leaving

group departs from a chirality center of an optically active halide, the positively charged carbon that results is sp>-hybridized and cannot be a chirality center.
The three bonds to that carbon define a plane of symmetry.

(¥

("
.'/-\‘- +
oo g e

Alkyl halide is chiral Carbocation is achiral

If a nucleophile can approach each face of the carbocation equally well, substitution by the Sy1 mechanism should give a 1:1 mixture of ————
enantiomers irrespective of whether the starting alkyl halide is R, S, or racemic. Sy1 reactions of alkyl halides should give racemic products from Page 225
optically active starting materials.

But they rarely do. Methanolysis of the tertiary alkyl halide (R)-3-chloro-3,7-dimethyloctane, which almost certainly proceeds by an Sy1 mechanism,

takes place with a high degree of inversion of configuration.

Cl OCH;
CH,OH 7’
i ——— + ey
"
OCHj3
(R)-6-Chloro-2.6- (5)-2.6-Dimethyl-6- (R)-2,6-Dimethyl-6-
dimethyloctane methoxyoctane (89%) methoxyoctane (11%)

Similarly, hydrolysis of (R)-2-bromooctane follows a first-order rate law and yields 2-octanol with 66% net inversion of configuration.



Br OH

HO g .
- _— = e w
H' ethanol H.

OH

(R )}-2-Bromooctane (8)-2-Octanol (83%) (R)-2-Octanol (17%)

Partial but not complete loss of optical activity in Sy1 reactions is explained as shown in Figure 6.7. The key feature of this mechanism is that when the
carbocation is formed, it is not completely free of the leaving group. Although ionization is complete, the leaving group has not yet diffused very far away
from the carbon to which it was attached and partially blocks approach of the nucleophile from that direction. Nucleophilic attack on this species, called an
ion pair, occurs faster from the side opposite the leaving group. Once the leaving group has diffused away, however, both faces of the carbocation are equally
accessible to nucleophiles.

Carbocation/Leaving group ion pair Carbocation
G ‘ separation of
carbocation and
|r\1 I jonization ” ° anion of leaving group
Leaving group shields front side of carbocation; Carbocation free of leaving group;
nucleophile ° attacks faster from back. nucleophile ° attacks either side of
More inversion of configuration than retention. carbocation at same rate. Product is racemic.

¢ «“ ¢ «
¢ 00 = € ¢ Qo i €
More than 50% Less than 50% 50% 50%

Figure 6.7

SN1 stereochemistry. The carbocation formed by ionization of an a kyl halide is shielded on its “front” side by the leaving group. The nucleophile
attacks this carbocation—halide ion pair faster from the less shielded “back” side and the product is formed with net inversion of configuration. In a
process that competes with nucleophilic attack on the ion pair, the leaving group diffuses away from the carbocation. The nucleophile attacks the
carbocation at the same rate from either side to give equal amounts of enantiomers.

The stereochemistry of Sy1 substitution depends on the relative rates of competing processes—attack by the nucleophile on the ion pair versus separation

of the ions. Consequently, the observed stereochemistry varies considerably according to the alkyl halide, nucleophile, and experimental conditions. Some
give predominant, but incomplete, inversion of configuration. Others give products that are almost entirely racemic.

Page D
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What two stereoisomeric substitution products would you expect to isolate from the hydrolysis of cis-1,4-dimethylcyclohexyl bromide?
From hydrolysis of trans-1,4-dimethylcyclohexyl bromide?

6.8 Carbocation Rearrangements in Sy1 Reactions

Additional evidence for carbocation intermediates in certain nucleophilic substitutions comes from observing rearrangements of the kind described in
Section 5.12. For example, hydrolysis of the secondary alkyl bromide 2-bromo-3-methylbutane yields the rearranged tertiary alcohol 2-methyl-2-butanol as

the only substitution product.
OH

2-Bromo-3-methylbutane 2-Methyl-2-butanol (93%)

Br



Mechanism 6.3 for this reaction assumes rate-determining ionization of the alkyl halide (step 1), followed by a hydride shift that converts a secondary
carbocation to a more stable tertiary one (step 2). The tertiary carbocation then reacts with water to yield the observed product (steps 3 and 4).

Why does the carbocation intermediate in the hydrolysis of 2-bromo-3-methylbutane rearrange by way of a hydride shift rather than a
methyl shift?

Carbocation Rearrangement in the Sy 1 Hydrolysis of 2-Bromo-3-methylbutane

0
+ 2H,0 — H')[\/ + H,0* + Br~
Br

2-Bromo-3-methylbutane Water 2-Methyl-2-butanol Hydronium ion Bromide ion

THE OVERALL REACTION:

THE MECHANISM:

Step 1: The alkyl halide ionizes to give a carbocation and bromide ion. This is the rate-determining step.

slow T
— - + :Br:

(:_Br: *

2-Bromo-3-methylbutane 1,2-Dimethylpropyl cation Bromide ion

Step 2: The carbocation formed in step 1 is secondary; it rearranges by a hydride shift to form a more stable tertiary carbocation.

H
1.2-Dime thylpropyl cation 1.1-Dimethylpropyl cation

Step 3: The tertiary carbocation is attacked by water acting as a nucleophile.

T T H
,/ \\ / fast H oo
1 + - O\: —_ = :0
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4 H
1,1-Dimethylpropyl Water 1,1-Dimethylpropyl-
cation oxonium ion

Step 4: Proton transfer from the alkyloxonium ion to water completes the process.

6
i ~ H H
H i
1.1-Dimethylpropyl- Water 2-Methyl-2-butanol Hydronium ion

oxonium ion




Rearrangements, when they do occur, are taken as evidence for carbocation intermediates and point to the Sy1 mechanism as the reaction pathway.
Rearrangements are never observed in Sy2 reactions of alkyl halides.

6.9 Effect of Solvent on the Rate of Nucleophilic Substitution

The major effect of the solvent is on the rate of nucleophilic substitution, not on what the products are. Thus, we need to consider two related questions:

1. What properties of the so/vent influence the rate most?
2. How does the rate-determining step of the mechanism respond to the properties of the solvent?

We begin by looking at the solvents commonly employed in nucleophilic substitutions, then proceed to examine how these properties affect the Sy1 and Sy2
mechanisms. Because these mechanisms are so different from each other, we discuss each one separately.

Classes of Solvents. Table 6.3 lists a number of solvents in which nucleophilic substitutions are carried out and classifies them according to two criteria:
whether they are protic or aprotic, and polar or nonpolar:

TABLE 6.3 Properties of Some Solvents Used in Nucleophilic )
Substitution ‘

Structural Protic or Dielectric

Solvent formula Aprotic constant * Polarity
Water Hz0 Protic 78 Most polar

: A
Formic acid HCOH Protic 58
Dimethyl sulfoxide {CH3]2§—O_ Aprotic 49
Acetonitrile CH3C=N Aprotic 37

i
N, N-Dimethylformamide (CH3);NCH Aprotic 37
Methanol CH.OH Protic 33 I
W

Acetic acid CHsCOH Protic 6 Least polar

*Dielectric constants are approximate and temperature-dependent.

Protic solvents are those that are capable of hydrogen-bonding interactions. Most have —OH groups, as do the examples in Table 6.3 (water, formic acid,
methanol, and acetic acid). The aprotic solvents in the table (dimethyl sulfoxide, N, N-dimethylformamide, and acetonitrile) lack —OH groups.

Unlike protic and aprotic, which constitute an “either-or” pair, polar and nonpolar belong to a continuous gradation with no
sharply defined boundary separating them.

The polarity of a solvent is related to its dielectric constant (¢), which is a measure of the ability of a material to moderate the force of attraction
between oppositely charged particles. The standard dielectric is a vacuum, assigned a value € of exactly 1, to which the polarities of other materials are then
compared. The higher the dielectric constant €, the better the medium is able to support separated positively and negatively charged species. Solvents with
high dielectric constants are classified as polar solvents; those with low dielectric constants are nonpolar.

Diethyl ether (CH3CH,OCH,CH3) has a dielectric constant of 4. What best describes its solvent properties: polar protic, nonpolar protic,
polar aprotic, or nonpolar aprotic?

Solvent Effects on the Rate of Substitution by the SN2 Mechanism. Polar solvents are required in typical bimolecular substitutions because ——
ionic substances, such as the sodium and potassium salts cited earlier in Table 6.1, are not sufficiently soluble in nonpolar solvents to give a high Page 228
enough concentration of the nucleophile to allow the reaction to occur at a rapid rate. Other than the requirement that the solvent be polar enough —
to dissolve ionic compounds, however, the effect of solvent polarity on the rate of Sy2 reactions is small. What is more important is whether the polar



solvent is protic or aprotic. Protic solvents such as water, formic acid, methanol, and acetic acid all have —OH groups that allow them to form hydrogen
bonds to anionic nucleophiles.

5t . 8 &
RO—H + Y —> RO—H--Y
Solvent Nucleophile Hydrogen-bonded
complex

This clustering of protic solvent molecules (solvation) around an anion suppresses its nucleophilicity and retards the rate of bimolecular substitution.

Aprotic solvents, on the other hand, lack —OH groups and do not solvate anions very strongly, leaving the anions much more able to express their
nucleophilic character. Table 6.4 compares the second-order rate constants k for S\2 substitution of 1-bromobutane by azide ion (a good nucleophile) in

several polar aprotic solvents with the corresponding ’s for the much slower reactions in polar protic solvents.
M N. _— /\\//\ . 3
B + N, N. T Br

Butyl bromide Azide 1on Butyl azide Bromide ion

TABLE 6.4 Relative Rate of Sy2 Displacement of 1-Bromobutane by
Azide in Various Solvents*®

Structural Dielectric Type of Relative

Solvent formula constante  solvent rate

Methanol CH;OH 33 Polar protic 1
Water H.0 78 Polar protic 7
Dimethyl sulfoxide (CH3}g§—O_ 49 Polar aprotic 1300

0]

N.N-Dimethylformamide (CH3}QN(|£H 37 Polar aprotic 2800
Acetonitrile CH3C=N 37 Polar aprotic 5000

*Ratio of second-order rate constant for substitution in indicated solvent to that for substitution in methanol at 25 C.

Unlike protic solvents, which solvate anions, polar aprotic solvents form complexes with cations better than with anions. Use a dashed
+ .

line to show the interaction between dimethyl sulfoxide [(CH.),S5—0*] with a cation, using sodium azide (NaN3) as the source of the

cation.

The large rate enhancements observed for bimolecular nucleophilic substitutions in polar aprotic solvents offer advantages in synthesis. One

example is the preparation of alkyl cyanides (nitriles) by the reaction of sodium cyanide with alkyl halides: Page 229
NN x t NaCN _— WC.\' + NaX
Hexyl halide Sodium cyanide Hexyl cyanide Sodium halide

When the reaction was carried out in aqueous methanol as the solvent, hexyl bromide was converted to hexyl cyanide in 71% yield. Although this is
perfectly acceptable for a synthetic reaction, it required heating for a period of over 20 hours. Changing the solvent to dimethyl sulfoxide increased the
reaction rate to the extent that the less reactive (and less expensive) hexyl chloride could be used and the reaction was complete (91% yield) in only 20
minutes!

The rate at which reactions occur can be important in the laboratory, and understanding how solvents affect rate is of practical value. As we proceed
through the text, however, and see how nucleophilic substitution is applied to a variety of functional-group transformations, be aware that the nature of both
the substrate and the nucleophile, more than anything else, determines what product is formed.

Solvent Effects on the Rate of Substitution by the SN1 Mechanism. Table 6.5 gives the relative rate of solvolysis of fert-butyl chloride in several protic
solvents listed in order of increasing dielectric constant. As the table illustrates, the rate of solvolysis of fert-butyl chloride (which is equal to its rate of
ionization) increases dramatically as the solvent becomes more polar.



TABLE 6.5 Relative Rate of Sy1 Solvolysis of tert-Butyl Chloride as a
Function of Solvent Polarity*

Solvent Dielectric constant & Relative rate
Acetic acid 6 1
Methanol 33 4
Formic acid 58 5,000
Water 78 150,000

*Ratio of first-order rate constant for solvolysis in indicated solvent to that for solvolysis in acetic acid at 25 C.

According to the Sy1 mechanism, a molecule of an alkyl halide ionizes to a positively charged carbocation and a negatively charged halide
ion in the rate-determining step. As the alkyl halide approaches the transition state for this step, positive charge develops on the carbon and Page 230
negative charge on the halogen. The effects of a nonpolar and a polar solvent on the energy of the transition state are contrasted in Figure 6.8.
Polar and nonpolar solvents are similar in their interaction with the starting alkyl halide, but differ markedly in how they stabilize the transition state. A
solvent with a low dielectric constant has little effect on the energy of the transition state, whereas one with a high dielectric constant stabilizes the charge-
separated transition state, lowers the activation energy, and increases the rate of the reaction.

% e Transition state is

&+ & more polar than starting
R——X state; polar solvent can

cluster about transition
state so as to reduce
electrostatic energy .
2 Pl : &+ 8-
associated with separation RoX

of opposite charges.

'Ea
E,
Energy of alkyl halide ——
is approximately the
same in either a
nonpolar or a polar
solvent.
@ r—x D —x AP

Y § N

Nonpolar solvent Polar solvent

Figure 6.8

A polar solvent stabilizes the transition state of an Sy1 reaction and increases its rate.

If the solvent, like those listed in Table 6.4, is protic, stabilization of the transition state is even more pronounced because of the hydrogen bonding that
develops as the leaving group becomes negatively charged.

6.10 Nucleophilic Substitution of Alkyl Sulfonates

A few other classes of organic compounds undergo nucleophilic substitution reactions analogous to those of alkyl halides; the most important of these are
sulfonates.

Sulfonic acids such as methanesulfonic acid and p-toluenesulfonic acid are strong acids, comparable in acidity with sulfuric acid.



O 0O

| |
Ha .—ﬁ—DH H.C ﬁ—DH
0

0]

Methanesulfonic acid p-Toluenesulfonic acid

Alkyl sulfonates are derivatives of sulfonic acids prepared by treating an alcohol with the appropriate sulfonyl chloride, usually in the

presence of pyridine. Page 231
/] |/
7N rridi N
CH,CH,OH + H,c—{  H—son 222, CH_XCHgosﬁ/{ \}—C‘H;
0] 0]
Ethanol p-Toluenesulfonyl Ethyl p-toluenesulfonate
chloride (72%)

Alkyl sulfonates resemble alkyl halides in their ability to undergo nucleophilic substitution. Those used most frequently are the p-toluenesulfonates,
commonly known as tosylates and abbreviated as ROTs.

KCN
ethanol—-water | i
oT CN

s

(3-Cyclopentenyl)methyl
p-toluenesulfonate

(4-Cyanomethylcyclo-
pentene (86%)

As shown in Table 6.6, alkyl tosylates undergo nucleophilic substitution at rates that are even faster than those of the corresponding iodides. lodide is the
weakest base and the best leaving group among the halide anions. Similarly, sulfonate ions rank among the least basic of the oxygen-containing leaving

groups. The weaker the base, the better the leaving group. Trifluoromethanesulfonate (¢riflate, CF3SO,07) is a much weaker base than p-toluenesulfonate

and is the best leaving group in the table.

TABLE 6.6 Approximate Relative Leaving-Group Abilities* |

Conjugate acid of

pK, of

Leaving group Relative rate leaving group conjugate acid
F 10 HF 3.1
cr 10° HCl -39
Br 10’ HBr -5.8
I- 10% HI -10.4
H,O 10! H;O* —1.7
CH350,0~ 10* CH,S0,0H -26
TsO~ 10° TsOH -28
CF,S0,0” 10°® CF,S0O,0H -6.0

*Values are approximate and vary according to substrate.

Notice that strongly basic leaving groups are absent from Table 6.6. In general, any species that has pK, greater than about 2 for its conjugate acid cannot

be a leaving group in a nucleophilic substitution. Thus, hydroxide (HO") is far too strong a base to be displaced from an alcohol (ROH), and alcohols
themselves do not undergo nucleophilic substitution. In strongly acidic media, alcohols are protonated to give alkyloxonium ions, and these do undergo
nucleophilic substitution, because the leaving group is a weakly basic water molecule. Sy2 reactions are most favorable when a more basic nucleophile

displaces a less basic leaving group.
Because halides are poorer leaving groups than p-toluenesulfonate, alkyl p-toluenesulfonates can be converted to alkyl halides by SN2 reactions
involving chloride, bromide, or iodide as the nucleophile.

Page 232



DMSO
e NaBr NaOTs

- —_— -
OTs Br
sec-Butyl Sodium sec-Butyl Sodium
p-toluenesulfonate bromide bromide (82%) p-toluenesulfonate

Write a chemical equation showing the preparation of octadecyl p-toluenesulfonate.

Write equations showing the reaction of octadecyl p-toluenesulfonate with each of the following reagents:
0
a) Potassium acetate {KOC|CH3}
b) Potassium iodide (KI)

(a)

(b)

(c) Potassium cyanide (KCN)

(d) Potassium hydrogen sulfide (KSH)
(e)

e) Sodium butanethiolate (NaSCH,CH,CH,CHj3)

Sample Solution All these reactions of octadecyl p-toluenesulfonate have been reported in the chemical literature, and all proceed in
synthetically useful yield. You should begin by identifying the nucleophile in each of the parts to this problem. The nucleophile replaces
the p-toluenesulfonate leaving group in an Sy2 reaction. In part (a) the nucleophile is acetate ion, and the product of nucleophilic

substitution is octadecyl acetate.

Ho H S . D
Il IR .. %
CH3CO + HQ?_OTS CH3COCH2{CH2}-GCH3 + _-'QTS
(CH2)1sCH3
Acetatelon  Octadecyl tosylate Octadecyl acetate Tosylate fon

An advantage that sulfonates have over alkyl halides is that their preparation from alcohols does not involve any of the bonds to carbon. The alcohol
oxygen becomes the oxygen that connects the alkyl group to the sulfonyl group. Thus, the stereochemical configuration of a sulfonate is the same as that of
the alcohol from which it was prepared. If we wish to study the stereochemistry of nucleophilic substitution in an optically active substrate, for example, we
know that a tosylate will have the same configuration and the same optical purity as the alcohol from which it was prepared.

OH p-toluenesulfony] OTs
\/\/\/‘\ R \/\A)\
_ g
pyridine
(S)-(+)-2-Octanol (8)-(+)-1-Methylheptyl p-toluene sulfonate
o] +915% [a] +7.9°
(optically pure) (optically pure)

The same cannot be said about reactions with alkyl halides. The conversion of optically active 2-octanol to the corresponding halide does involve a bond to
the chirality center, and so the optical purity and absolute configuration of the alkyl halide need to be independently established.

The mechanisms by which sulfonates undergo nucleophilic substitution are the same as those of alkyl halides. Inversion of configuration is

observed in SN2 reactions of alkyl sulfonates and predominant inversion accompanied by racemization in Sy1 processes. Page 233
( NI
— NaN, l (
W \ DMSO “J \\/7-\ 5
TsO
(18, 25, 55)-5-1sopropenyl-2- (1R, 28, 55)-5-1sopropenyl-2-

methylcyclohexyl p-toluenesulfonate methyleyclohexyl azide (76%)



The hydrolysis of sulfonates of 2-octanol is stereospecific and proceeds with complete inversion of configuration. Write a structural
formula that shows the stereochemistry of the 2-octanol formed by hydrolysis of an optically pure sample of (S)-(+)-1-methylheptyl p-
toluenesulfonate, identify the product as R or S, and deduce its specific rotation.

6.11 Introduction to Organic Synthesis: Retrosynthetic Analysis

Retrosynthetic analysis is one component of a formal system of synthetic planning developed by E. J. Corey (Harvard). Corey
received the 1990 Nobel Prize in Chemistry for his achievements in synthetic organic chemistry.

An important concern to chemists is synthesis, the challenge of preparing a particular compound in an economical way with confidence that the method
chosen will lead to the desired structure. In this section we introduce the topic of synthesis, emphasizing the need for systematic planning to find the best
sequence of steps to prepare a desired product (the target molecule).

Two critical features of synthetic planning are to always use reactions that you know will work and to reason backward from the target to the starting
material. A way to represent this backward reasoning is called retrosynthetic analysis, characterized by an arrow of the type = pointing from the product
of a synthetic step toward the reactant.

Suppose you wanted to prepare (R)-2-butanethiol from (S)-2-butanol.

SH H
OH
(R)-2-Butanethiol (S )-2-Butanol

Begin by asking the question “From what can I prepare the target molecule in a single step?” Table 6.1 tells us that alkyl halides react with HS™ by
nucleophilic substitution to give thiols. Therefore, we are tempted to consider the retrosynthesis shown.

Br OH
(R)-2-Butanethiol (8)-2-Bromobutane (S )-2-Butanol

The flaw in this plan is stereochemical in that it requires that (S)-2-butanol be converted to (S)-2-bromobutane in order to get the correct enantiomer of the
desired thiol. We know, however, that the reaction of alcohols with hydrogen halides proceeds with inversion of configuration (Section 5.11). Therefore, we
need an alternative plan—one that takes into account both the functionality and configuration at C-2. One based on a sulfonate leaving group satisfies both
considerations.

SH H H Page 234
s = PR oy NS
OTs OH
(R)-2-Butanethiol (S)-1-Methylpropyl {8)-2-Butanol

p-toluenesulfonate

A synthesis based on this plan is straightforward and satisfies considerations of both connectivity and stereochemistry.

o tol Ifonyl s St
Z p-toluenesulfony z
NN chloride \T/\ NaSH HyLv
OH pyridine OTs
(5)-2-Butanol (8)-1-Methylpropy! (R)-2-Butanethiol

p-toluenesulfonate

Use retrosynthetic analysis to devise a synthesis of 2-bromo-3-methylbutane. You will find it useful to refer to Sections 6.3 and 6.10.




Chemists are often presented with the task of preparing a target molecule from an unspecified starting material. Usually there will be several possibilities
and choosing the best one includes considering a number of factors—availability of the starting materials, cost, scale, and disposal of hazardous waste,
among others. As we proceed through the text and develop a larger inventory of functional-group transformations and methods for forming carbon—carbon
bonds, our ability to evaluate alternative synthetic plans will increase. In most cases the best synthetic plan is the one with the fewest steps.

6.12 Substitution versus Elimination: A Look Ahead

Early in this chapter, Table 6.1 listed a number of examples in which alkyl halides were converted to other functional-group classes by nucleophilic
substitution. As the chapter progressed, important aspects of nucleophilic substitution were developed from a mechanistic perspective based on the Sy1/Sy2

concepts of Hughes and Ingold. As we close the chapter, we return to the use of nucleophilic substitution as a synthetic method for functional-group
transformation, particularly with regard to its major limitation.

The major limitation to nucleophilic substitution as applied to both alkyl halides and sulfonates is that similar reaction conditions can lead to elimination
as well as, or even instead of, substitution.

nucleophilic

substitution .
SRR ¢ ﬁ/\e‘ * ¥
JJ'
Alkyl halide or sulfonate EE— = \A +H-Y + X
elimination I

+ nucleophile I,'

Thus, a particular combination of reactants can give a mixture containing the products of elimination and/or substitution depending on a number of factors.
These factors will be explored in detail in Chapter 7. For the present chapter, however, nucleophilic substitution has predominated over elimination in all of
the reactions discussed so far and will in the end-of-chapter problems as well.
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Section 6.1 Nucleophilic substitution is one of the main methods for functional-group transformations. Examples of synthetically useful
nucleophilic substitutions were given in Table 6.1. It is a good idea to return to that table and review its entries now that the details
of nucleophilic substitution have been covered.

Sections
6.2-6.9 These sections show how a variety of experimental observations led to the proposal of the Sy1 and the SN2 mechanisms for

nucleophilic substitution. Summary Table 6.7 integrates the material in these sections.



Section 6.10

TABLE 6.7 Comparison of Sy1 and Sy2 Mechanisms of Nucleophilic Substitution in Alkyl Halides

Characteristics of mechanism

Rate-determining transition state

Molecularity

Kinetics and rate law

Relative reactivity of halide
leaving groups

Effect of structure on rate

Effect of nucleophile on rate

Effect of solvent on rate

Stereochemistry

Potential for rearrangements

Sul

Two elementary steps:
Step1:R£)}§: — R" + X_
Step 2:R* # *Nu~ —> R—Nu

lonization of alkyl halide (step 1) is
rate-determining. (Section 6.6)

S+R e 'X :6—
(Section 6.6)
Unimoelecular (Section 6.6)

First order: Rate = k{alkyl halide] (Section 6.6)
Rl > RBr > RCl >> RF (Section 6.2)

R3CX > R,CHX > RCH,X > CH,X

Rate is governed by stability of carbocation
that is formed in ionization step. Tertiary alkyl
halides can react only by the Sy 1 mechanism;
they never react by the S,2 mechanism.
(Section 6.6)

Rate of substitution is independent of both
concentration and nature of nucleophile.
Nucleophile does not participate until after
rate-determining step. (Section 6.6)

Rate increases with increasing polarity of
solvent as measured by its dielectric
constant e. (Section 6.9)

Not stereospecific: racemization accompanies
inversion when leaving group is located ata
chirality center. (Section 6.7)

Carbocation intermediate capable of
rearrangement. (Section 6.8)

Sn2

Single step:
“Nu meX — Nu—R + X_

Nucleophile displaces leaving group; bonding
to the inceming nucleophile accompanies
cleavage of the bond to the leaving group.
(Section 6.3)

-Nu ---R---)E(:E"
(Section 6.3)

Bimolecular (Section 6.3)

Second order: Rate = kfalkyl halide]
[nucleophile] (Section 6.3)

Rl > RBr > RCI >> RF (Section 6.2)

CH3X > RCHX > R,CHX > RyCX

Rate is governed by steric effects (crowding
in transition state). Methyl and primary alkyl
halides can react only by the 5,2 mechanism;
they never react by the S, 1 mechanism.
(Section 6.6)

Rate depends on both nature of nucleophile
and its concentration. (Sections 6.3 and 6.5)

Polar aprotic solvents give fastest rates of
substitution; solvation of Nu:™ is minimal and
nucleophilicity is greatest. (Section 6.9)

Stereospecific: 100% inversion of
configuration at reaction site. Nucleophile
attacks carbon from side opposite bond to
leaving group. (Section 6.3)

MNo carbocation intermediate; no
rearrangement.

Nucleophilic substitution can occur with leaving groups other than halide. Alkyl p-toluenesulfonates (fosylates), which p, ge 236

are prepared from alcohols by reaction with p-toluenesulfonyl chloride, are often used.

i i
ROH + HSCOﬁ—CI ol ROﬁ‘.
0 0

Alcohol

p-Toluenesulfonyl chloride

QCHg (ROTSs)

Alkyl p-toluenesulfonate (alkyl tosylate)

In its ability to act as a leaving group, p-toluenesulfonate is even more reactive than iodide.



. ¥

Nu: R—OTs — Nu—R + “OTs
Nucleophile Alkyl Substitution p-Toluenesulfonate
p-toluenesulfonate product ion

Section 6.11 Retrosynthetic analysis can suggest a synthetic transformation by disconnecting a bond to a functional group and considering how
that group can be introduced into the carbon chain by nucleophilic substitution.

RilY Ry

Section 6.12  When nucleophilic substitution is used for synthesis, the competition between substitution and elimination must favor substitution.
The factors that influence this competition will be described in Chapter 7.

Predict the Products

6.19 Write the structure of the major organic product from the reaction of 1-bromopropane with each of the following:

(a) Sodium iodide in acetone
(0]

(b) Sodium acetate (CHaCONa) in acetic acid

(¢) Sodium ethoxide in ethanol

(d) Sodium cyanide in dimethyl sulfoxide

(e) Sodium azide in aqueous ethanol

(f) Sodium hydrogen sulfide in ethanol

(g) Sodium methanethiolate (NaSCH3) in ethanol

6.20 Each of the following nucleophilic substitution reactions has been reported in the chemical literature. Many of them involve reactants
that are somewhat more complex than those we have dealt with to this point. Nevertheless, you should be able to predict the product by
analogy to what you know about nucleophilic substitution in simple systems.

0 Nal

_—
acetone

o
[
/ \ CH3CONa
(® 02N4<L>7CH2C1 acetic acid

(a) Br



6.21

6.22

6.23

6.24

6.25

Rate and Mechanism

NaCN

B
© /\o/\/ r

ethanol-water

@) NC OCHZCI BP0.50..
0
NaN;
cl )<
© \/u\o

acetone-water
0 Nal
® <
TsO 0 acetone
® @\/SN“ +  CHyCH,Br
(0}
OCH,4
CH,0 OH 1. TsCl, pyridine
(h)
2. Lil, acetone
CH,0

Both of the following reactions involve nucleophilic substitution. The product of reaction (a) is an isomer of the product of M
reaction (b). What kind of isomer? By what mechanism does nucleophilic substitution occur? Write the structural formula of

the product of each reaction.

@ CIM + Qsm
®) M + @—sm
cl

Identify the product in each of the following reactions:
Nal (1 mol)

@) Cl%\'/\ CsH,Cll
Cl acetone
® BB+ s N CHsS,
Cl
© Cl/\/\/ + NasS C,HgS

The compound KSCN i1s a source of thiocyanate 1on.
(a) Write the two most stable Lewis structures for thiocyanate ion and identify the atom 1n each that bears a formal charge of —1.
(b) Two constitutionally 1someric products of molecular formula CsHoNS were 1solated in a combined yield of 87% in the reaction
shown. (DMF stands for N, N-dimethylformamide, a polar aprotic solvent.) Suggest reasonable structures for these two compounds.
KSCN

CH,CH,CH,CHBr — 1 ==>

Sodium nitrite (NaNO,) reacted with 2-10dooctane to give a mixture of two constitutionally 1someric compounds of molecular formula
CgH;7NO, in a combined yield of 88%. Suggest reasonable structures for these two isomers.

Reaction of ethyl iodide with triethylamine [(CH3CHj)3N:] yields a crystalline compound CgHyNI in high yield. This compound is
soluble in polar solvents such as water but insoluble in nonpolar ones such as diethyl ether. It does not melt below about 200°C. Suggest
a reasonable structure for this product.
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6.26

6.27

6.28

6.29

6.30

6.31

6.32

There 1s an overall 29-fold difference in reactivity of 1-chlorohexane, 2-chlorohexane, and 3-chlorohexane toward potassium iodide in
acetone.

(a) Which one 1s the most reactive? Why?
(b) Two of the isomers differ by only a factor of 2 in reactivity. Which two are these? Which one is the more reactive? Why?

In each of the following, indicate which reaction will occur faster. Explain your reasoning.
(a) CH3CH,CH,CH,Br or CH3CH;CH;CH,I with sodium cyanide in dimethyl sulfoxide
(b) 1-Chloro-2-methylbutane or 1-chloropentane with sodium iodide in acetone
(c) Hexyl chloride or cyclohexyl chloride with sodium azide in aqueous ethanol
(d) Solvolysis of 1-bromo-2,2-dimethylpropane or tert-butyl bromide in ethanol
(e) Solvolysis of 1sobutyl bromide or sec-butyl bromide in aqueous formic acid
() Reaction of 1-chlorobutane with sodium acetate in acetic acid or with sodium methoxide in methanol
(g) Reaction of 1-chlorobutane with sodium azide or sodium p-toluenesulfonate in aqueous ethanol

The reaction of 2,2-dimethyl-1-propanol with HBr 1s very slow and gives 2-bromo- 2-methylbutane as the major product.

ﬂ. Br
OH 65°C
Give a mechanistic explanation for these observations.

If the temperature is not kept below 25°C during the reaction of primary alcohols with p-toluenesulfonyl chloride in pyridine, it is
sometimes observed that the isolated product is not the desired alkyl p-toluenesulfonate but 1s instead the corresponding alkyl chloride.
Suggest a mechanistic explanation for this observation.

The reaction of cyclopentyl bromide with sodium cyanide to give cyclopentyl cyanide

H NaCN H
—_——
Br  ethanol-water CN
Cyclopentyl bromide Cyclopentyl cyanide

proceeds faster if a small amount of sodium 10dide 1s added to the reaction mixture. Can you suggest a reasonable mechanism to explain
the catalytic function of sodium iodide?

In a classic experiment, Edward D. Hughes (a colleague of Ingold’s at University College, London) studied the rate of racemization of 2-
10dooctane by sodium iodide in acetone and compared it with the rate of incorporation of radioactive iodine into 2-iodooctane.

RI+ [T —>RI*+ T

(I* = radioactive iodine)

How will the rate of racemization compare with the rate of incorporation of radioactivity if
(a) Each act of exchange proceeds stereospecifically with retention of configuration?
(b) Each act of exchange proceeds stereospecifically with inversion of configuration?
(c) Each act of exchange proceeds in a stereorandom manner, in which retention and inversion of configuration are equally likely?

Give the mechanistic symbols (Sy1, Sy2) that are most consistent with each of the following statements:
(a) Methyl halides react with sodium ethoxide in ethanol only by this mechanism.
(b) Unhindered primary halides react with sodium ethoxide in ethanol mainly by this mechanism.
(c) The substitution product obtained by solvolysis of tert-butyl bromide in ethanol arises by this mechanism.
(d) Reactions proceeding by this mechanism are stereospecific.
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(e) Reactions proceeding by this mechanism involve carbocation intermediates.

(f) This mechanism 1s most likely to have been involved when the products are found to have a different carbon skeleton from the
substrate.

(g) Alkyl 10dides react faster than alkyl bromides in reactions that proceed by these mechanisms.



Stereochemistry

6.33 Write an equation, clearly showing the stereochemistry of the starting material and the product, for the reaction of (S)-1-bromo-2-
methylbutane with sodium 1odide in acetone. What is the configuration (R or S) of the product?

6.34 Give the structures, including stereochemistry, of compounds A and B in the following sequence of reactions:

OH pyridine LiBr
+ O)N SO,C1 —— Compound A Compound B
acetone

6.35 Based on what we know about nucleophiles and leaving groups, we suspect that the reaction of (R)-2-chlorobutane with sodium iodide in
acetone would not be useful as a synthesis of (S)-2-iodobutane. Explain.

6.36 Optically pure (S)-(+)-2-butanol was converted to its methanesulfonate according to the reaction shown.

CH;
CH,SO,Cl1
H I £ pyz'idii
CH,CH, 0SO,CHj

(a) Write the Fischer projection of the sec-butyl methanesulfonate formed in this reaction.

(b) The sec-butyl methanesulfonate in part (a) was treated with NaSCH,CHj to give a product having an optical rotation ap, of —25°.
Wirite the Fischer projection of this product. By what mechanism i1s it formed? What 1s its absolute configuration (R or S)?

(c) When treated with PBr3, optically pure (S)-(+)-2-butanol gave 2-bromobutane having an optical rotation ap =—38°. This bromide
was then allowed to react with NaSCH,CH3 to give a product having an optical rotation ap of +23°. Write the Fischer projection for
(—)-2-bromobutane and specify its configuration as R or S. Does the reaction of 2-butanol with PBr3 proceed with predominant
inversion or retention of configuration?

(d) What 1s the optical rotation of optically pure 2-bromobutane?

Synthesis

6.37 Outline an efficient synthesis of each of the following compounds from the indicated starting material and any necessary organic or
inorganic reagents:
(a) Isobutyl 10dide from isobutyl chloride
(b) Isopropyl azide from 1sopropyl alcohol
(c) (S)-sec-Butyl azide from (R)-sec-butyl alcohol
(d) (5)-CH;CH,CHCH, from (R)-sec-butyl alcohol
SH
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6.38 The sex pheromone (matsuone) of a parasitic insect (Matsucoccus) that infests pine trees was prepared in a multistep
synthesis from (—)-citronellol by way of the nitrile shown.

;
;

OH CN

(S)-(=)-Citronellol (5)-4,8-Dimethyl-7-nonenenitrile

(a) Relate the nitrile to (—)-citronellol by a retrosynthetic analysis.
(b) Convert your retrosynthesis to a synthesis, showing appropriate reagents for each step.

6.39 Suggest a reasonable series of synthetic transformations for converting trans- 2-methylcyclopentanol to cis-2-methylcyclopentyl acetate.




6.40 The preparation of the serotonin reuptake inhibitor, fluparoxan, 1s accomplished in four synthetic steps.

F
o)

(o)

- -
%

Fluparoxan

A retrosynthesis for the formation of the second ring in this synthesis, a tetraether, is shown. Propose a synthetic path for the formation of
the tetraether from the starting fluorocatechol and butanediol.

F F
OH
— +
OH
Tetracther 3-Fluorocatechol Butanediol

6.41 Tomelukast has been examined as a leukotriene receptor antagonist. Its synthesis can be accomplished in five steps from readily available
starting materials.

(o)

HO N
Tomelukast

A retrosynthetic analysis for the formation of the penultimate compound in the synthesis of Tomelukast is shown below.
Devise a synthesis for the preparation of the indicated compound. Use any other reagents needed for the conversion.

o )
o/_\—\ OH
N = r e
HO HO

Nucleophilic Substitution
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These problems differ from those in earlier chapters in that they directly test your knowledge of core material rather than using a descriptive passage
to extend the material or introduce new ideas. The number of factors that contribute to nucleophilic substitution can be daunting. The really major
ones, though, are few and readily applied to specific reactions by using the Sy1 and Sy2 mechanisms to guide your analysis.

6.42 Which compound undergoes substitution by the Syy1 mechanism at the fastest rate?



)\/\/Bf )\/B‘r\ /H/\ Brj\/\

A.

B. C. D.

6.43 Which compound undergoes substitution by the Sx2 mechanism at the fastest rate?

PN

A.

6.44 Which reaction takes place at the fastest rate?

AN + NaOH —— NSy + NaF
NN+ NaOH —— "oy + NaCl
ANNpr + NaSH —— ">gg + NaBr
NN + NaSH — "N"Sgg + Nal

o N = »

B. C. D.

6.45 What 1s the major product of the reaction shown?

CH,
H——CN
H.C——H
CH,CH,
A.

CH,
H Br NaCN

H,C H DMSO, 25°C
CH,CH3;
CH, CH, CH,

NC H H——CN NC H

H.C——H H——CH, H—CH,

CH,CH, CH,CH, CH,CH,
B. C. D.

6.46 What are reactant X and product Y in the following sequence of reactions?
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6.47

!
e Orp fr
0 H.C O—SOCH 3 NaNj
Reactant X pyridine = HWH I ethanol-water

0
Reactant X Product Y
H,C OH H,C
H,C OH H,C
H,C H,C H
S 5 “OH HWN,
o HC H,C
" HY "OH H\@H

Product Y

Trimethyloxonium tetrafluoroborate reacts with methanol (CH30H) to give dimethyl ether (CH30CH3). Which equation,
including the curved arrows, best represents the rate-determining step in the mechanism?

CH,
* -
HJC_OQ BF4
CH,
Trimethyloxonium tetrafluoroborate
CH, CH,
A HC b/ — HCc' + 0/
. - : ) H H
A\ N
CH, CH,
i
B. HC—O: + H,C' — HC—O:
\ \
H H
C.HC—O: + HC +o/CH3 H,C—( /CH3
. —0: —0: e C—0:
\ \ \
H CH, H
D. HC—O? + HC *o/CHJ H.C o/CH3
_ £ __x :
O\ :
CH,
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Squalene (C3gH50) is a hydrocarbon with six carbon—carbon double bonds. It is present in plants and animals and, as will be seen in Chapter 24,

is the biosynthetic precursor to steroids such as cholesterol.
©Sodapix AG, Switzerland/Glow Images
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Structure and Preparation of Alkenes: Elimination Reactions

Alkenes are hydrocarbons that contain a carbon—carbon double bond. A carbon—carbon double bond is both an important structural unit and an important
functional group in organic chemistry. The shape of an organic molecule is influenced by its presence, and the double bond is the site of most of the
chemical reactions that alkenes undergo.

This chapter is the first of two dealing with alkenes; it describes their structure, bonding, and preparation. Chapter 8 examines their chemical reactions.

7.1 Alkene Nomenclature

We give alkenes IUPAC names by replacing the -ane ending of the corresponding alkane with -ene. The two simplest alkenes are ethene and propene. Both
are also well known by their common names ethylene and propylene.

H2C=CH2 CH3CH=C.I'12
TUPAC name: ethene TUPAC name: propene
Common name: ethylene Common name: propylene

The alkene correspondmg to the longest continuous chain that includes the double bond is considered the parent, and the chain is numbered
in the direction that gives the doubly bonded carbons their lower numbers. The locant (or numerical position) of only one of the doubly bonded Page 245
carbons is specified in the name; it is understood that the other doubly bonded carbon must follow in sequence. According to various versions of —
the IUPAC rules, the locant may precede the parent chain or the -ene suffix. Both versions are widely used. Carbon—carbon double bonds take precedence
over alkyl groups and halogens in determining the main carbon chain and the direction in which it is numbered.

4 3 2 |
12 3 4 CHyCHCH=CH;
H,C=CHCH,CH; 1
CH;
1-Butene 3-Methyl-1-butene 6-Bromo-3-propyl-1-hexene
or or or
But-1-ene 3-Methylbut-1-ene 6-Bromo-3-propylhex-1-ene

Hydroxyl groups, however, outrank the double bond, and a chain that contains both an —OH group and a double bond is numbered in the direction that gives
the carbon attached to the —OH group the lower number. Compounds that contain both a double bond and a hydroxyl group combine the suffixes -en + -o/ to

signify that both functional groups are present.
)\/\/\ 5-Methyl-4-hexen- 1-ol
i S W ) or
oo e I ~OH

5-Methylhex-4-en-1-ol

Name each of the following using IUPAC nomenclature:

(a) (CH3),C=C(CH3)2 (d) W

(b) (CH3)3CCH=CH,

(<) (e) =
=

Sample Solution (a) The longest continuous chain in this alkene contains four carbon atoms. The double bond is between C-2 and C-3,
and so it is named as a derivative of 2-butene.



HsC CHs 23 Dimethyl-2-butene

2 }—{ 3 or
2,3-Dimethylbut-2-ene

HsC CH3

The two methyl groups are substituents attached to C-2 and C-3 of the main chain.

The common names of three frequently encountered alkenyl groups—vinyl, allyl, and isopropenyl—are acceptable in the [IUPAC system.

HC=CH— amin HC=CC o ¢
Vinyl Vinyl chloride
H,C=CHCH,— asin H,C=CHCH,0H or .~~~ 9H
Allyl Allyl alcohol
HQC—(|3— as in HIC—(ITCI or Cl
CH, CH, =
Isopropenyl Isopropenyl chloride

Vinyl chloride is an industrial chemical produced in large amounts (1010 Ib/year in the United States) and is used in the
preparation of poly(vinyl chloride). Poly(vinyl chloride), often called simply vinyl, has many applications, including siding for
houses, wall coverings, and PVC piping.

When a CH, group is doubly bonded to a ring, the prefix methylene is added to the name of the ring.

Oren

Methylenecyclohexane
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Cycloalkenes and their derivatives are named by adapting cycloalkane terminology to the principles of alkene nomenclature.

.h/CH3 -..'J/ﬂ\*;l/
O O L

\\:/

Cyclopentene I-Methyleyclohexene 3-Chlorocycloheptene
(not 1-chloro-2-cycloheptene)

No locants are needed in the absence of substituents; it is understood that the double bond connects C-1 and C-2. Substituted cycloalkenes are numbered
beginning with the double bond, proceeding through it, and continuing in sequence around the ring. The direction is chosen so as to give the lower of two
possible numbers to the substituent.

Write structural formulas and give the IUPAC names of all the monochloro-substituted derivatives of cyclopentene. Include enantiomers
and assign R- and S-configurations as appropriate. Which isomers are allylic chlorides? Which are vinylic?

7.2 Structure and Bonding_] in Alkenes

The structure of ethylene and the orbital hybridization model for its double bond were presented in Section 2.8 and are briefly reviewed in Figure 7.1.
Ethylene is planar, each carbon is spz-hybridized, and the double bond has a ¢ component and a © component. The ¢ component arises from overlap of sp2
hybrid orbitals along a line connecting the two carbons, the @ component via a “side-by-side” overlap of two p orbitals. Regions of high n-electron density
are present above and below the plane of the molecule. Most of the reactions of ethylene and other alkenes involve these 7 electrons.



134pm (1.34 A)
\

\
J '\dopmu.mm

(a) (b) () (d)

Figure 7.1

(a) The planar framework of o bonds in ethylene showing bond distances and angles. (b) and (c) The half-filled p orbitals of two spz-hybridized
carbons overlap to produce a m bond. (d) The electrostatic potential map shows a region of high negative potential due to the 1 electrons above
and below the plane of the atoms.

-
Ethylene

thylene was known to chemists in the eighteenth century and isolated in pure form in 1795. An early name for ethylene was
gaz oléfiant (French for “oil-forming gas”), to describe the fact that an oily liquid product is formed when two gases— ethylene
and chlorine—react with each other.

H,C=CH, + Cl ——= CICH,CHCI

Ethylene Chlorine 1,2-Dichloroethane
(bp: =104°C) (bp: —=34°C) (bp: 83°C)

The term gaz oléfiant was the forerunner of the general term olefin, formerly used as the name of the class of compounds we now
call alkenes.

Ethylene occurs naturally in small amounts as a plant hormone. It is formed in a complex series of steps from a compound
containing a cyclopropane ring:

+ several
NH3 steps
I>< ———» H,C=CH, + other products
CO;~
1-Amino- Ethylene

cyclopropane-
carboxylic acid

Even minute amounts of ethylene can stimulate the ripening of fruits, and the rate of ripening increases with the concentration of
ethylene. This property is used to advantage in the marketing of bananas. Bananas are picked green in the tropics, kept green by
being stored with adequate ventilation to limit the amount of ethylene present, and then induced to ripen at their destination by
passing ethylene over the fruit.

Ethylene is the cornerstone of the world’s mammoth petrochemical industry and is produced in vast quantities. In a typical year
the amount of ethylene produced in the United States (5 x 1010 Ib) exceeds the combined weight of all of its people. In one
process, ethane from natural gas is heated to bring about its dissociation into ethylene and hydrogen:

750°C
CH3CH;

H,C=CH; + Hy

Ethane Ethylene Hydrogen

This dehydrogenation is simultaneously both a source of ethylene and one of the methods by which hydrogen is prepared on an
industrial scale. Most of this hydrogen is subsequently used to reduce nitrogen to ammonia for the preparation of fertilizer.

Similarly, dehydrogenation of propane gives propene:

750°C
CH3CH,CH; —— H,C=CHCH; + H,

Propane Propene Hydrogen

Propene is the second most important petrochemical and is produced on a scale about half that of ethylene.

Almost any hydrocarbon can serve as a starting material for production of ethylene and propene. Cracking of petroleum
(Section 2.21) gives ethylene and propene by processes involving cleavage of carbon—carbon bonds of higher-molecular-weight

Page )




hydrocarbons. An area of current research interest is directed toward finding catalytic methods for converting methane from
natural gas to ethylene.

The major uses of ethylene and propene are as starting materials for the preparation of polyethylene and polypropylene
plastics, fibers, and films. These and other applications will be described in Chapter 8

Molecular orbital (MO) theory offers an alternative to the valence bond theory for understanding the structure of alkenes. Recall from Section 2.4 that
the number of molecular orbitals is equal to the number of atomic orbitals (AOs) that combine to form them. When we combine the two 2p AOs, one from

each of the spz—hybridized carbons of ethene, the two m MOs are formed as shown in Figure 7.2. The highest occupied molecular orbital, or HOMO (m)),
is doubly occupied, whereas the lowest unoccupied molecular orbital, or LUMO (), is vacant. Since both lobes above and both lobes below the sigma
bond of the HOMO are the same, © bonding occurs.

5 / \ .
5
5
=111
=
5 HOMO
Bonding
Figure 7.2

Two molecular orbitals (MOs) are generated by combining two 2p atomic orbitals (AOs). The bonding MO is lower in energy than either of the
AOs that combine to produce it. The antibonding MO is higher energy than either AO.

On the basis of their bond-dissociation enthalpies, the C[IC bond in ethylene is stronger than the C—C single bond in ethane, but it is not twice as strong.

H,C=CH, —— 2 ¢H2 AH® = +730 kl/mol (172 kcal/mol)
Ethylene Methylene

H.C—CH; —— 2 CH3 AH® = +375 kl/mol (90 kcal/mol})
Ethane Methyl

While it is not possible to apportion the C[IC bond energy of ethylene between its 6 and 7 components, the data suggest that the © bond is weaker than the ¢

bond.

There are two different types of carbon—carbon bonds in propene, CH;CHIICH,. The double bond is of the ¢ + = type, and the bond to the m
age

methyl group is a 6 bond formed by sp3—sp2 overlap.

Hrf.»f., A
o H
= \C:C/I C—C bond length = 150 pm (1.50 A)
AN C=C bond length = 134 pm (1.34 A)

sp™-H \, bridized carbon



How many carbon atoms are sp?-hybridized in the alkene shown? How many are sp3-hybridized? How many bonds are of the sp?—sp®
type? How many are of the sp®-sp® type?

7.3 Isomerism in Alkenes

Although ethylene is the only two-carbon alkene, and propene the only three-carbon alkene, there are four isomeric alkenes of molecular formula C4Hg:

sola

1-Butene has an unbranched carbon chain with a double bond between C-1 and C-2. It is a constitutional isomer of the other three. Similarly, 2-
methylpropene, with a branched carbon chain, is a constitutional isomer of the other three.

The pair of isomers designated cis- and trans-2-butene are stereoisomers of each other. They have the same constitution; but the cis isomer
has both of its methyl groups on the same side of the double bond, while the methyl groups in the trans isomer are on opposite sides.

Cis—trans stereoisomerism in alkenes is not possible when one of the doubly bonded carbons bears two identical substituents. Thus, neither 1-butene nor
2-methylpropene can have stereoisomers.

Page 249

e
@
e

A

Sz f‘.r

H CH,CH; H CH; H.C CH; H.C
\ N
C=C C= Cc=C C=C
/ /
H H H CH; H H H CH;
|-Butene 2-Methylpropene cis-2-Butene trans-2-Butene

How many alkenes have the molecular formula CsH1¢? Write their structures and give their IUPAC names. Specify the configuration of
stereoisomers as cis or trans as appropriate.

In principle, cis-2-butene and trans-2-butene may be interconverted by rotation about the C-2—C-3 double bond. However, unlike rotation about single
bonds, which is quite fast, rotation about double bonds is restricted. Interconversion of the cis and trans isomers of 2-butene has an activation energy that is
10-15 times greater than that for rotation about the single bond of an alkane and does not occur under normal circumstances.

- H CH,CH; ~H CH;
/ : \ s o
Identical — = Identical — C=C — Identical
bt N N
H H H CH,
1-Butene 2-Methylpropene
(no sterecisomers possible) (no stereoisomers possible)

n-Bonding in cis- and trans-2-butene is strong because of the favorable parallel alignment of the p orbitals at C-2 and C-3. Interconverting the two
stereoisomers, however, requires these p orbitals to be at right angles to each other, eliminates their overlap, and breaks the © component of the double bond.

Are cis-2-hexene and trans-3-hexene stereoisomers? Explain.




7.4 Naming Stereoisomeric Alkenes by the E-Z Notational System Sree 250

When the groups on either end of a double bond are the same or are structurally similar to each other, it is a simple matter to describe the
configuration of the double bond as cis or trans. Oleic acid, for example, has a cis double bond. Cinnamaldehyde has a trans double bond.

H;C

e O
H,C / H
H H3C CH,
cis-2-Butene Transition state for rotation about C=C trans-2-Butene
(stable) (high energy: perpendicular p orbitals (stable)
eliminate © bonding)
Oleic acid is prepared from olive oil.
©Jupiterimages/ImageSource
Ry

(0]
_/ % { 0
OH
Oleic acid Cinnamaldehyde

Female houseflies attract males by sending a chemical signal known as a pheromone. The substance emitted by the female housefly
that attracts the male has been identified as cis-9-tricosene, Cy3Hyg. Write a structural formula, including stereochemistry, for this

compound.

Cinnamaldehyde gives cinnamon its flavor.
©ella/123RF



The terms cis and trans are ambiguous, however, when it is not obvious which substituent on one carbon is “similar” or “analogous” to a reference
substituent on the other. An unambiguous system for specifying double-bond stereochemistry has been adopted by the IUPAC based on the Cahn—Ingold—
Prelog sequence rules (Section 4.6). When atoms or groups of higher sequence-rule precedence are on the same side of the double bond, the double bond has
the Z configuration, where Z stands for the German word zusammen, meaning “together.” When they are on opposite sides, the configuration is E, standing
for the German word entgegen, meaning “opposite.” The £ or Z descriptor is placed between parentheses and precedes the rest of the name.

Higher —= Cl Br =— Higher Higher — Cl F  <«——Lower
A / \ /
Cc=C Cc=C
N / \
Lower— H F =—Lower Lower— H Br <— Higher
Z configuration E configuration

substituents (C] and Br) Higher ranked substituents (Cl and Br)

e side of double bond are on opposite sides of double bond

Higher ranked

Determine the configuration of each of the following as Z or E as appropriate:

F 1 ” \Z
N
OH / o
(a) (B) () (d)
Sample Solution (a) One of the doubly bonded carbons bears a methyl group and a hydrogen. According to the Cahn—

Ingold—Prelog sequence rules, methyl outranks hydrogen. The other carbon atom of the double bond bears a methyl and a Page 251
—CH,0H group. The —CH,0H group is of higher priority than methyl.

HsC CH,OH

Higher (C) Higher C(OH.H)
Lower (H —— H CH; =< Lower C(HHH)

Higher ranked groups are on the same side of the double bond; the configuration is Z.

Give the IUPAC name of each of the compounds in Problem 7.7, including E or Z as appropriate.

Sample Solution (a) The longest continuous chain has 4 carbons and bears a hydroxyl group at C-1 and a methyl group at C-2. Its
double bond connects C-2 and C-3 and has the Z configuration. Its IUPAC name is (Z)-2-methyl-2-buten-1-ol.

A molecule that has both chirality centers and double bonds incorporates opportunities for stereoisomerism from both structural units. For example, the
configuration of the chirality center in 3-penten-2-ol may be either R or S, and the double bond may be either £ or Z. Thus, there are four stereoisomers of 3-

penten-2-ol.
OH [E)]_[ OH OH

(2R ,3E)-3-Penten-2-ol (285 3E)-3-Penten-2-ol (2R 3Z)-3-Penten-2-ol (285,3Z)-3-Penten-2-al

The relationship of the (2R,3E) stereoisomer to the others is that it is the enantiomer of (25,3E)-3-penten-2-ol and is a diastereomer of the (2R,3Z) and
(2S,37) isomers.

7.5 Physical Properties of Alkenes

Alkenes resemble alkanes in most of their physical properties. The lower-molecular-weight alkenes through C4Hg are gases at room temperature and
atmospheric pressure.

The dipole moments of most alkenes are quite small. Among the C4Hg isomers, 1-butene, cis-2-butene, and 2-methylpropene have dipole moments in
the 0.3-0.5 D range; frans-2-butene has no dipole moment. Nevertheless, we can learn some things about alkenes by looking at the effect of substituents on



dipole moments.

Experimental measurements of dipole moments give size, but not direction. We normally deduce the overall direction by examining the individual bond
dipoles. With alkenes the basic question concerns the alkyl groups attached to CLIC. Does an alkyl group donate electrons to or withdraw electrons from a
double bond? This question can be approached by comparing the effect of an alkyl group, methyl for example, with other substituents.

¢
® & _ “® g
¢ o 80 9 o g
0 ¢ ¢ o ¢
¢ © ®@ ¢ ¢

H H H H H.C H HiCx H
N,/ N N Ny [/
C=C C=Cx C=C C=Cx
H H H Cl H H H Cl
Ethylene Vinyl chloride Propene trans-1-Chloropropene
p=0D u=14D p=03D pu=17D

Ethylene has no dipole moment. Replacing one of its hydrogens by an electron-attracting chlorine atom gives vinyl chloride, which has a dipole ————
moment of 1.4 D. The effect is much smaller when one of the hydrogens of ethylene is replaced by methyl; propene has a dipole moment of only Page 252
0.3 D. Now place CH3 and Cl trans to each other on the double bond. If methyl releases electrons better than H, then the dipole moment of trans-

CH;CHLICHCI should be larger than that of HyCLICHCI, because the effects of CHj3 and Cl reinforce each other. If methyl is electron attracting, the
opposite should occur, and the dipole moment of #rans-CH3;CHIICHCI will be smaller than 1.4 D. In fact, the dipole moment of trans-CH3;CHIICHCI is
larger than that of HyCLICHC], indicating that a methyl group acts as an electron-donating substituent on the double bond.

Arrange the following in order of increasing dipole moment.

Cl Cl
g e \%\
Cl
(E)-1-Chloropropene 1,1-Dichloro-2-methylpropene (E)-2,3-Dichloro-2-butene

A methyl group releases electrons to an attached double bond in much the same way that it releases electrons to an sp-hybridized carbon of a
carbocation—by an inductive effect and by hyperconjugation. These effects are less pronounced compared to carbocations since a severely electron-
deficient carbocation center is not involved.

Other alkyl groups resemble methyl in respect to their ability to stabilize double bonds by hyperconjugation. We’ll see examples of this substituent effect
in Section 7.6.

7.6 Relative Stabilities of Alkenes

We have seen how heats of combustion can be used to compare the stabilities of isomeric alkanes (Section 2.23) and dimethylcyclohexanes (Section 3.12).
When a similar analysis of heats of combustion data is applied to the four alkenes of molecular formula C4Hg, we find that 1-butene is the least stable isomer

and 2-methylpropene the most stable. Of the pair of stereoisomeric 2-butenes, trans-2-butene is more stable than cis-.



Increasing stability

= >

1-Butene cis-2-Butene trans-2-Butene  2-Methylpropene

Heat of combustion, kl/mol (kcalfmol): 2717 2710 2706 2700
(649.4) (647.7) (646.7) (645.4)

Similar data for a host of alkenes tell us that the most important factors governing alkene stability are:

1. Degree of substitution of CLIC (an electronic effect)
2. van der Waals strain in the cis stereoisomer (a steric effect)
3. Chain branching (analogous to the increased stability of branched alkane chains relative to their unbranched isomers)

Degree of substitution refers to the number of carbons directly attached to the CCIC unit. An alkene of the type RCHICH, has a monosubstituted or

terminal double bond regardless of the number of carbons in R. Disubstituted, trisubstituted, and tetrasubstituted double bonds have two,
three, and four carbon atoms, respectively, directly attached to CLJC. Among the C4Hg isomeric alkenes, only 1-butene has a

monosubstituted double bond; the other three have disubstituted double bonds and are, as measured by their heats of combustion, more stable
than 1-butene.
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Write structural formulas and give the IUPAC names for all the alkenes of molecular formula CgH 15 that contain a trisubstituted double
bond. (Don’t forget to include stereoisomers.)

Like the spz-hybridized carbons of carbocations and free radicals, the spz-hybridized carbons of double bonds are electron attracting, and alkenes are
stabilized by substituents that release electrons to these carbons. As we saw in the preceding section, alkyl groups are better electron-releasing substituents
than hydrogen and are, therefore, better able to stabilize an alkene.

In general, alkenes with more highly substituted double bonds are more stable than isomers with less substituted double bonds.

The heats of combustion are known for all 17 isomeric CgH42 alkenes, with the most stable being 4006 kJ/mol (957.5 kcal/mol) and the
least stable being 4034 kJ/mol (964.2 kcal/mol). Which is the least stable and which is the most stable?

An effect that results when two or more atoms or groups interact so as to alter the electron distribution in a molecule is called an electronic effect. The
greater stability of more highly substituted alkenes is an example of an electronic effect.

Van der Waals strain in alkenes is a steric effect most commonly associated with repulsive forces between substituents that are cis to each other and is
reflected in the observation that the heat of combustion of cis-2-butene is 4 kJ/mol (1.0 kcal/mol) greater than trans-2-butene. The source of this difference
is illustrated in the space-filling models of Figure 7.3, where it can be seen that the methyl groups crowd each other in cis, but not trans-2-butene.




cis-2-Butene trans-2-Butene

Figure 7.3

Ball-and-stick and space-filling models of cis- and trans-2-butene. The space-filling model shows the serious van der Waals strain between two of
the hydrogens in cis-2-butene. The molecule adjusts by expanding those bond angles that increase the separation between the crowded atoms.
The combination of angle strain and van der Waals strain makes cis-2-butene less stable than trans-2-butene.

Van der Waals strain, or steric effect, is often expressed by the notation used below for cis-2-butene’s C-1 and C-4 hydrogens.
ﬁ H
X

H{H

In general, trans alkenes are more stable than their cis stereoisomers.

Arrange the following alkenes in order of decreasing stability: 1-pentene; (E)-2-pentene; (2)-2-pentene; 2-methyl-2-butene.

A more dramatic example of this difference is observed between stereoisomeric alkenes with bulky alkyl groups as substituents on the double bond. The
heat of combustion of the cis stereoisomer of 2,2,5,5-tetramethyl-3-hexene, for example, is 44 kJ/mol (10.5 kcal/mol) higher than that of the trans because of

van der Waals strain between cis fert-butyl groups!

The common names of these alkenes are cis- and trans-di-tert-butylethylene. In cases such as this the common names are
more convenient than the IUPAC names because they are more readily associated with molecular structure.

x
()
A H
Energy difference = e
= 44 kJ/mol
H q (10.5 keal/maol) H
€is-2,2,5,5-Tetramethyl-3-hexene trans-2,2.5,5-Tetramethyl-3-hexene

(less stable) (more stable )
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Despite numerous attempts, the alkene 3,4-di-tert-butyl-2,2,5,5-tetramethyl-3-hexene has never been synthesized. Can you
explain why?

Chain branching was seen earlier (Section 2.23) to have a stabilizing effect on alkanes. The same is true of carbon chains that include a double bond. Of
the three disubstituted C4Hg alkenes, the branched isomer (CH3),C[ICH, is more stable than either cis- or trans-CH3;CHIICHCHj5.

In general, alkenes with branched chains are more stable than unbranched isomers. This effect is usually less important than the degree of substitution or
stereochemistry of the double bond.

Write structural formulas for the six isomeric alkenes of molecular formula CsH4g and arrange them in order of increasing stability
(smaller heat of combustion, more negative AH®).

7.7 Cycloalkenes

Double bonds are accommodated by rings of all sizes. The smallest cycloalkene, cyclopropene, was first synthesized in 1922. A cyclopropene ring is present
in sterculic acid, a substance derived from the oil present in the seeds of a tree (Sterculia foetida) that grows in the Philippines and Indonesia.

H H  CHi(CHy, (CH,),CO,H

H H H H

Cyclopropene Sterculic acid

Fruit, seeds, and leaves of Sterculia foetida.
©Paitoon Youlike/Alamy Stock

As we saw in Section 3.5, cyclopropane is destabilized by angle strain because its 60° bond angles are much smaller than the normal 109.5°

angles associated with sp3-hybridized carbon. Cyclopropene is even more strained because of the distortion of the bond angles at its doubly Page 255

bonded carbons from their normal spz-hybridization value of 120°. Cyclobutene has less angle strain than cyclopropene, and the angle strain in
cyclopentene, cyclohexene, and higher cycloalkenes is negligible.

The presence of the double bond in cycloalkenes affects the conformation of the ring. The conformation of cyclohexene is a half-chair, with carbons 1, 2,
3, and 6 in the same plane, and carbons 4 and 5 above and below the plane. Substituents at carbons 3 and 6 are tilted from their usual axial and equatorial
orientations and are referred to as pseudoaxial and pseudoequatorial. Conversion to the alternative half-chair occurs readily, with an energy barrier of 22.2
kJ/mol (5.3 kcal/mol), which is about one half that required for chair-to-chair interconversion in cyclohexane.

At = 1

So far we have represented cycloalkenes by structural formulas in which the double bonds are of the cis configuration. If the ring is large enough,
however, a trans stereoisomer is also possible. The smallest trans cycloalkene that is stable enough to be isolated and stored in a normal way is trans-
cyclooctene.



< H Energy difference =

s 39 kKJ/mol (9.2 kcal/mol)
= H H
(E)-Cyclooctene (Z)-Cyclooctene
{(trans-cyclooctene) (cis-cyclooctene)
Less stable More stable

trans-Cycloheptene has been prepared and studied at low temperature (—90°C) but is too reactive to be isolated and stored at room temperature.
Evidence has also been presented for the fleeting existence of the even more strained trans-cyclohexene as a reactive intermediate in certain reactions.

Place a double bond in the carbon skeleton shown so as to represent
(a) (2)-1-Methylcyclodecene

(d) (E)-3-Methylcyclodecene

(b) (E)-1-Methylcyclodecene

(e) (2)-

(c)

e) (Z)-5-Methylcyclodecene

c) (2)-3-Methylcyclodecene
(f) (E)-5-Methylcyclodecene

(\/

CHj4

Sample Solution (a) and (b) Because the methyl group must be at C-1, there are only two possible places to put the double bond:

- 2
. H
1
CH5
(Z)-1-Methylcyclodecene (E)-1-Methylcyclodecene

In the Z stereoisomer the two lower priority substituents—the methyl group and the hydrogen—are on the same side of the double
bond. In the E stereoisomer these substituents are on opposite sides of the double bond. The ring carbons are the higher ranking
substituents at each end of the double bond.

Because larger rings have more carbons with which to span the ends of a double bond, the strain associated with a trans cycloalkene
decreases with increasing ring size. The strain eventually disappears when a 12-membered ring is reached and cis- and trans-cyclododecene are Page 256
of approximately equal stability. When the rings are larger than 12-membered, trans cycloalkenes are more stable than cis. In these cases, the
ring is large enough and flexible enough that it is energetically similar to a noncyclic cis alkene.

7.8 Preparation of Alkenes: Elimination Reactions

The rest of this chapter describes how alkenes are prepared by elimination—that is, reactions of the type:

. N, /
X—C—€—Y—> =€ + X%
| § X

Alkene formation requires that X and Y be substituents on adjacent carbon atoms. By making X the reference atom and identifying the carbon attached to it
as the o carbon, we see that atom Y is a substituent on the B carbon. Carbons succeedingly more remote from the reference atom are designated vy, 8, and so
on. Only B elimination reactions will be discussed in this chapter. § Eliminations are also known as 1,2 eliminations.



You are already familiar with one type of B elimination, having seen in Section 7.2 that ethylene and propene are prepared on an industrial scale by the
high-temperature dehydrogenation of ethane and propane. Both reactions involve f§ elimination of Hj.

CH,CH, 25 H,C=CH, + H,

Ethane Ethylene Hydrogen

CH.CH.CH, =% CH,CH=CH, + H,

Propane Propene Hydrogen

Many reactions classified as dehydrogenations occur within the cells of living systems at 25°C. H, is not one of the products, however. Instead, the
hydrogens are lost in separate steps of an enzyme-catalyzed process.

0 T— 0
succinate
OH dehydrogenase OH
HO — HO -
O 0
Succinic acid Fumaric acid

Dehydrogenation of alkanes is not a practical laboratory synthesis for the vast majority of alkenes. The principal methods by which alkenes are prepared
in the laboratory are two other B eliminations: the dehydration of alcohols and the dehydrohalogenation of alkyl halides. A discussion of these two methods
makes up the remainder of this chapter.

7.9 Dehydration of Alcohols

In the dehydration of alcohols, H and OH are lost from adjacent carbons. An acid catalyst is necessary. Before dehydrogenation of ethane became the
dominant method, ethylene was prepared by heating ethyl alcohol with sulfuric acid.

CH,CH,OH "2% 1,c—CH, + H,0

Ethyl alcohol Ethylene Water

Other alcohols behave similarly. Secondary alcohols undergo elimination at lower temperatures than primary alcohols, and tertiary alcohols at

lower temperatures than secondary. Page 257
OH
H:50,
140°C + Hy0
Cyclohexanol Cyclohexene Water
(79—87%)
o H2504
/\ et + HoO
tert-Butyl alcohol 2-Methylpropene Water
(82%)

Reaction conditions, such as the acid used and the temperature, are chosen to maximize the formation of alkene by elimination. Sulfuric acid (H,SOy4) and
phosphoric acid (H3POy) are the acids most frequently used in alcohol dehydrations. Potassium hydrogen sulfate (KHSOy,) is also often used.

HSO4™ and H3POy4 are very similar in acid strength. Both are much weaker than HoSO4, which is a strong acid.

Identify the alkene obtained on dehydration of each of the following alcohols:

(a) 3-Ethyl-3-pentanol



(b) 1-Propanol
(c) 2-Propanol
(d) 2,3,3-Trimethyl-2-butanol

Sample Solution (a) The hydrogen and the hydroxyl are lost from adjacent carbons in the dehydration of 3-ethyl-3-pentanol.

OH i AT
\)‘; - e v”v + Kzl
p i
3-Ethyl-3-pentanol 3-Ethyl-2-pentene Water

The hydroxyl group is lost from a carbon that bears three equivalent ethyl substituents. B elimination can occur in any one of three
equivalent directions to give the same alkene, 3-ethyl-2-pentene.

Some biochemical processes involve alcohol dehydration as a key step. An example is the conversion of 3-dehydroquinic acid to 3-dehydroshikimic
acid.

HQ’J CO-H CO.H
' 3.dehydroquinate
ehyldme - B
0 ; OH 0] T OH
OH OH
3-Dehydroquinic acid 3-Dehydroshikimic acid Water

This reaction is catalyzed by a dehydratase enzyme and is one step along a complex pathway by which plants convert glucose to the amino acid tyrosine.

7.10 Regioselectivity in Alcohol Dehydration: The Zaitsev Rule

Except for the biochemical example just cited, the structures of all of the alcohols in Section 7.9 were such that each one could give only a single alkene by
B elimination. What about elimination in alcohols such as 2-methyl-2-butanol, in which dehydration can occur in two different directions to give —————
alkenes that are constitutional isomers? Here, a double bond can be generated between C-1 and C-2 or between C-2 and C-3. Both processes Page 258
occur but not nearly to the same extent. Under the usual reaction conditions 2-methyl-2-butene is the major product, and 2-methyl-1-butene the

minor one.
HD></ N HS0 )\/
IS 80°C T ST x

2-Methyl-2-butanol 2-Methyl- 1-butene 2-Methyl-2-butene
(10%) (90%)

Dehydration of this alcohol is selective in respect to its direction. Elimination occurs in the direction that leads to the double bond between C-2 and C-3
more than between C-2 and C-1. Reactions that can proceed in more than one direction, but in which one direction is preferred, are said to be regioselective.

In 1875, Alexander M. Zaitsev of the University of Kazan (Russia) set forth a generalization describing the regioselectivity of f eliminations. Zaitsev’s
rule summarizes the results of numerous experiments in which alkene mixtures were produced by B elimination. In its original form, Zaitsev’s rule stated
that the alkene formed in greatest amount is the one that corresponds to removal of the hydrogen from the f carbon having the fewest hydrogens.

Although Russian, Zaitsev published most of his work in German scientific journals, where his name was transliterated as
Saytzeff. The spelling used here (Zaitsev) corresponds to the currently preferred style.

OH i
/ \ o CH-R

. /
| RCH— c CHR 2 Rpc—c

\ / CHx _ \CHs

H} drogen is lost from Alkene present in greatest
f carbon having the fewest amount in product
attached hydrogens



Zaitsev’s rule as applied to the acid-catalyzed dehydration of alcohols is now more often expressed in a different way: f elimination reactions of alcohols
yield the most highly substituted alkene as the major product. Because, as was discussed in Section 7.6, the most highly substituted alkene is also normally
the most stable one, Zaitsev’s rule is sometimes expressed as a preference for predominant formation of the most stable alkene that could arise by B
elimination.

Each of the following alcohols has been subjected to acid-catalyzed dehydration and yields a mixture of two isomeric alkenes. Identify
the two alkenes in each case, and predict which one is the major product on the basis of the Zaitsev rule.

(a) (CHz) CIZCH{CH 3)2 (b) H;C_ OH (c) OH
OH

Sample Solution (a) Dehydration of 2,3-dimethyl-2-butanol can lead to either 2,3-dimethyl-1-butene by removal of a C-1 hydrogen or to
2,3-dimethyl-2-butene by removal of a C-3 hydrogen.

2,3-Dimethyl-2-butanol 2,3-Dimethyl-1-butene 2 ,3-Dimethyl-2-butene
(minor product) (major product)

HO

The major product is 2,3-dimethyl-2-butene. It has a tetrasubstituted double bond and is more stable than 2,3-dimethyl-1- ————
butene, which has a disubstituted double bond. The major alkene arises by loss of a hydrogen from the B carbon that has Page 259
fewer attached hydrogens (C-3) rather than from the  carbon that has the greater number of hydrogens (C-1).

7.11 Stereoselectivity in Alcohol Dehydration

In addition to being regioselective, alcohol dehydrations are stereoselective. A stereoselective reaction is one in which a single starting material can yield
two or more stereoisomeric products, but gives one of them in greater amounts than any other. Alcohol dehydrations tend to produce the more stable
stereoisomer of an alkene. Dehydration of 3-pentanol, for example, yields a mixture of trans-2-pentene and cis-2-pentene in which the more stable trans

stereoisomer predominates.
/Y\ H,S0, L/\
b i 7]
OH heat T M

3-Pentanol cis-2-Pentene (25%) trans-2-Pentene (75%)
(minor product) (major product)

What three alkenes are formed in the acid-catalyzed dehydration of 2-pentanol?

7.12 The E1 and E2 Mechanisms of Alcohol Dehydration

We saw in Chapter 6 that nucleophilic substitution mechanisms were classified by Hughes and Ingold as Syl or SN2 according to whether the rate-

determining elementary step is unimolecular or bimolecular. They adopted similar terminology for elimination reactions via the labels E1 and E2 standing
for elimination unimolecular and elimination bimolecular, respectively.

The dehydration of alcohols resembles the reaction of alcohols with hydrogen halides (Section 5.7) in two important ways:

1. Both reactions are promoted by acids.
2. The relative reactivity of alcohols increases in the order primary < secondary < tertiary.

These common features suggest that carbocations are key intermediates in alcohol dehydrations, just as they are in the reaction of alcohols with hydrogen
halides. Mechanism 7.1 portrays a three-step process for the acid-catalyzed dehydration of fert-butyl alcohol. Steps 1 and 2 describe the generation of tert-



butyl cation by a process similar to that which led to its formation as an intermediate in the reaction of zert-butyl alcohol with hydrogen chloride.

Step 3 in Mechanism 7.1 shows water as the base that abstracts a proton from the carbocation. Other Brgnsted bases present
in the reaction mixture that can function in the same way include tert-butyl alcohol and hydrogen sulfate ion.

Like the reaction of tert-butyl alcohol with hydrogen chloride, step 2 in which tert-butyloxonium ion dissociates to (CH3);C* and water, is rate-
determining. Because the rate-determining step is unimolecular, the overall dehydration process is referred to as a unimolecular elimination and given the
symbol EI.

Step 3 is an acid-base reaction in which the carbocation acts as a Brensted acid, transferring a proton to a Brensted base (water). This is the property of
carbocations that is of the most significance to elimination reactions. Carbocations are strong acids; they are the conjugate acids of alkenes and readily lose a
proton to form alkenes. Even weak bases such as water are sufficiently basic to abstract a proton from a carbocation.

T)D ’360

The E1 Mechanism for Acid-Catalyzed Dehydration of tert-Butyl Alcohol
THE OVERALL REACTION:

S0,

(CH,);COH (CH;),C=CH, + H,0

at
tert-Butyl alcohol 2-Methylpropene Water

THE MECHANISM:

Step 1: Protonation of fert-butyl alcohol:

o H H
%—6: ¥ a2 A\ SR
+

)
\ \ Vi \
H H H H
tert-Butyl alcohol ~ Hydronium ion tert-Butyloxonium ion ~ Water

Step 2: Dissociation of ters-butyloxonium ion to a carbocation and water:

H H
R /
Q: slow + 10
+A — o 5
H H
tert-Butyloxonium ion tert-Butyl cation Water

Step 3: Deprotonation of fert-butyl cation:

/—\ fH fast xH
- N\ H + 10: —_— /K + H—0:
N +5

H H
tert-Butyl cation Water 2-Methylpropene Hydronium ion

Write a structural formula for the carbocation intermediate formed in the dehydration of each of the alcohols in Problem 7.17 (Section
7.10). Using curved arrows, show how each carbocation is deprotonated by water to give a mixture of alkenes.

Sample Solution (a) The carbon that bears the hydroxyl group in the starting alcohol is the one that becomes positively charged in the
carbocation.



HO b .

-H,0

Water may remove a proton from either C-1 or C-3 of this carbocation. Loss of a proton from C-1 yields the minor product 2,3-dimethyl-
1-butene. (This alkene has a disubstituted double bond.)

(o} H. At — s = + IO
7 3 |
H

2,3-Dimethyl-1-butene

Loss of a proton from C-3 yields the major product 2,3-dimethyl-2-butene. (This alkene has a tetrasubstituted double bond.)

. N M H.H
(e | o YT ¢ W

H H
2,3-Dimethyl-2-butene

As noted earlier (Section 5.9), primary carbocations are too high in energy to be intermediates in most chemical reactions. If primary —————
alcohols don’t form primary carbocations, then how do they undergo elimination? A modification of our general mechanism for alcohol Page 261
dehydration offers a reasonable explanation. For primary alcohols it is believed that a proton is lost from the alkyloxonium ion in the same step
in which carbon—oxygen bond cleavage takes place. For example, the rate-determining step in the sulfuric acid—catalyzed dehydration of ethanol may be
represented as:

H H
T R +/ slow * '/
.07 + H—/CH;“iCHzﬁo\:‘ 2, H,0—H + H,C—CH, + 0
H H
Water Ethyloxonium Hydronium Ethylene Water
ion ion

Because the rate-determining step involves two molecules—the alkyloxonium ion and water—the overall reaction is classified as a bimolecular elimination
and given the symbol E2.

Like tertiary alcohols, secondary alcohols normally undergo dehydration by way of carbocation intermediates.
Chapters 5 and 6 introduced carbocations as intermediates in Sy1 reactions and showed that a less stable carbocation could rearrange to a more stable

one prior to reacting with a nucleophile. In the present chapter, we’ve seen that a carbocation can lose a proton to form an alkene according to an El
mechanism. Section 7.13 describes how carbocation rearrangements affect the outcome of E1 reactions in a manner similar to that of their Sy1 relatives.

7.13 Rearrangements in Alcohol Dehydration

Some alcohols undergo dehydration to yield alkenes having carbon skeletons different from the starting alcohols. In the example shown, only the least
abundant of the three alkenes in the isolated product has the same carbon skeleton as the original alcohol. A rearrangement of the carbon skeleton has
occurred during the formation of the two most abundant alkenes.

> o X

3,3-Dimethyl- 3.3-Dimethyl- 2.3-Dimethyl-  2,3-Dimethyl-
2-butanol l-butene (3%) |-butene (33%) 2-butene (64%)

The generally accepted explanation for this rearrangement is outlined in Mechanism 7.2. It extends the E1 mechanism for acid-catalyzed alcohol
dehydration by combining it with the tendency of carbocation intermediates to rearrange. Not only can a carbocation give an alkene by deprotonation, it can
also rearrange to a more stable carbocation that becomes the source of the constitutionally isomeric alkenes.

Similar reactions called Wagner—Meerwein rearrangements were discovered over one hundred years ago. The mechanistic
explanation is credited to Frank Whitmore of Penn State who carried out a systematic study of rearrangements during the



1930s.

The alkene mixture obtained on dehydration of 2,2-dimethylcyclohexanol contains appreciable amounts of 1,2-dimethylcyclohexene.
Give a mechanistic explanation for the formation of this product.
HsC CHj CH3
OH CHs

Page 262

Carbocation Rearrangement in Dehydration of 3,3-Dimethyl-2-butanol

THE OVERALL REACTION:

> o e X

3,3-Dimethyl- 3.3-Dimethyl- 2,3-Dimethyl- 2,3-Dimethyl-
2-butanol 1-butene 1-butene 2-butene

THE MECHANISM:

Steps 1 and 2: These are analogous to the first two steps in the acid-catalyzed dehydration of zerz-butyl alcohol described in Mechanism 7.1.
The alcohol is protonated in aqueous acid to give an oxonium ion that dissociates to a carbocation and water.

.oy H0* H0 \ 16H3

> < e yé) S
o / \ step 2 >_+\ + H,O:

3.3-Dimethyl- 1,2,2-Trimethyl- 1,2,2-Trimethyl- Water
2-butanol propyloxonium ion propyl cation

Steps 3 and 3" The carbocation formed in step 2 can do two things. It can give an alkene by transferring a proton to a Brensted base such as
water present in the reaction mixture (step 3), or it can rearrange (step 3'). Because alkenes with a rearranged carbon skeleton predominate in the

product, we conclude that step 3’ is faster than step 3.

Step 3:

\ . \ ;
T :0H, H,0:
7 al v

1,2,2-Trimethylpropyl Water 3.3-Dimethyl-1-butene Hydronium ion
cation

Step 3': Rearrangement by methyl migration is driven by the conversion of a less stable secondary carbocation to a more stable tertiary one.

N — X

1.2,2-Trimethylpropyl 1,1,2-Trimethylpropyl
cation (secondary) cation (tertiary)

Steps 4 and 4" The tertiary carbocation formed in step 3’ can be deprotonated in two different directions. The major pathway (step 4') gives a
tetrasubstituted double bond and predominates over step 4, which gives a disubstituted double bond.



Step 4:

o +
+ A ;(:)]_'[2 -+ H30:
.\f :-\_I - ‘_/ : \i

1,1.2-Trimethyl- Water 2,3-Dimethyl-1-butene Hydronium ion
propyl cation

Step 4"

”/—‘HK_“1 . . -
HO  + + H;0:  + —
/ N\ ’ > <\

Water 1,1,2-Trimethyl- Hydronium 2,3-Dimethyl-
propyl cation ion 2-butene

In Mechanism 7.2, Step 3', a methyl group migrates to give a more stable carbocation, however, alkyl groups other than methyl can also ————
migrate to a positively charged carbon. Page 263

Many carbocation rearrangements involve hydride shifts (Section 5.12) and proceed in the direction that leads to a more stable carbocation.

H H
I ,X A\ I z gn
A—C—C+ _ +’JC—(|3—X Hydride shift
\
B Y B vy

Hydride shifts often occur during the dehydration of primary alcohols. Thus, although 1-butene might be expected to be the only alkene formed on
dehydration of 1-butanol, it is in fact accompanied by a mixture of cis- and trans-2-butene.

H,50.
N\\ OH Ay v\\\ + K/ + %
140-170°C
1-Butanol 1-Butene cis-2-Butene trans-2-Butene
(12%) (32%) (56%)

The formation of three alkenes in the dehydration of 1-butanol begins with protonation of the hydroxyl group as shown in step 1 of Mechanism 7.3.
Because 1-butanol is a primary alcohol, it can give 1-butene by an E2 process in which a proton at C-2 of butyloxonium ion is removed while a water
molecule departs from C-1 (step 2). The cis and trans stereoisomers of 2-butene, however, are formed from the secondary carbocation that arises via a
hydride shift from C-3 to C-2, which accompanies loss of water from the oxonium ion (step 2).

Hydride Shift in Dehydration of 1-Butanol
THE OVERALL REACTION:

HzS04

e S m;’W+K/+%

1-Butanol 1-Butene cis-2-Butene trans-2-Butene

THE MECHANISM:

Step 1: Protonation of the alcohol gives the corresponding alkyloxonium ion.



0 0
e W R

/
" m o b

2

H
H
1-Butanol Hydronium ion Butyloxonium ion Water
Step 2: One reaction available to butyloxonium ion leads to 1-butene by an E2 pathway.
H \6,H
H L H _
N Ve
0: + — 0-H + s TOT
i k} & Hf %
H
Water Butyloxonium ion Hydronium ion 1-Butene Water

Step 2': Alternatively, butyloxonium ion can form a secondary carbocation by loss of water accompanied by a hydride shift

Page 264
H H H_.. H
:‘_ 2] 50
_) TR E &t M H ~p H
< < - BT
B B H
H
Butyloxonium ion Transition state sec-Butyl cation Water

Step 3: The secondary carbocation formed in step 2’ can give 1-butene or a mixture of cis-2-butene and trans-2-butene, depending on which
proton is removed.

/\J:/\H—'N L/\w‘/\//\H

sec-Butyl cation 1-Butene cis-2-Butene trans-2-Butene

This concludes discussion of our second functional-group transformation involving alcohols: the first was the conversion of alcohols to alkyl halides
(Chapter 5), and the second the conversion of alcohols to alkenes. In the remaining sections of the chapter the conversion of alkyl halides to alkenes by

dehydrohalogenation is described.

7.14 Dehydrohalogenation of Alkyl Halides

Dehydrohalogenation is the loss of a hydrogen and a halogen from an alkyl halide. It is one of the most useful methods for preparing alkenes by 3
elimination. When applied to the preparation of alkenes, the reaction is carried out in the presence of a strong base, such as sodium ethoxide

|| \ /
H—(lj—(|:—X + NaOCH,CH, —> /c=c + CH,CH,OH + NaX

Alkyl Sodium Alkene Ethyl Sodium
halide ethoxide alcohol halide
Cl
H H
NaDCH-CH,
CH3CHCH, 55°C
H H
H
Cyclohexyl chloride Cyclohexene

(100%)



Dimethyl sulfoxide (DMSO) has the structure (CH3)2 (CH;), 5—(:):-. It is a relatively inexpensive solvent, obtained as a
byproduct in paper manufacture.

Similarly, sodium methoxide (NaOCHj3) is a suitable base and is used in methyl alcohol. Potassium hydroxide in ethyl alcohol is another base—solvent
combination often employed in the dehydrohalogenation of alkyl halides. Potassium terz-butoxide [KOC(CHj3)3] is the preferred base when the alkyl halide
is primary; it is used in either ferz-butyl alcohol or dimethyl sulfoxide as solvent.
KOC(CH:)
CH;(CH;),sCH,CH,C1 WJQ;’? CH;(CH3),sCH=CH,
1-Chlorooctadecane 1-Octadecene (86%)

When using smaller bases like hydroxide, methoxide, and ethoxide, the regioselectivity of dehydrohalogenation of alkyl halides follows the

Zaitsev rule;  elimination predominates in the direction that leads to the more highly substituted alkene. Page 265
Br, KOCHACH;
HOCH:CHs, 70°C z + S
2-Bromo-2- 2-Methyl-1- 2-Methyl-2-
It i butene (29%) butene (71%)

However, with more sterically hindered bases, like ters-butoxide, the less substituted alkene is formed in higher yields. Section 7.15 discusses this

reaction in more detail.
B>l\/ o 7 /}\/ )\/
T TR Tl +
HOC(CH;4),, 70°C T

2-Bromo-2- 2-Methyl-1- 2-Methyl-2-
methyIbutane butene (73%) butene (27%)

Write the structures of all the alkenes that can be formed by dehydrohalogenation of each of the following alkyl halides with sodium
ethoxide. Apply the Zaitsev rule to predict the alkene formed in the greatest amount in each case.

(a) 2-Bromo-2,3-dimethylbutane
(b) tert-Butyl chloride

(c) 3-Bromo-3-ethylpentane

(d) 2-Bromo-3-methylbutane

(e) 1-Bromo-3-methylbutane

(f) 1-lodo-1-methylcyclohexane

Sample Solution (a) First analyze the structure of 2-bromo-2,3-dimethylbutane with respect to the number of possible 8 elimination
pathways.

The two possible

s e o R . i g
1 3
2,.3-Dimethyl-1-butene 2.3-Dimethyl-2-butene
(minor product) (major product)

The major product, predicted on the basis of Zaitsev’s rule, is 2,3-dimethyl-2-butene. It has a tetrasubstituted double bond. The minor
alkene has a disubstituted double bond.

In addition to being regioselective, dehydrohalogenation of alkyl halides is stereo- selective and favors formation of the more stable stereoisomer.
Usually, as in the case of 5-bromononane, the trans (or ) alkene is formed in greater amounts than its cis (or Z) stereoisomer.



KOCH,CH I S
M s e = + =
CHa:CH-0H

Br

5-Bromononane cis-4-Nonene (23%) trans-4-Nonene (77%)

Write structural formulas for all the alkenes that can be formed in the reaction of 2-bromobutane with potassium ethoxide (KOCH,CH3).

Dehydrohalogenation of cycloalkyl halides leads exclusively to cis cycloalkenes when the ring has fewer than ten carbons. As the ring ————
becomes larger, it can accommodate either a cis or a trans double bond, and large-ring cycloalkyl halides give mixtures of cis and trans Page 266
cycloalkenes.

Br
KOCH,CH;
CH,CH,0H ®
Bromocyclodecane cis-Cyclodecene trans-Cyclodecene
(Z}rcyclodecene (E}-cyclodecene
(85%) (15%)

7.15 The E2 Mechanism of Dehydrohalogenation of Alkyl Halides

We have seen that nucleophilic substitution mechanisms were classified by Hughes and Ingold as Sy1 or SN2 according to whether the rate-determining

elementary step is unimolecular or bimolecular. They adopted similar terminology for elimination reactions via the labels E1 and E2 standing for
elimination unimolecular and elimination bimolecular. The next several sections focus on eliminations that follow the E2 mechanism because these are
the ones with the greater synthetic application. Only rarely does a synthetic plan rest on carrying out an elimination under conditions that favor E1.

Like SN2, E2 is a one-step mechanism. The equation for the general reaction, when supplemented by curved arrows to show the electron flow, also
describes the mechanism.

e A R R
Base?” + ‘H - (\}{ — Base—H + >=< + X:
R R R

Kinetic studies show that the rate of elimination of an alkyl halide on treatment with a strong base is directly proportional to the concentration of both the
base and the alkyl halide.

Rate = k[ Alkyl halide][Base]

The rate constant k (Section 5.10) depends on the alkyl halide and the base among other experimental variables (temperature, solvent, etc.). The larger
the rate constant, the more reactive the alkyl halide. The value of & for the formation of cyclohexene from cyclohexyl bromide and sodium ethoxide, for
example, is over 60 times larger than that of cyclohexyl chloride. Among the halogens, iodide is the best leaving group in dehydrohalogenation, fluoride the
poorest. Fluoride is such a poor leaving group that alkyl fluorides are rarely used to prepare alkenes.

Increasing rate of dehydrohalogenation

- i

RF < RCl < RBr < RI
Alkyl fluoride Alkyl iodide
(slowest rate of elimination: (fastest rate of elimination:
itrongest carbon—halogen bond) weakest carbon—halogen bond)

For leaving-group effects in nucleophilic substitution, see Section 6.2.



This trend in leaving-group behavior correlates with certain other properties, such as decreasing carbon—halogen bond strength and decreasing basicity of the

halide leaving group. Among the alkyl halides, the C—I bond is the weakest, C—F the strongest. Among halide ions, I" is the weakest base, F~ the
strongest.
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The E2 Mechanism of 1-Chlorooctadecane

THE OVERALL REACTION:
-+
%*0 K }+ CH;(CH;);sCH,CH,Cl (CH;);COH + CH;(CH,);sCH=CH, + KCI
Potassium 1-Chlorooctadecane tert-Butyl 1-Chlorooctadecene Potassium
tert-butoxide alcohol chloride

THE MECHANISM: The reaction takes place in a single step in which the strong base ters-butoxide abstracts a proton from C-2 of the alkyl

halide concurrent with loss of chloride from C-1. We can omit writing K* in the equation because it appears on both sides of the equation (a
“spectator ion”).

e =

e I~ = e
%—Q: + CH3(CHZJISCH—CH2—°I_:.1: — }L?—H + CH3(CHy);sCH=CH; + :Cl:

tert-Butoxide ion 1-Chlorooctadecane tert-Butyl 1-Chlorooctadecene Chloride
alcohol ion

THE TRANSITION STATE: fert-Butoxide ion attacks the hydrogen on the carbon adjacent to the carbon that bears the chlorine. Oxygen is
partially bonded to hydrogen, and the C—H and C—Cl bond breaks while the m bond forms. The oxygen and chlorine, both partially negative, share

the charge.
N
7 H

b .
HI.\"C :q‘
CH;(CH,),,CH,

i
:(;_1:

A study of the hydrolysis behavior of chlorofluorocarbons (CFCs) carried out by the U.S. Environmental Protection Agency found that
1,2-dichloro-1,1,2-trifluoroethane (CIF,C—CHCIF) underwent dehydrohalogenation on treatment with aqueous sodium hydroxide.

Suggest a reasonable structure for the product of this reaction.

Four key elements

1. Base---H bond making

2. C---H bond breaking

3. C---C m bond development
4. C---X bond breaking

all contribute to the structure of the transition state.

Mechanism 7.4 shows the E2 mechanism for the reaction of 1-chlorooctadecane with potassium fert-butoxide presented in the preceding section. The
bimolecular transition state is characterized by partial bonds between tert-butoxide and one of the hydrogens at C-2 of 2-chlorooctadecane, a partial double
bond between C-1 and C-2, and a partial bond between C-1 and chlorine. Figure 7.4 is a potential energy diagram for a simpler reaction (ethyl chloride +
hydroxide ion) that also illustrates the orbital interactions involved.



O—H bond is forming

C—H bond s breaking
C==C 5 bond is forming

Hydroxide ion Transition state

@
¥ | <
¢F Lo 9

Alkyl halide
Products ‘

Reaction coordinate

C—X bond is breaking

Alkene

Potential energy

Halide ion

Figure 7.4

Potential energy diagram for E2 elimination of ethyl chloride.

Use curved arrows to illustrate the electron flow in the chlorofluorocarbon dehydrohalogenation of Problem 7.23.

Two aspects of dehydrohalogenation, both based on the stabilization of double bonds by alkyl groups, are accommodated by the E2 ———
mechanism. As shown earlier (Section 7.14), the reaction with smaller bases like ethoxide: Page 268

Br
>L/ e /}\/ /l\/
R i il s .
CH,CH,OH, 70°C e
2-Bromo-2- 2-Methyl- 1-butene (29%) 2-Methyl-2-butene (71%)

methylbutane Disubstituted double bond Trisubstituted double bond

is regioselective and follows the Zaitsev rule in that B elimination gives greater amounts of the more stable isomer—that is, the one with the more
substituted double bond. Because alkyl groups stabilize double bonds, it is reasonable that they also stabilize a partially formed 7 bond in the transition state.

o =

.
-]?:r: .Br:
>E\:/ is lower energy than >v
P e i
H--OCH,CH, CH;CH,0—H

Transition state for formation of

Transition state for formation of
2-methyl-1-butene

2-methyl-2-butene

Predict the major product of the reaction shown.

NaOCH,CH;
ethanol

Br

Studies have shown that steric effects can change the product distribution in E2 reactions, even allowing for the less stable alkene to be formed as the
major product. In contrast to the reaction of 2-bromo-2-methylbutane with potassium ethoxide, reacting the same haloalkane with the sterically hindered
base, potassium fert-butoxide, 2-methyl-1-butene is formed as the major product. An elimination reaction that gives the less stable alkene as ———
the major product is referred to as a Hofmann elimination. Other Hofmann elimination reactions are discussed in Section 22.13. Page 269



Br
KOC(CH;)3
HOC(CH,)5, 70°C - + s

2-Bromo-2-

2-Methyl-1-butene (73%) 2-Methyl-2-butene (27%)
methylbutane disubstituted double bond trisubstituted double bond

With hindered bases, reactions with hydrogens on more substituted carbons, such as secondary versus primary, are slower. This is due to steric
hindrance, which raises the energy of the transition state. The result is a lower yield of the more thermodynamically stable alkene product.

7\/ #/'_ is higher energy than primary “H?\/
H

e = =
secondary H'"Q '_6 _>— )=

Steric effect raises energy of Transition state for formation
transition state for of 2-methyl- I-butene
2-methyl-2-butene

Regardless of the choice of base, partial double-bond character in the transition state also contributes to the fact that the rate of elimination is fastest for
tertiary alkyl halides, slowest for primary halides.

Increasing rate of dehydrohalogenation

P S

Alkyl halide Ethyl Isopropyl 2-Bromo-2-
bromide bromide methylbutane
Relative E2 rate 1 6 42

(sodium ethoxide, ethanol, 55°C)

The two regioisomeric alkenes formed via the E2 transition state of the tertiary halide 2-bromo-2-methylbutane are both more substituted than the
alkenes (ethylene and propene) formed from ethyl and isopropyl bromide, respectively.

The E2 mechanism is followed whenever an alkyl halide—be it primary, secondary, or tertiary—undergoes elimination in the presence of a strong base.

If a strong base is absent, or present in very low concentration, elimination can sometimes still occur by a unimolecular mechanism (E1). The E1 mechanism
for dehydrohalogenation will be described in Section 7.18.

7.16 Anti Elimination in E2 Reactions: Stereoelectronic Effects

Further insight into the E2 mechanism comes from stereochemical studies. One such experiment compares the rates of elimination of the cis and trans
isomers of 4-tert-butylcyclohexyl bromide.

Br
KOC(CHa)s KOC(CHs)5 Br
“‘}x (CH3)=COH (CH;);COH

cis-4-tert-Butyleyclohexyl 4-tert-Butylcyclohexene trans-4-tert-Butyleyclohexyl
bromide

bromide

Although both stereoisomers yield 4-fert-butylcyclohexene as the only alkene, they do so at quite different rates. The cis isomer reacts over 500

times faster than the trans. Page 270

The difference in reaction rate results from different degrees of m bond development in the E2 transition state. Since  overlap of p orbitals

requires their axes to be parallel, 7 bond formation is best achieved when the four atoms of the H-C—C—X unit lie in the same plane at the transition state.
The two conformations that permit this are termed syn coplanar and anti coplanar.



¢ ¢
¢
0‘ ’ "“ N o‘: Py
® ¢

Syn coplanar Gauche Anti coplanar
Eclipsed conformation Staggered conformation Staggered conformation
C—H and C—X bonds aligned C—H and C=X bonds not aligned C—H and C—X bonds aligned

Because adjacent bonds are eclipsed when the H-C—C—X unit is syn coplanar, a transition state with this geometry is less stable than one that has an anti
coplanar relationship between the proton and the leaving group.

Bromine is axial and anti coplanar to two axial hydrogens in the most stable conformation of cis-4-tert-butylcyclohexyl bromide and has the proper
geometry for ready E2 elimination. The transition state 1s reached with little increase in strain, and elimination occurs readily.

Br

H H

B
H H
;'r H
H H
cis-4-tert-Butylcyclohexyl bromide trans-4-tert-Butylcyclohexyl bromide
(faster E2 rate: (slower E2 rate:

H and Br are anti coplanar) (no H atoms anti to Br)

In 1ts most stable conformation, the trans stereoisomer has no B hydrogens anti to Br; all four are gauche. Strain increases significantly in going to the E2
transition state, and the rate of elimination is slower than for the cis stereoisomer.

Which stereoisomer do you predict will undergo elimination on treatment with sodium ethoxide in ethanol at the faster rate?

Br Qr
e
HsC" “CH3 HsC" “CH3
A B

Effects on rate or equilibrium that arise because one spatial arrangement of electrons (or orbitals or bonds) is more stable than another are called
stereoelectronic effects. We saw an important example of a stereoelectronic requirement in the Sy2 mechanism of nucleophilic substitution (Section 6.3)
where the incoming nucleophile bonds to carbon at the transition state from the side opposite the bond to the leaving group. Likewise, there
is a stereoelectronic preference for the anti coplanar arrangement of proton and leaving group in elimination by the E2 mechanism. Just as Page 271
mversion of configuration characterizes the Sy2 mechanism, anti elimination characterizes the E2 mechanism. Although coplanarity of the p
orbitals is the best geometry for the E2 process, modest deviations from it can be tolerated at the cost of a decrease in reaction rate.

The stereoelectronic preference for an anti coplanar arrangement of the H-C—C—X unit in the E2 mechanism, as illustrated in Figure 7.4, 1s also reflected
in the preference for formation of trans rather than cis alkenes.

Nl Bagd Ty IR e o W R s . W
CH.OH + K\/\
Br
2-Bromohexane trans-2-Hexene (54%) cis-2-Hexene (18% 1-Hexene (28%)

Anti elimination from the more stable staggered conformation gives the major product.



H
Hsqu‘ H
H’\é CH:CH:CH} anti elimination trans-2-Hexene
r

More stable conformation
Anti elimination from the less stable staggered conformation gives the minor product.
H;C H
il 7 4 anti elimination

CH_;CH:CH:/\;\ H
r

cis-2-Hexene

Less stable conformation

Not only 1s this conformation less populated than the other, but van der Waals repulsions between the CH3 and CH3CH,CH, groups increase in going to the
transition state, which raises the energy of the activated complex, increases E,, and decreases the reaction rate.

The preferential formation of #rans-2-hexene from 2-bromohexane is an example of a steregselective reaction, a reaction that can give two or more
stereoisomeric products but gives one of them preferentially (Section 7.11). Stereospecific reactions are those in which stereoisomeric reactants yield
products that are stereoisomers of each other. Terms such as “addition to the less-hindered side” describe stereoselectivity; “inversion of configuration” and
“anti-elimination” describe stereospecificity.

7.17 Isotope Effects and the E2 Mechanism

The E2 mechanism as outlined in the preceding two sections receives support from studies of the rates of dehydrohalogenation of alkyl halides that contain
deuterium (D = 2H) instead of protium (!H) at the p carbon. The fundamental kinds of reactions a substance undergoes are the same regardless of which
1sotope 1s present, but the reaction rates can be different.

A C-D bond 1s ~ 12 kJ/mol (2.9 kcal/mol) stronger than a C—H bond, making the activation energy for breaking a C—D bond slightly greater than that of
an analogous C—H bond. Consequently, the rate constant k¥ for an elementary step in which a C-D bond breaks 1s smaller than for a C—H bond. This
difference 1n rate is expressed as a ratio of the respective rate constants (kg/kp) and 1s a type of Kinetic isotope effect. Because it compares 2H to lH, it 1s
also referred to as a deuterium isotope effect.

Typical deuterium isotope effects for reactions in which C—H bond breaking is rate-determining lie in the range ky/kp= 3-8. If the C—H bond breaks
after the rate-determining step, the overall reaction rate is affected only slightly and ky/kp= 1-2. Thus, measuring the deuterium iSOtOpe =
effect can tell us if a C—H bond breaks in the rate-determining step. Page 272

According to the E2 mechanism for dehydrohalogenation, a base removes a proton from the B carbon in the same step as the halide is
lost. This step, indeed it 1s the only step in the mechanism, is rate-determining. Therefore, elimination by the E2 mechanism should exhibit a deuterium
1sotope effect. This prediction was tested by comparing the rate of elimination in the reaction:

Br
NaOCH,CH: CD;
H )\C D3 “CH,CH,OH H (
CD} CD\

with that of (CH3),CHBr. The measured value was ky/kp = 6.7, consistent with the idea that the p hydrogen 1is removed by the base in the rate-determining
step, not after it.

Choose the compound in the following pairs that undergoes E2 elimination at the faster rate.



(@) CH3CH,CH,CD,Br or CH3CH,;CD,CH,Br

CH3 (|IH3
(b) CHsCCH,Br O CH5CCD,Br
b H
e o
() CDsCD,CCH,Br O  CHsCH,CCH,Br
H b

Sample Solution (a) A double bond is formed between C-1 and C-2 when either of the two compounds undergoes elimination. Bromine
is lost from C-1, and H (or D) is lost from C-2. A C-H bond breaks faster than a C—D bond; therefore, E2 elimination is faster in
CH3CH,CH,CD,Br than in CH3CH,CD,CH,Br.

The size of an 1sotope effect depends on the ratio of the atomic masses of the isotopes; thus, those that result from replacing Iy by 2H or 3H (tritium) are
easiest to measure. This, plus the additional facts that most organic compounds contain hydrogen and many reactions involve breaking C—H bonds, have
made rate studies involving hydrogen isotopes much more common than those of other elements.

In later chapters we’ll see several additional examples of reactions in which deuterium isotope effects were measured in order to test proposed
mechanisms.

7.18 The E1 Mechanism of Dehydrohalogenation of Alkyl Halides

The E2 mechanism is a concerted process in which the carbon-hydrogen and carbon-halogen bonds both break in the same elementary step. What if these
bonds break in separate steps?

One possibility 1s the two-step process of Mechanism 7.5, in which the carbon-halogen bond breaks first to give a carbocation intermediate, followed by
deprotonation of the carbocation in a second step.

The alkyl halide, in this case 2-bromo-2-methylbutane, ionizes to a carbocation and a halide anion by a heterolytic cleavage of the carbon-halogen bond.

Like the dissociation of an alkyloxonium 1on to a carbocation, this step is rate-determining. Because the rate-determining step is unimolecular—it involves
only the alkyl halide and not the base—it i1s an E1 mechanism.

Rage373

The E1 Mechanism for Dehydrohalogenation of 2-Bromo-2-methylbutane

THE OVERALL REACTION:
>(\ CHCHLOR \(\ + Y\
heat
Br
2-Bromo-2-methylbutane 2-Methyl-1-butene  2-Methyl-2-butene

(25%) (75%)

THE MECHANISM:
Step 1: Ionization The alkyl halide dissociates by heterolytic cleavage of the carbon—halogen bond. The products are a carbocation and a halide

1on. This is the rate-determining step.
o — + Bn

:B.r 2

2-Bromo-2-methylbutane 1,1-Dimethylpropyl cation Bromide ion

Step 2: Deprotonation Ethanol acts as a Brensted base to remove a proton from the carbocation to give the two alkene products. Zaitsev’s rule is
followed, and the regioisomer with the more highly substituted double bond predominates.



H H

/ +/
CHCH,0: + HN "~ CHCHLO:  + ﬁ/\

Ethanol 1,1-Dimethylpropyl cation Ethyloxonium ion 2-Methyl- 1-butene
/I‘I /}.I
f; ok
CH3CH;,_Q:\ I = CH,CHyO; i \=<
i H
Ethanol 1,1-Dimethylpropyl Ethyloxonium ion 2-Methyl-2-butene

Typically, elimination by the E1 mechanism is observed only for tertiary and some secondary alkyl halides, and then only when the base 1s weak or in
low concentration. Unlike eliminations that follow an E2 pathway and exhibit second-order kinetic behavior:

Rate = k{alkyl halide][base]
those that follow an E1 mechanism obey a first-order rate law.
Rate = kfalkyl halide]
The reactivity order parallels the ease of carbocation formation.

Increasing rate of elimination by the E1 mechanism

R,CHX < R;CX
Secondary alkyl halide Tertiary alkyl halide
Slower rate of Faster rate of
El elimination El elimination

Because the carbon—halogen bond breaks in the slow step, the rate of the reaction depends on the leaving group. Alkyl iodides have the weakest =—————
carbon-halogen bond and are the most reactive; alkyl fluorides have the strongest carbon—halogen bond and are the least reactive. Page 274

Based on the E1 mechanism shown for it in Mechanism 7.5, would you expect elimination in 2-bromo-2-methylbutane to exhibit a
deuterium isotope effect?

The most common examples of E1 eliminations are those carried out in the absence of added base. In the example cited in Mechanism 7.5, the base that
abstracts the proton from the carbocation intermediate 1s a very weak one; it is a molecule of the solvent, ethyl alcohol. At even modest concentrations of
strong base, elimination by the E2 mechanism is much faster than E1 elimination.

There 1s a strong similarity between the process shown in Mechanism 7.5 and the one shown for alcohol dehydration in Mechanism 7.1 The main
difference between the dehydration of 2-methyl-2-butanol and the dehydrohalogenation of 2-bromo-2-methylbutane is the source of the carbocation. With
alcohols, it 1s the corresponding alkyloxonium 1on that dissociates to form the carbocation. Alkyl halides 1onize directly to the carbocation.

>y/\ -H0 -Br~

+ —
; >E
H :O: H : B.r:

Alkyloxonium ion Carbocation Alkyl halide

Like alcohol dehydrations, E1 reactions of alkyl halides can be accompanied by carbocation rearrangements. Eliminations by the E2 mechanism, on the
other hand, normally proceed without rearrangement. Consequently, if one wishes to prepare an alkene from an alkyl halide, conditions favorable to E2
elimination should be chosen. In practice this simply means carrying out the reaction in the presence of a strong base.

7.19 Substitution and Elimination as Competing Reactions




In this and the preceding chapter we have seen that a Lewis base can react with an alkyl halide by either substitution or elimination.

p elimination C—C H—Y + X~

/ A

nucleophilic
substitution

[
e — GGt X
|
Y
Substitution can take place by the Sy1 or the S2 mechanism, elimination by E1 or E2.

How can we predict whether substitution or elimination will predominate? The two most important factors are the structure of the alkyl halide and the
basicity of the anion. It 1s useful to approach the question from the premise that the characteristic reaction of alkyl halides with Lewis bases 1s elimination,
and that substitution predominates only under certain special circumstances. In a typical reaction, a secondary alkyl halide such as isopropyl bromide reacts
with a Lewis base such as sodium ethoxide mainly by elimination:

)\ NaOCH,CH; )\
Br /\ ¥ O/\

CH5;CH,0H. 55°C

Isopropyl bromide Propene (87%) Ethyl isopropyl ether (13%)

Figure 7.5 illustrates the close relationship between the E2 and Sy2 pathways for this case, and the results cited in the preceding equation
show that E2 is faster than Sy2 when a secondary alkyl halide reacts with a strong base.
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CH+CH-0 “-5_2““69 @
N

Figure 7.5

When a Lewis base reacts with an alkyl halide, either substitution or elimination can occur. Substitution (SN2) occurs when the Lewis base acts
as a nucleophile and attacks carbon to displace bromide. Elimination (E2) occurs when the Lewis base abstracts a proton from the B carbon. The
alkyl halide shown is isopropyl bromide, and elimination (E2) predominates over substitution with alkoxide bases.

As crowding at the carbon that bears the leaving group decreases, the rate of nucleophilic substitution becomes faster than the rate of elimination. A low
level of steric hindrance to approach of the nucleophile is one of the special circumstances that permit substitution to predominate, and primary alkyl halides
react with alkoxide bases by an Sy2 mechanism in preference to E2.

Br NaOCHLCH; + 0
o Bk CH:CH;0H, 55°C 2 NN
Propy! bromide Propene (9%) Ethyl propyl ether (91%)

If, however, the base itself is crowded, such as potassium fert-butoxide, even primary alkyl halides undergo elimination rather than substitution (87%).

CHy(CH,);sCH,CH;Br et e CH,(CH,),sCH=CH, + CH5(CH,),sCH.CH,0C(CHs);

1-Bromooctadecane 1-Octadecene (87%) tert-Butyl octadecyl ether (13%)

A second factor that can tip the balance in favor of substitution is weak basicity of the nucleophile. Nucleophiles that are less basic than hydroxide react with
both primary and secondary alkyl halides to give the product of nucleophilic substitution in high yield. To illustrate, cyanide 1on 1s much less basic than
hydroxide and reacts with 2-chlorooctane to give the corresponding alkyl cyanide as the major product.



Cl CN
M e M
DMSO
2-Chlorooctane 2-Cyanooctane (70%)
Cyanide is a weaker base than hydroxide because its conjugate acid HCN (pK3 9.1) is a stronger acid than water (pK3 15.7).
Azide 1on (N37) is an even weaker base than cyanide. It is a good nucleophile and reacts with secondary alkyl halides mainly by substitution.

Cyclohexyl iodide Cyclohexyl azide (75%)

The conjugate acid of azide ion is called hydrazoic acid (HN3). It has a pK; of 4.6, and so is similar to acetic acid in its acidity.

Hydrogen sulfide 1on HS™, and anions of the type RS, are substantially less basic than hydroxide ion and react with both primary and
secondary alkyl halides to give mainly substitution products. Page 276

Hydrogen sulfide (pKj 7.0) is a stronger acid than water (pK, 15.7). Therefore, HS™ is a much weaker base than HO™.

Tertiary alkyl halides are so sterically hindered to nucleophilic attack that the presence of any anionic Lewis base favors elimination. Usually substitution
predominates over elimination in tertiary alkyl halides only when anionic Lewis bases are absent. In the solvolysis of the tertiary bromide 2-bromo-2-
methylbutane, for example, the ratio of substitution to elimination is 64:36 in pure ethanol but falls to 1:99 in the presence of 2 M sodium ethoxide.

Br OCH,CH;
>K/ — }\/ ‘ L )\/
—’35 o + /\/ e

2-Bromo-2- 2-Ethoxy-2- 2-Methyl-2-butene 2-Methyl-1-butene
methylbutane methylbutane
(Major product in (Alkene mixture is major product
absence of sodium in presence of sodium ethoxide)
ethoxide)

The substitution product in this case 1s formed by an Sy1 mechanism in both the presence and absence of sodium ethoxide. The alkenes are formed by an E1
mechanism in the absence of sodium ethoxide and by a combination of E2 (major) and E1 (minor) in its presence.

Predict the major organic product of each of the following reactions:
(a) Cyclohexyl bromide and potassium ethoxide
(b) Ethyl bromide and potassium cyclohexanolate
(c) sec-Butyl bromide solvolysis in methanol
(d) sec-Butyl bromide solvolysis in methanol containing 2 M sodium methoxide

Sample Solution (a) Cyclohexyl bromide is a secondary halide and reacts with alkoxide bases by elimination rather than substitution.
The major organic products are cyclohexene and ethanol.

Qer + KOCH,CH; — Q + CHsCH,OH

Cyclohexyl bromide Potassium ethoxide Cyclohexene Ethanol




Regardless of the alkyl halide, raising the temperature increases the rate of both substitution and elimination. The rate of elimination, however, usually
increases faster than substitution, so that at higher temperatures the proportion of elimination products increases at the expense of substitution products.

As a practical matter, if an anti coplanar arrangement of a proton and a suitable leaving group is structurally accessible, elimination can always be made
to occur quantitatively. Strong bases, especially bulky ones such as fert-butoxide ion, react even with primary alkyl halides by an E2 process at elevated
temperatures. The more difficult task is to find conditions that promote substitution. In general, the best approach is to choose conditions that favor the Sn2
mechanism—an unhindered substrate, a good nucleophile that is not strongly basic, and the lowest practical temperature consistent with reasonable reaction
rates.

A standard method for the synthesis of ethers is an Sy2 reaction between an alkoxide and an alkyl halide.

E L . "
R-Q: + R‘—x: e RO -R" + X

Show possible combinations of alkoxide and alkyl halide for the preparation of the following ethers. Which of these can be =———
prepared effectively by this method? Page 277
(a) CH3CH,CHOCH(CH3), () CH3CH,CH,OCH(CHs),
CH3

Sample Solution

Q) + There are ) 704:::’1/( com/imtﬁn.} o/ 4/40.\'//6
asd A/é)/ helide ( Aown as Anml/c}.

© c{,c/gf#—é'-— + Ba(H,),
CHy
=P+ :G=cHH),
b
3
o Ty boHh cases Hhe albyl halide js secondery.
a/é// halines wndicyo &lminatson
(EZ} Fatltr Fhran. subsht, 73 (.S;VZ/
W't alboxide édases .

Functional-group transformations that rely on substitution by the Sy1 mechanism are not as generally applicable as those of the Sy2 type. Hindered
substrates are prone to elimination, and rearrangement is possible when carbocations are involved. Only in cases in which elimination is impossible are Sy1

reactions used in functional-group transformations.

7.20 Elimination Reactions of Sulfonates

Everything that we have said about E1 and E2 reactions of alkyl halides also applies to alkyl sulfonates. The following example is representative in respect
to regioselectivity and stereoselectivity.




Vg

O
\\S// CH NaOCH, i
/ * “cuon TSR N 4 P e S

-0 60°C

2-Hexyl trans-2-Hexene cis-2-Hexene 1-Hexene
p-toluenesulfonate (43%) (23%) (34%)

The major products with the more substituted double bond have a combined yield of 66%, and the more stable trans stereoisomer of 2-hexene is formed in
greater amounts than the less stable cis isomer.
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Section 7.1 Alkenes and cycloalkenes contain carbon—carbon double bonds. According to TUPAC nomenclature, alkenes are named by
substituting -ene for the -ane suffix of the alkane that has the same number of carbon atoms as the longest continuous chain that
includes the double bond. The chain 1s numbered in the direction that gives the lower number to the first-appearing carbon of the
double bond. The double bond takes precedence over alkyl groups and halogens in dictating the direction of numbering, but is

outranked by a hydroxyl group.
1 4_5 i 2
3 3 1
2 3 Br LNE N\
— >E>> ' z OH
4
3-Ethyl-2-pentene ~ 3-Bromocyclopentene 3-Buten-1-ol

Section 7.2 Bonding in alkenes is described according to an .s'p2 orbital hybridization model. The double bond unites two spz-hybridized

carbon atoms and is made of a ¢ component and a = component. The ¢ bond arises by overlap of an sp? hybrid orbital on each
carbon. The m bond is weaker than the ¢ bond and results from a side-by-side overlap of half-filled p orbitals. By combining two
2p orbitals, the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are formed.

Sections

7.3-7.4 Isomeric alkenes may be either constitutional isomers or stereoisomers. There is a sizable barrier to rotation about a carbon—
carbon double bond, which corresponds to the energy required to break the m component of the double bond. Stereoisomeric
alkenes do not interconvert under normal conditions. Their configurations are described according to two notational systems. One
system adds the prefix cis- to the name of the alkene when similar substituents are on the same side of the double bond and the
prefix trans- when they are on opposite sides. The other ranks substituents according to a system of rules based on atomic
number. The prefix Z is used for alkenes that have higher ranked substituents on the same side of the double bond; the prefix E is
used when higher ranked substituents are on opposite sides.

H;C CH,CH; H,C H
\ /
C=C C=C
\ /\
H H H CH,CH;
cis-2-Pentene trans-2-Pentene
[(Z)-2-pentene] [(E)-2-pentene]

Section 7.5 Alkenes are nonpolar. Alkyl substituents donate electrons to an sp>-hybridized carbon to which they are attached slightly better
than hydrogen does.

Section 7.6 Electron release from alkyl substituents stabilizes a double bond. In general, the order of alkene stability is:



1. Tetrasubstituted alkenes (RoCOCRy) are the most stable.
2. Trisubstituted alkenes (RyCOCHR) are next.

3. Among disubstituted alkenes, trans-RCHOCHR 1s normally more stable than cis-RCHOCHR. Exceptions are cycloalkenes,
cis cycloalkenes being more stable than trans when the ring contains fewer than 12 carbons.

4. Monosubstituted alkenes (RCHOCH,) have a more stabilized double bond than ethylene (unsubstituted) but are less stable
than disubstituted alkenes.

The greater stability of more highly substituted double bonds 1s an example of an electronic effect. The decreased =——————
stability that results from van der Waals strain between cis substituents is an example of a steric effect. Page 279

Section 7.7 Cycloalkenes that have trans double bonds in rings smaller than 12 members are less stable than their cis stereoisomers. frans-
Cyclooctene can be isolated and stored at room temperature, but trans-cycloheptene is not stable above —30°C.

H H fH
H H R ; H
H
Cyclopropene Cyclobutene cis-Cyclooctene  trans-Cyclooctene

Section 7.8 Alkenes are prepared by B elimination of alcohols and alkyl halides. These reactions are summarized with examples in Table 7.1.
In both cases, B elimination proceeds in the direction that yields the more highly substituted double bond (Zaitsev’s rule).

TABLE 71 Preparation of Alkenes by Elimination Reactions of Alcohols and Alkyl Halides

Reaction (section) and comments General equation and specific example
Dehydration of alcohols (Sections 7.9-7.13) - H+ e

Dehydration requires an acid catalyst; the RZCH?RZ RC=CR; + HPO
order of reactivity of alcohols is tertiary OH

> secondary > primary. Elimination is Akt R e

regioselective and proceeds in the direction

that gives the most highly substituted double H,S0, N = Z

bond. When stereoisomeric alkenes are H OX\/\ — W W\
possible, the more stable one is formed in 80°C

grgater S E.1 (ellrnlnatlon - 2-Methyl-2-hexanol 2-Methyl-1-hexene 2-Methyl-2-hexene
unimolecular) mechanism via a carbocation (19%) (81%)

intermediate is followed with secondary and
tertiary alcohols. Primary alcohols react by an
E2 (elimination bimolecular) mechanism.
Sometimes elimination is accompanied by
rearrangement.

Dehydrohalogenation of alkyl halides Ro,CHCR, + B~ —— R,C=CR; + H—B &+ X-
(Sections 7.14-7.16) Strong bases cause a |

proton and a halide to be lost from adjacent X

carbons of an alkyl halide to yield an alkene. Alkyl halide Base Alkene Conjugate Halide
When using small strong bases, regioselectivity acid of base

is in accord with the Zaitsev rule. When using

sterically hindered strong bases, like tert- CH; KOCH,CH,

butoxide, Hofmann elimination is observed. Cl ethanol, 100°C CH + CHs
The order of halide reactivity is | > Br > Cl >
F. A concerted E2 reaction pathway is
followed; carbocations are not involved, and
rearrangements do not occur. An anti
coplanar arrangement of the proton being
removed and the halide being lost
characterizes the transition state.

1-Chloro-1- Methylenecyclohexane  Methyicyclohexene
methylcyclohexane (6%) (94%)

Sections
7.9-7.11 See Table 7.1.



Section 7.12

Section 7.13

Section 7.14

Section 7.15

Section 7.16

Section 7.17

Section 7.18

Secondary and tertiary alcohols undergo dehydration by an E1 mechanism involving carbocation intermediates.

H,0*
Step 1 RZCH—(ljRﬁ < RLCH—CR;

:OH
= H” ¥ H

Alcohol Alkyloxonium ion

slow o
Step 2 R,CH—CR; +— R,CH—CR} + H,O:
S *
H” % H

Alkyloxonium ion Carbocation Water
. f +
Step 3 H,0: + thltj—gkgﬂ R,C=CR} + H;0:

H
Water  Carbocation Alkene Hydronium
ion

Primary alcohols do not dehydrate as readily as secondary or tertiary alcohols, and their dehydration does not involve a primary
carbocation. A proton is lost from the B carbon in the same step in which carbon—oxygen bond cleavage occurs. The mechanism
1sE2.

Alkene synthesis via alcohol dehydration 1s sometimes accompanied by carbocation rearrangement. A less stable carbocation
can rearrange to a more stable one by an alkyl group migration or by a hydride shift, opening the possibility for alkene formation
from two different carbocations.

N ..\\R R;,‘. G

R\\“' +VwH R+ ""IR
R H

Secondary carbocation Tertiary carbocation

(G is a migrating group; it may be either a hydrogen or an alkyl group)

See Table 7.1
Dehydrohalogenation of alkyl halides by alkoxide bases is not complicated by rearrangements, because carbocations are not
intermediates. The mechanism 1s E2. It is a concerted process in which the base abstracts a proton from the B carbon =——
while the bond between the halogen and the a carbon undergoes heterolytic cleavage. Page 280
B H “B -—H
RN L 2 N ¥
\‘\.“-IC—C\ — “\...IC=C\ — B—H +/C=C\+X:
X b 3

Transition state

The preceding equation shows the proton H and the halogen X in the anti coplanar relationship that is required for elimination by
the E2 mechanism.

A B C-D bond 1is broken more slowly in the E2 dehydrohalogenation of alkyl halides than a B C—H bond. The ratio of the rate
constants ky/kp 1s a measure of the deuterium isotope effect and has a value in the range 3-8 when a carbon-hydrogen bond

breaks in the rate-determining step of a reaction.

In the absence of a strong base, alkyl halides eliminate by an E1 mechanism. Rate-determining ionization of the alkyl M

halide to a carbocation is followed by deprotonation of the carbocation.



K
Step 1 RQCH—(fRiq——'L—-“: ,CH—CR}
+

slow

Alkyl halide Carbocation

6 ’ -Ht i " G +
Step 2 R2(|:.} (ERZ T R,C=CR3 + (base—H)
base : —7H
Carbocation Alkene

Section 7.19  The competition between substitution and elimination is influenced by the structure of the substrate (alkyl halide or sulfonate) and
the size and basicity of the nucleophile/base. Unhindered substrates react with good nucleophiles that are not strongly basic by the
Sn2 mechanism. Elimination is normally favored in the reactions of secondary or tertiary substrates with strong bases, or even

primary substrates with strong, bulky bases.

Section 7.20  Alkyl sulfonates undergo elimination reactions under the same conditions as alkyl halides with similar outcomes.

Structure and Nomenclature

7.31 Write structural formulas for each of the following:
(a) 1-Heptene
(g) 1-Bromo-3-methylcyclohexene
(b) 3-Ethyl-2-pentene
(h) 1-Bromo-6-methylcyclohexene
(c) cis-3-Octene
(i) 4-Methyl-4-penten-2-ol
(d) trans-1,4-Dichloro-2-butene
(j) Vinylcycloheptane
(e) (2)-3-Methyl-2-hexene
(k) 1,1-Diallylcyclopropane
(f) (E)-3-Chloro-2-hexene
(1) trans-1-Isopropenyl-3-methylcyclohexane

7.32 Write a structural formula and give two acceptable IUPAC names for each alkene of molecular formula C;H 4 that has a tetrasubstituted
double bond.

7.33 Give an IUPAC name for each of the following compounds:

(a) (CH;CH,;»C=CHCH; @ H,C (g) R
(b} (CH;CH,),C=C(CH,CH;), HiC — g
() (CH;»CCH=CCl,

H.C

@
@ |

7.34 (a) A hydrocarbon isolated from fish oil and from plankton was identified as 2,6,10,14-tetramethyl-2-pentadecene. Write its structure.

(b) Alkyl isothiocyanates are compounds of the type RNLJCLIS. Write a structural formula for allyl isothiocyanate, a pungent-smelling
compound isolated from mustard.

(c) Grandisol is one component of the sex attractant of the boll weevil. Write a structural formula for grandisol given that R in the
structure shown is an isopropenyl group.



HOCH,CH, \I:‘/R

HC H

7.35 Multifidene 1s a sperm-cell-attracting substance released by the female of a species of brown algae. It has the constitution

Page 282
shown. g_

CH=CHCH,CH;

CH=CH,

Assuming that the double bond in the five-membered ring of all of the isomers is cis:
(a) How many stereoisomers are represented by this constitution?
(b) If the substituents on the five-membered ring are cis to each other, how many stereoisomers are represented by this constitution?
(c) If the butenyl side chain also has the Z configuration of its double bond, how many stereoisomers are possible?
(d) Draw stereochemically accurate representations of all the stereoisomers that satisfy the structural requirements just described.
(e) How are these stereoisomers related? Are they enantiomers or diastereomers?

7.36 Sphingosine 1s a component of membrane lipids, including those found in nerve and muscle cells. How many stereoisomers are possible?

NH,

/\/\/\/\/\/\/\/k/oH

OH

7.37 Write a bond-line formula for each of the following naturally occurring compounds, clearly showing their stereochemistry.
(a) (E)-6-Nonen-1-ol: the sex attractant of the Mediterranean fruit fly.

(b) Geraniol: a hydrocarbon with a rose-like odor present in the fragrant oil of many plants (including geranium flowers). It is the E
isomer of

(CHs),C —=CHCH,CH,C—CHCH,OH
CH,

(c) Nerol: a stereoisomer of geraniol found in neroli and lemongrass oil.

(d) The worm 1in apples 1s the larval stage of the codling moth. The sex attractant of the male moth is the 2Z,6E stereoisomer of the
compound shown.

CH;CH:CH;CI =CHCH,CH 2(|: =CHCH,OH
CH,4 CH,CH,4
(e) The E stereoisomer of the compound 1s the sex pheromone of the honeybee.
O

I
CH,C(CH,),CH,CH=CHCO,H

(f) A growth hormone from the cecropia moth has the structure shown. Express the stereochemistry of the double bonds according to
the E-Z system.

7.38 Match each alkene with the appropriate heat of combustion:
Heats of combustion (kJ/mol): 5293; 4658; 4650; 4638; 4632
Heats of combustion (kcal/mol): 1264.9; 1113 .4; 1111.4; 1108.6; 1107.1



(a) 1-Heptene

(d) (2)-4,4-Dimethyl-2-pentene

(b) 2,4-Dimethyl-1-pentene

(e) 2,4,4-Trimethyl-2-pentene

(c) 2,4-Dimethyl-2-pentene
7.39 Choose the more stable alkene in each of the following pairs. Explain your reasoning. M
(a) 1-Methylcyclohexene or 3-methylcyclohexene
(b) Isopropenylcyclopentane or allylcyclopentane

Bicyclo[4.2.0]oct-7-ene Bicyclo[4.2.0]oct-3-ene

(d) (2)-Cyclononene or (E)-cyclononene
(e) (2)-Cyclooctadecene or (E)-cyclooctadecene

7.40 a. Suggest an explanation for the fact that 1-methylcyclopropene is some 42 kJ/mol (10 kcal/mol) less stable than
methylenecyclopropane.
>—CH3 is less stable than D’=CH2
1-Methylcyclopropene Methylenecyclopropane:

b. On the basis of your answer to part (a), compare the expected stability of 3-methylcyclopropene with that of 1-methylcyclopropene
and that of methylenecyclopropane.

Reactions
7.41 How many alkenes would you expect to be formed from each of the following alkyl bromides under conditions of E2 elimination?
Identify the alkenes in each case.

(a) 1-Bromohexane

(e) 2-Bromo-3-methylpentane
(b) 2-Bromohexane

(f) 3-Bromo-2-methylpentane
(c) 3-Bromohexane

(g) 3-Bromo-3-methylpentane
(d) 2-Bromo-2-methylpentane
(h) 3-Bromo-2,2-dimethylbutane

7.42 Wirite structural formulas for all the alkene products that could reasonably be formed from each of the following compounds under the
indicated reaction conditions. Where more than one alkene is produced, specify the one that is the major product.

(a) 1-Bromo-3,3-dimethylbutane (potassium terz-butoxide, fert-butyl alcohol, 100°C)
(b) 1-Methylcyclopentyl chloride (sodium ethoxide, ethanol, 70°C)

(c) 3-Methyl-3-pentanol (sulfuric acid, 80°C)

(d) 2,3-Dimethyl-2-butanol (phosphoric acid, 120°C)

(e) 3-Iodo-2,4-dimethylpentane (sodium ethoxide, ethanol, 70°C)

(®) 2,4-Dimethyl-3-pentanol (sulfuric acid, 120°C)

7.43 Choose the compound of molecular formula C7Hj3Br that gives each alkene shown as the exclusive product of E2 elimination.
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7.44 Give the structures of two different alkyl bromides both of which yield the indicated alkene as the exclusive product of E2 elimination.
(a) CH3CHOCH,
(c) BrCHOCBrp
(b) (CH3),COCH,

CH,
@ <><
CH,

7.45 Predict the major organic product of each of the following reactions. M
Br
@ KHSO,
heat

OH

KOC(CHa,).
(b) ICH,CH(OCH,CH,), (CH])JCOH’,;,,

KOC(CH3)3
(CHJ);COH heat

KHSO,
/Oij -soc (CrzH1NO)
30
HO o
Ho" (CsHeOg)
140-145°C

Citric acid

_KOCCHy,
“DMso,70°C O
KOC(CH,)
® Br—%[;zf oo~ (C14Hic0)

KOC(CH,),

(h) (CeHy2)

Br (CH;);COH, 76°C

7.46 The following reaction sequence is described as an introductory organic chemistry laboratory experiment in the Journal of Chemical
Education, vol. 78:1676-1678 (2001). Write structural formulas for compound A and compound B.



7.47

CH3><0 o cn,@»soza KOC(CH.)

Compound A —— = Compound B
o) pyridine (C1gH605S) (C12H,405)

Solvolysis of 2-bromo-2-methylbutane in acetic acid containing sodium acetate gives three organic products. What are they?

Mechanisms

7.48

7.49

7.50

7.51

7.52

7.53

The rate of the reaction

(CH3); CCl+ NaSCH,CH3 — (CH3),COCH; + CH3CH,SH + NaCl
1s first-order in (CH3)3CCl and first-order in NaSCH,CH3. Give the symbol (E1 or E2) for the most reasonable mechanism, and use
curved arrows to show the flow of electrons.

Menthyl chloride and neomenthyl chloride have the structures shown. One of these stereoisomers undergoes elimination on M

treatment with sodium ethoxide in ethanol much more readily than the other. Which reacts faster, menthyl chloride or

neomenthyl chloride? Why?
/O\Cl - : e

Menthy! chloride Neomenthy! chloride

Draw a Newman projection for the conformation adopted by 2-bromo-2,4,4-trimethylpentane in a reaction proceeding by the E2
mechanism. Assume the regioselectivity 1s consistent with the Zaitsev rule.

You have available 22-dimethylcyclopentanol (A) and 2-bromo-1,1-dimethylcyclopentane (B) and wish to prepare 3.3-
dimethylcyclopentene (C). Which would you choose as the more suitable reactant, A or B, and with what would you treat 1t?

H.C CH, H,C CH, H,C CH,
A B C

In the acid-catalyzed dehydration of 2-methyl-1-propanol, what carbocation would be formed if a hydride shift accompanied cleavage of
the carbon—oxygen bond in the alkyloxonium ion? What ion would be formed as a result of a methyl shift? Which pathway do you think
will predominate, a hydride shift or a methyl shift?

Write a sequence of steps depicting the mechanisms of each of the following reactions. Use curved arrows to show electron flow.



7.54

7.55

7.56

7.57

In Problem 7.20 (Section 7.13) we saw that acid-catalyzed dehydration of 2,2- dimethylcyclohexanol afforded 1,2-dimethylcyclohexene.
To explain this product we must write a mechanism for the reaction in which a methyl shift transforms a secondary carbocation to a
tertiary one. Another product of the dehydration of 2,2-dimethylcyclohexanol is isopropylidenecyclopentane. Write a mechanism to
rationalize its formation, using curved arrows to show the flow of electrons.

= 0 - oK

2,2-Dimethylcyclohexanol 1,2-Dimethylcyclohexene  Isopropylidenecyclopentane

Acid-catalyzed dehydration of 2,2-dimethyl-1-hexanol gave a number of isomeric alkenes including 2-methyl-2-heptene as Page 286
shown 1in the following equation. —_—

\/\></OH Ha0s
e \/\/Y

(a) Write a stepwise mechanism for the formation of 2-methyl-2-heptene, using curved arrows to show the flow of electrons.
(b) What other alkenes do you think are formed 1n this reaction?

The ratio of elimination to substitution is exactly the same (26% elimination) for 2-bromo-2-methylbutane and 2-10do-2-methylbutane in
80% ethanol/20% water at 25°C.

(a) By what mechanism does substitution most likely occur in these compounds under these conditions?
(b) By what mechanism does elimination most likely occur in these compounds under these conditions?
(c) Which one of the two alkyl halides undergoes substitution faster?

(d) Which one of the two alkyl halides undergoes elimination faster?

(e) What two substitution products are formed from each?

(f) What two elimination products are formed from each?

(g) Why do you suppose the ratio of elimination to substitution 1is the same for the two alkyl halides?

The reactant shown, having an axial p-toluenesulfonate in its most stable conformation, undergoes predominant elimination on reaction

with sodium azide.
N3

(46%) (37%)

Its diastereomer having an equatorial p-toluenesulfonate gives predominant substitution (76%). Give the structure of the resulting azide
and suggest an explanation for the difference in reactivity between the two diastereomeric p-toluenesulfonates.



A Mechanistic Preview of Addition Reactions

The following flow chart connects three of the reactions we have discussed that involve carbocation intermediates. Each arrow may represent more
than one elementary step in a mechanism.

ol

R,C—CR, . 1 H Cl H
S 2 )
X R,C—CR, ‘T_‘ R,C—CR,
/

R,C=CR, 4

Arrows 1 and 2 summarize the conversion of alcohols to alkyl halides, 3 and 4 the dehydrohalogenation of an alkyl halide to an alkene by the E1
mechanism, and 1 and 4 the formation of an alkene by dehydration of an alcohol.

The reaction indicated by arrow 5 constitutes a major focus of the next chapter. There we will explore reactions that give overall addition to the
double bond by way of carbocation intermediates. One such process converts alkenes to alkyl halides (5 + 2), another converts alkenes to alcohols (5

+6).

7.58

7.59

7.60

7.61

7.62

7.63

Based on the Syy1 mechanism for the reaction of tertiary alcohols with HC1 as summarized in arrows 1 and 2, which arrow(s) Page 287

represent(s) more than one elementary step?
A Arrow 1
B. Arrow 2
C.Both1and2
D. Neither 1 nor 2

Based on the E1 mechanism for the acid-catalyzed dehydration of a tertiary alcohol as summarized in arrows 1 and 4, which arrow(s)
represent(s) more than one elementary step?

A Armrow 1

B. Arrow 4
C.Both 1 and 4
D. Neither 1 nor 4

Based on the E1 mechanism for the conversion of a tertiary alkyl chloride to an alkene as summarized in arrows 3 and 4, which arrow(s)
represent(s) more than one elementary step?

A Armrow 3

B. Arrow 4
C.Both 3 and 4
D. Neither 3 nor 4

Based on the E1 mechanism for the conversion of a tertiary alkyl chloride to an alkene as summarized in arrows 3 and 4, which arrow(s)
correspond(s) to exothermic processes?

A Arrow 3

B. Arrow 4
C.Both 3 and 4
D. Neither 3 nor 4

‘What term best describes the relationship between an alkene and a carbocation?
A Isomers
B. Resonance contributors
C. Alkene 1s conjugate acid of carbocation
D. Alkene 1s conjugate base of carbocation

The overall equation for the addition of HCI1 to alkenes is:

Cl H
R,C—=CR, + HClI —= R,;C—CR,



If the transition state for proton transfer from HCI to the alkene (arrow 5) resembles a carbocation and this step is rate-determining, what
should be the effect of alkene structure on the rate of the overall reaction?

Fastest rate Slowest rate
A. H,C=CH, CH;CH=CHCH; (CH;),C=C(CHa),
B. CH;CH=CHCH, (CH;,C=C(CH;), H,C=CH,
C. CH,CH=CHCH; H,C=CH, (CH;3),C=C(CHa),

D. (CH;,C=C(CH;), CH;CH=CHCH; H,C=CH,

7.64 For the addition of HCI to alkenes according to the general equation given in the preceding problem, assume the mechanism involves
rate-determining formation of the more stable carbocation (arrow 5) and predict the alkyl chloride formed by reaction of HCI with
(CH3)2C:CH2.

A. (CH3),CHCH,CI
B. (CH3);CCl

7.65 Zaitsev's rule was presented in this chapter. In the next chapter we will introduce Markovnikov's rule, which is related to arrow 5. To
which arrow does Zaitsev s rule most closely relate from a mechanistic perspective?

Al
B.2
C.3
D. 4
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Petroleum-derived benzene is the source of the six carbon atoms of adipic acid, an industrial chemical used to make nylon. An alternative
process has been developed that uses genetically engineered strains of the bacterium Escherichia coli to convert glucose, a renewable resource
obtained from cornstarch, to cis,cis-muconic acid. Subsequent hydrogenation gives adipic acid. This chapter is about reactions that involve
addition to double bonds and begins with hydrogenation.

©Evgeniy Ivanov/Getty Images; ©Bill Grove/Getty Images
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Addition Reactions of Alkenes

Now that we’re familiar with the structure and preparation of alkenes, let’s look at their chemical reactions, the most characteristic of which is addition to
the double bond according to the general equation:

Y. ||
A—B + (=C — A—C—C—B
= X |

The range of compounds represented as A—B in this equation offers a wealth of opportunity for converting alkenes to a number of other structural types.

Alkenes are commonly described as unsaturated hydrocarbons because they have the capacity to react with substances that add to them. Alkanes, on
the other hand, are saturated hydrocarbons and are incapable of undergoing addition reactions.

8.1 Hydrogenation of Alkenes

The relationship between reactants and products in addition reactions can be illustrated by the hydrogenation of alkenes to yield alkanes. Hydrogenation is
the addition of H, to a multiple bond, as illustrated in the conversion of ethylene to ethane.

H\ /H ]]I III Page 289
c=C + H_H 2 H—C—C—H  AH®=-136K/mol

H/’ \H y ||_] (—32.6 kcal/mol)
Ethylene Hydrogen Ethane

The French chemist Paul Sabatier received the 1912 Nobel Prize in Chemistry for his discovery that finely divided nickel is an
effective hydrogenation catalyst.

Hydrogenation of all alkenes is exothermic, so is characterized by a negative sign for AH®. The heat given off is called the heat of hydrogenation and cited
without a sign. In other words, heat of hydrogenation = ~AH".

The uncatalyzed addition of hydrogen to an alkene, although exothermic, is too slow to ever occur, but is readily accomplished in the presence of certain
finely divided metal catalysts, such as platinum, palladium, nickel, and rhodium. Catalytic hydrogenation is normally rapid at room temperature, and the
alkane is the only product.

Pt
(CH,),C=CHCH, + H, —— (CH,),CHCH,CH,

2-Methyl-2-butene Hydrogen 2-Methylbutane (100%)
Pt B CH;
CH, + H, ——
H.C— ~ HsC : H
!
CH; CH;
5,5-Dimethyl{methylene)cyclononane Hydrogen 1,1,5-Trimethylcyclononane (73%)

What three alkenes yield 2-methylbutane on catalytic hydrogenation?

The solvent used in catalytic hydrogenation is chosen for its ability to dissolve the alkene and is typically ethanol, hexane, or acetic acid. The metal
catalysts are insoluble in these solvents (or, indeed, in any solvent). Two phases, the solution and the metal, are present, and the reaction takes place at the
interface between them. Reactions involving a substance in one phase with a different substance in a second phase are called heterogeneous reactions. A
number of organometallic compounds have been developed for catalytic hydrogenation under homogeneous conditions and are described in Chapter 15.

Catalytic hydrogenation of an alkene is believed to proceed by the series of steps shown in Mechanism 8.1. The addition of hydrogen to the alkene is
very slow in the absence of a metal catalyst, meaning that any uncatalyzed mechanism must have a very high activation energy. The metal catalyst
accelerates the rate of hydrogenation by providing an alternative pathway that involves a sequence of several low activation energy steps.



8.2 Stereochemistry of Alkene Hydrogenation

Two stereochemical aspects—stereospecificity and stereoselectivity—attend catalytic hydrogenation. Recall that a stereospecific reaction is one in which
stereoisomeric starting materials give stereoisomeric products. Previous examples were the requirement of inversion of configuration in substitution by the
SN2 mechanism (Section 6.3) and an anti relationship between the proton lost and the leaving group in elimination by the E2 mechanism (Section 7.16).
Catalytic hydrogenation is a stereospecific syn addition; both hydrogens add to the same face of the double bond. Its counterpart—anti addition—would
be characterized by addition to opposite faces of a double bond.

¢

syn ‘ 9 anti
addition addition )
T e ®e

Elimination reactions that proceed by the E2 mechanism (see Sections 7.15-7.16) are stereospecific in that they require an
anti relationship between the proton and leaving group.

Mechanism 8.1 Page 290

Hydrogenation of Alkenes

Step 1: Hydrogen molecules react with metal atoms at the catalyst surface. The relatively strong hydrogen—hydrogen ¢ bond is broken and
replaced by two weak metal-hydrogen bonds.

“¢ & %a‘x

«

Step 2: The alkene reacts with the metal catalyst. The © component of the double bond between the two carbons is replaced by two relatively
weak carbon—metal ¢ bonds.

ﬁs"_

Step 3: A hydrogen atom is transferred from the catalyst surface to one of the carbons of the double bond.




Step 4: The second hydrogen atom is transferred, forming the alkane. The sites on the catalyst surface at which the reaction occurred are free to
accept additional hydrogen and alkene molecules.

&

6
&‘8’
¢ ¢ |

Experimental support for syn addition can be found in the hydrogenation of the cyclohexene derivative shown where the product of syn addition is
formed exclusively, even though it is the less stable stereoisomer.

CO,CH; CO,CHj; H
Hy H " CO,CH;
Pt CO,CH; CO,CH;
CO,CH;
H H
Dimethyl cyclohexene- Product of syn addition Product of anti addition
1,2-dicarboxylate (100%) (not formed)

Unlike catalytic hydrogenation, not all additions to alkenes are syn. As we proceed in this chapter, we’ll see some that take place by anti addition, and
others that are not stereospecific. Identifying the stereochemical course of a reaction is an important element in proposing a mechanism.

The second stereochemical aspect of alkene hydrogenation concerns its stereoselectivity. A stereoselective reaction is one in which a single starting
material can give two or more stereoisomeric products but yields one of them in greater amounts than the other (or even to the exclusion of the other). Recall
from Section 7.11 that the acid-catalyzed dehydration of alcohols is stereoselective in that it favors the formation of the more stable ——————
stereochemistry of the alkene double bond. In catalytic hydrogenation, stereoselectivity is associated with a different factor—the direction Page 291
from which hydrogen atoms are transferred from the catalyst to the double bond. In the example shown: -

B CH; H
H,
%CHB = &Y', PR /CH;
H,C

Pt H H;C
2 H 5 o
2-Methyl(methylene)- cis-1.2-Dimethyl- trans-1.2-Dimethyl-
cyclohexane cyclohexane (68%) cyclohexane (32%)

the major product is the cis stereoisomer of the product. The reason for this is that the face of the double bond that is opposite the C-2 methyl group in the
alkene is less hindered and better able to contact the catalyst surface. Therefore, hydrogen is transferred predominantly to that face. We customarily describe
the stereochemistry of alkene hydrogenation as proceeding by syn addition of hydrogen to the less hindered face of the double bond. Reactions that
discriminate between nonequivalent sides or faces of a reactant are common in organic chemistry and are examples of steric effects on reactivity. Previously
we saw steric effects on stability in the case of cis and trans stereoisomers of substituted cycloalkanes (Sections 3.11-3.12) and alkenes (Sections 7.6-7.7).

Could the amounts of stereoisomeric 1,2-dimethylcyclohexanes formed in the preceding equation reflect their relative stabilities?

Catalytic hydrogenation of a-pinene (a constituent of turpentine) is 100% stereoselective and gives only compound A. Explain using the
molecular model of a-pinene to guide your reasoning.



| H1
N\ —_— not
INi HsC
HsC CH5
a-Pinene Compound A Compound B

8.3 Heats of Hydrogenation

In much the same way as heats of combustion, heats of hydrogenation are used to compare the relative stabilities of alkenes. Both methods measure the
differences in the energy of isomers by converting them to a product or products common to all. Catalytic hydrogenation of 1-butene, cis-2-butene, or trans-
2-butene yields the same product—butane. As Figure 8.1 shows, the measured heats of hydrogenation reveal that trans-2-butene is 4 kJ/mol (1.0 kcal/mol)
lower in energy than cis-2-butene and that cis-2-butene is 7 kJ/mol (1.7 kcal/mol) lower in energy than 1-butene.

\‘\_—,"ﬁ P o
|-Butene L cis-2-Butene trans-2-Butene
7(1.7) l
W T 4010y
Z +H, +H, T +H,
g
=
LF]
=
£ 5
2 126 119 115
& (30.1) (28.4) (27.4)
e
Butane
Figure 8.1

Heats of hydrogenation of butane isomers in kJ/mol (kcal/mol).

Remember that a catalyst affects the rate of a reaction but not the energy relationships between reactants and products. Thus,
the heat of hydrogenation of a particular alkene is the same irrespective of what catalyst is used.

Heats of hydrogenation can be used to estimate the stability of double bonds as structural units, even in alkenes that are not isomers. Table 8.1 lists the
heats of hydrogenation for a representative collection of alkenes.
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TABLE 8.1 Heats of Hydrogenation of Some Alkenes W

Heat of hydrogenation
Alkene Structure kJ/mol kcal/mol
Ethylene H,C=CH, 136 326
Monosubstituted alkenes
Propene Pon 125 29.9
1-Butene o T 126 30.1
1-Hexene U e 126 30.2

Cis-disubstituted alkenes

cis-2-Butene /TN 119 284
cie 2 Portane /T \ 117 28.1

Trans-disubstituted alkenes

trans-2-Butene S 115 27.4
trans-2-Pentene SR 114 FATiE
Trisubstituted alkenes

2-Methyl-2-pentene )\\/\ 112 26.7

Tetrasubstituted alkenes

2,3-Dimethyl-2-butene >_< 110 26.4

The pattern of alkene stability determined from heats of hydrogenation parallels exactly the pattern deduced from heats of combustion. _—
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Decreasing heat of hydrogenation and
increasing stability of the double bond

_— -

H,C=CH, RCH=CH, RCH=CHR  R,C—=CHR R,C—CR,

Ethylene Monosubstituted  Disubstituted Trisubstituted  Tetrasubstituted

Ethylene, which has no alkyl substituents to stabilize its double bond, has the highest heat of hydrogenation. Alkenes that are similar in structure to one
another have similar heats of hydrogenation. For example, the heats of hydrogenation of the monosubstituted alkenes propene, 1-butene, and 1-hexene are
almost identical. Cis-disubstituted alkenes have lower heats of hydrogenation than monosubstituted alkenes but higher heats of hydrogenation than their
more stable trans stereoisomers. Alkenes with trisubstituted double bonds have lower heats of hydrogenation than disubstituted alkenes, and tetrasubstituted
alkenes have the lowest heats of hydrogenation.

Match each alkene of Problem 8.1 with its correct heat of hydrogenation.

Heats of hydrogenation in kJ/mol (kcal/mol): 112 (26.7); 118 (28.2); 126 (30.2)

8.4 Electrophilic Addition of Hydrogen Halides to Alkenes

Addition to the double bond is the most characteristic chemical property of alkenes and in most cases the reactant, unlike H, is a polar molecule such as a
hydrogen halide.



O ||
cC=C + *"H—X*> — H—C—C—X
AL ]

Alkene Hydrogen halide Alkyl halide

The reaction is classified as an electrophilic addition, a term analogous to nucleophilic substitution where the first word characterizes the attacking
reagent and the second describes what happens to the organic reactant. In general, an electrophile is a Lewis acid in that it acts as an electron-pair acceptor in
a reaction based on the alkene acting as an electron-pair donor.

The electrostatic potential maps in Figure 8.2 illustrate the complementary distribution of charge in hydrogen chloride and ethylene. The proton of
hydrogen chloride is positively polarized (electrophilic), and the region of greatest negative character in the alkene is where the m electrons are—above and
below the plane of the bonds to the sp2-hybridized carbons. During the reaction,  electrons flow from the alkene toward the proton of the hydrogen halide.
More highly substituted double bonds are more “electron-rich” and react faster than less substituted ones.

Figure 8.2

Electrostatic potential maps of HCI and ethylene. When the two react, the interaction is between the electron-rich site (red) of ethylene and
electron-poor region (blue) of HCI. The electron-rich region of ethylene is associated with the 1 electrons of the double bond, and H is the
electron-poor atom of HCI.

Increasing rate of reaction of alkene with hydrogen halides

H,C—CHCH, H,C=—C(CHs),

Slower rate of addition: Faster rate of addition:
less substituted alkene more substituted alkene

Among the hydrogen halides, reactivity increases with acid strength; thus, hydrogen iodide reacts at the fastest rate, whereas hydrogen fluoride reacts at
the slowest.

Increasing rate of addition of hydrogen halides to alkenes

HF << HCI < HBr < HI
Slowest rate of addition: Fastest rate of addition:

weakest acid strongest acid

As shown in the following examples, hydrogen halide addition to alkenes can be highly regioselective, even regiospecific. In both cases, two
constitutionally isomeric alkyl halides can be formed by addition to the double bond, but one is formed in preference to the other. Page 294

Recall from Section 7.10 that a regioselective reaction is one that can produce two (or more) constitutional isomers from a
single reactant, but gives one in greater amounts than the other. A regiospecific reaction is one that is 100% regioselective.



acetic

"~ + HBr _ad Pr . W not NN i
Br
1-Butene Hydrogen 2-Bromobutane |-Bromobutane
bromide (only product, 80% yield) (not formed)
Cl
0°C CH;
CH; + HClI not CH;
Cl
I-Methylcyclopentene Hydrogen 1-Chloro-1- 1-Chlore-2-
chlonde methylcyclopentane methylcyclopentane
(only product, 100% yield) (not formed)

Observations such as these prompted Vladimir Markovnikov, a colleague of Alexander Zaitsev at the University of Kazan (Russia), to offer a generalization
in 1870. According to what is now known as Markovnikov’s rule, when an unsymmetrically substituted alkene reacts with a hydrogen halide, the hydrogen
adds to the carbon that has the greater number of hydrogens, and the halogen adds to the carbon that has fewer hydrogens.

Use Markovnikov’s rule to predict the major organic product formed in the reaction of hydrogen chloride with each of the following:
(a) 2-Methyl-2-butene
(b) cis-2-Butene
(c) 2-Methyl-1-butene

(d) CH3CH=<:>

Sample Solution (a) Hydrogen chloride adds to the double bond of 2-methyl-2-butene in accordance with Markovnikov’s rule. The
proton adds to the carbon that has one attached hydrogen, chlorine to the carbon that has none.

Chloride bonds __ onds Cl
to this carbon 4 —
2-Methyl-2-butene 2-Chloro-2-methylbutane

Like Zaitsev’s rule (Section 7.10), Markovnikov’s rule collects experimental observations into a form that allows us to predict the outcome of future
experiments. To understand its basis we need to look at the mechanism by which these reactions take place.

Mechanism 8.2 outlines the two-step sequence for the electrophilic addition of hydrogen bromide to 2-methylpropene.
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acetic
. acid
(CHQ,]ZC =CH2 + HBr —_— (CHg)gCBl‘
2-Methylpropene Hydrogen tert-Butyl bromide
bromide (only product, 90% yield)

Electrophilic Addition of Hydrogen Bromide to 2-Methylpropene

>: + HBr > Br

THE OVERALL REACTION:




THE MECHANISM:

Step 1: This is the rate-determining step and is bimolecular. Protonation of the double bond occurs in the direction that gives the more stable of
two possible carbocations. In this case the carbocation is tertiary. Protonation of C-2 would have given a less stable secondary carbocation.

>:!L//HC]:?;_1-: SEeim s \r\ﬂ + Bri

2-Methylpropene Hydrogen bromide tert-Butyl cation Bromide ion

Step 2: This step is the combination of a cation (Lewis acid, electrophile) with an anion (Lewis base, nucleophile) and occurs rapidly.

LT

tert-Butyl cation Bromide ion tert-Butyl bromide

The first step is rate-determining protonation of the double bond by the hydrogen halide, forming a carbocation. The regioselectivity of addition is set in this

step and is controlled by the relative stabilities of the two possible carbocations.
(a) Addition according to Markovnikov’s rule:

AFESs s 3B L,

Tertiary carbocation Observed product

(b) Addition opposite to Markovnikev’s rule:

\/\—\ H —(]\3:1':

iy

Primary carbocation Not formed

Figure 8.3 compares potential energy diagrams for these two competing modes of addition. According to Hammond’s postulate (Section 5.8), the

transition state for protonation of the double bond resembles the carbocation more than the alkene, and E, for formation of the more stable Page 296

carbocation (tertiary) is less than that for formation of the less stable carbocation (primary). The major product is derived from the carbocation

that is formed faster, and the energy difference between a primary and a tertiary carbocation is so great and their rates of formation so different that

essentially all of the product is derived from the tertiary carbocation.



o B—
%’,H"'B_r:

Lower energy transition
state gives terti:
carbocation

Potential energy

Reaction coordinate ———

Figure 8.3

Energy diagram comparing addition of hydrogen bromide to 2-methylpropene according to Markovn kov’s rule (solid red curve) and opposite to it
(dashed blue curve). E; is less, and the reaction is faster for the reaction that proceeds via the more stable tertiary carbocation.

Give a structural formula for the carbocation intermediate that leads to the major product in each of the reactions of Problem 8.5.

Sample Solution (a) Protonation of the double bond of 2-methyl-2-butene can give a tertiary carbocation or a secondary carbocation.

Hy

protonate C-3 Tertiary carbocation
1 H Ey (more stable)
faster
2 —3
i slower
. Secondary carbocation

2-Methyl-2-butene protonate C-2 (less stable)

The product of the reaction is derived from the more stable carbocation—in this case, it is a tertiary carbocation that is formed more
rapidly than a secondary one.

Rules, Laws, Theories, and the Scientific Method

s we have just seen, Markovnikov’s rule can be expressed in two ways:

1. When a hydrogen halide adds to an alkene, hydrogen adds to the carbon of the alkene that has the greater number of
hydrogens attached to it, and the halogen to the carbon that has the fewer hydrogens.
2. When a hydrogen halide adds to an alkene, protonation of the double bond occurs in the direction that gives the more stable
carbocation.




The first of these statements is close to the way Vladimir Markovnikov expressed it in 1870; the second is the way we usually
phrase it now. These two statements differ in an important way—a way that is related to the scientific method.

Adherence to the scientific method is what defines science. The scientific method has four major elements: observation, law,
theory, and hypothesis.

Most observations in chemistry come from experiments. If we do enough experiments we may see a pattern running through
our observations. A /law is a mathematical (the law of gravity) or verbal (the law of diminishing returns) description of that pattern.
Establishing a law can lead to the framing of a rule that lets us predict the results of future experiments. This is what the 1870
version of Markovnikov’s rule is: a statement based on experimental observations that has predictive value. The same can be said
of Zaitsev’s rule for elimination reactions.

A theory is our best present interpretation of why things happen the way they do. The modern version of Markovnikov’s rule,
which is based on mechanistic reasoning and carbocation stability, recasts the rule in terms of theoretical ideas. Mechanisms, and
explanations grounded in them, belong to the theory part of the scientific method.

It is worth remembering that a theory can never be proven correct. It can only be proven incorrect, incomplete, or inadequate.
Thus, theories are always being tested and refined. As important as anything else in the scientific method is the testable
hypothesis. Once a theory is proposed, experiments are designed to test its validity. If the results are consistent with the theory,
our belief in its soundness is strengthened. If the results conflict with it, the theory is flawed and must be modified. Section 8.5
describes some observations that support the theory that carbocations are intermediates in the addition of hydrogen halides to
alkenes.

J

Regioselectivity 1s an important consideration in the addition of hydrogen halides to alkenes. What about stereoselectivity? Addition of hydrogen
bromide to 1-butene, cis-2-butene, or trans-2-butene, all of which are achiral, yields the same chiral product, 2-bromobutane. The product, however, is not
optically active because it 1s racemic. It 1s composed of equal amounts of (R)- and (S)-2-bromobutane because both are formed at equal rates regardless of
whether the starting alkene is 1-butene, cis-2-butene, or frans-2-butene.

HBr
XN or K\ or N (achiml.) \'/\
Br
1-Butene cis-2-Butene trans-2-Butene 2-Bromobutane
(achiral) (achiral) (achiral) (chiral, but racemic)

The carbocation intermediate has a plane of symmetry and is achiral. It reacts with bromide 1on with equal probability from either side to give a 1:1
mixture of (R)- and (S)-2-bromobutane (Eigure 8.4). This reaction illustrates a general principle, that optically active products cannot be formed from an
optically inactive starting material unless at least one optically active reactant, reagent, or catalyst is used. This principle holds regardless of the
mechanism.

50%

/—\’3“_ —

(R)-2-Bromobutane

\ v =  S0%
__Br o

sec-Butyl cation

(S)-2-Bromobutane



Figure 8.4

Addition of HBr to 1-butene, cis-2-butene, or trans-2-butene proceeds by way of an achiral carbocation intermediate, which reacts with bromide
ion to give racemic 2-bromobutane.

8.5 Carbocation Rearrangements in Hydrogen Halide Addition to Alkenes Page 98

Our belief that carbocations are intermediates in the addition of hydrogen halides to alkenes is strengthened by the fact that rearrangements of the kind seen
in alcohol dehydrations (Section 7.13) sometimes occur. For example, the reaction of hydrogen chloride with 3-methyl-1-butene is expected to produce 2-
chloro-3-methylbutane. Instead, a mixture of 2-chloro-3-methylbutane and 2-chloro-2-methylbutane results.

1
HC1
/\r + /\(C 1
0°C
3-Methyl-1-butene 2-Chloro-3-methylbutane 2-Chloro-2-methy lbutane
(40%) (60%)

Addition begins in the usual way, by protonation of the double bond to give, in this case, a secondary carbocation.

s hydride
CTLH\_'],\< -:Cl: /T\\< shift ii /J\+/

- H H
Hydrogen 3-Methyl-1-butene 1.2-Dimethylpropyl 1. 1-Dimethylpropyl
chloride cation (secondary) cation (tertiary)

This carbocation can be captured by chloride to give 2-chloro-3-methylbutane (40%) or it can rearrange by way of a hydride shift to give a tertiary
carbocation. The tertiary carbocation reacts with chloride ion to give 2-chloro-2-methylbutane (60%).

Addition of hydrogen chloride to 3,3-dimethyl-1-butene gives a mixture of two isomeric chlorides in approximately equal amounts.
Suggest reasonable structures for these two compounds, and offer a mechanistic explanation for their formation.

8.6 Acid-Catalyzed Hydration of Alkenes Page 299

Analogous to the conversion of alkenes to alkyl halides by electrophilic addition of hydrogen halides across the double bond, acid-catalyzed addition of
water gives alcohols.

o H+ |
c=C + HOH —=H—C—C—OH
/N |

Alkene Water Alcohol
Markovnikov’s rule is followed.
/L/ 50% H,S0/H,0 H0>|\/
L s S
2-Methyl-2-butene 2-Methyl-2-butanol (90%)

Mechanism 8.3 extends the general principles of electrophilic addition to acid-catalyzed hydration. In the first step of the mechanism, proton transfer
converts the alkene to a carbocation, which then reacts with a molecule of water in step 2. The alkyloxonium ion formed in this step is the conjugate acid of
the ultimate alcohol and yields it in step 3 while regenerating the acid catalyst.




Acid-Catalyzed Hydration of 2-Methylpropene
THE OVERALL REACTION:

2-Methylpropene Water tert-Butyl alcohol

THE MECHANISM:

Step 1: Protonation of the carbon—carbon double bond in the direction that leads to the more stable carbocation:

/H il J’H
mH%: L )\ + :0:
+ A + N

H

H

2-Methylpropene Hydronium ion tert-Butyl cation Water

Step 2: Water acts as a nucleophile to capture zert-butyl cation:

/\ A A
/ fast /
/L S S —_— %—0:
= A\
H

+
tert-Butyl cation Water tert-Butyloxonium ion

Step 3: Deprotonation of fert-butyloxonium ion. Water acts as a Bronsted base:

QHT N \ |

/ P fast - +

: 10'\ ' /0‘-.

0, i e ¢ A A
H H

tert-Butyloxonium ion Water tert-Butyl alcohol Hydronium ion
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Instead of the three-step process of Mechanism 8.3, the following two-step mechanism might be considered:

1. (CHg,C=CH, + HgO+ _Sow

fast

(CHEr += H0

2. (CH3)sCt + HO

(CH3)3COH

This mechanism cannot be correct! What is its fundamental flaw?

The notion that carbocation formation is rate-determining follows from our previous experience with reactions that involve carbocation intermediates
and by observing how the reaction rate is affected by the structure of the alkene. Alkenes that yield more stable carbocations react faster than those that yield
less stable ones.

Increasing relative rate of acid-catalyzed hydration, 25°C

H,C—CHCH, H,C—C(CH,),
1.0 1.6 x 10°



Protonation of 2-methylpropene, the most reactive, gives a tertiary carbocation. The more stable the carbocation, the faster its rate of formation and the
faster the overall reaction rate.

The rates of hydration of the two alkenes shown differ by a factor of over 7000 at 25°C. Which isomer is the more reactive? Why?
D—\\; and

You may have noticed that the acid-catalyzed hydration of an alkene and the acid-catalyzed dehydration of an alcohol are the reverse of each other. For
example:

OH
H,0*
—— + H 30 —_— )\J
2-Methylpropene Water tert-Butyl alcohol

An important principle, called microscopic reversibility, connects the mechanisms of the forward and reverse reactions. It states that in any equilibrium, the
sequence of intermediates and transition states encountered as reactants proceed to products in one direction must also be encountered, and in precisely the
reverse order, in the opposite direction. Just as the reaction is reversible with respect to reactants and products, so too is each tiny increment of progress
along the mechanistic pathway. Once we know the mechanism for the forward reaction, we also know the intermediates and transition states for its reverse.
In particular, the three-step mechanism for the acid-catalyzed hydration of 2-methylpropene shown in Mechanism 8.3 is the reverse of that for the acid-
catalyzed dehydration of fert-butyl alcohol in Mechanism 7.1.

It would be a good idea to verify the statement in the last sentence of this paragraph by revisiting Mechanisms 7.1 and 8.3.

Is the electrophilic addition of hydrogen chloride to 2-methylpropene the reverse of the E1 or E2 elimination of tert-butyl chloride?

Reaction mechanisms help us understand the “how” of reversible reactions, but not the “how much.” To gain an appreciation for the factors
that influence equilibria in addition reactions we need to expand on some ideas introduced when we discussed acid—base reactions in Chapter 1 Page 301
and conformational equilibria in Chapter 3.

8.7 Thermodynamics of Addition—-Elimination Equilibria

We have seen that both the forward and reverse reactions represented by the hydration—dehydration equilibrium are useful synthetic methods.

\ / H* ||
C=C + H.-O0O — H—(_r—(f—DH
Y

Alkene Water Alcohol

We can prepare alcohols from alkenes, and alkenes from alcohols, but how do we control the position of equilibrium so as to maximize the yield of the
compound we want?

The qualitative reasoning expressed in Le Chatelier’s principle is a helpful guide: a system at equilibrium adjusts so as to minimize any stress applied
to it. For hydration—dehydration equilibria, the key stress factor is the water concentration. Adding water to a hydration—dehydration equilibrium mixture
causes the system to respond by consuming water. More alkene is converted to alcohol, and the position of equilibrium shifts to the right. When we prepare
an alcohol from an alkene, we use a reaction medium in which the molar concentration of water is high—dilute sulfuric acid, for example.

On the other hand, alkene formation is favored when the concentration of water is kept low. The system responds to the absence of water by causing
more alcohol molecules to dehydrate, forming more alkene. The amount of water in the reaction mixture is kept low by using concentrated acids as catalysts.
Distilling the reaction mixture is an effective way of removing water as it is formed, causing the equilibrium to shift to the left. If the alkene is low-boiling,
it can also be removed by distillation. This offers the additional benefit of protecting the alkene from acid-catalyzed isomerization after it is formed.

Le Chatelier’s principle helps us predict qualitatively how an equilibrium will respond to changes in experimental conditions. For a quantitative
understanding, we need to examine reactions from a thermodynamic perspective.

At constant temperature and pressure, the direction in which a reaction proceeds—that is, the direction in which it is spontaneous—is the one that leads
to a decrease in free energy (G):



AG = Gpyroducts ~ Oreactants spontaneous when AG <0

Free energy is also called “Gibbs free energy.” The official term is Gibbs energy, in honor of the nineteenth-century American
physicist J. Willard Gibbs.

The free energy of the reactants and products depends on what they are and how much of each is present. Although G is always positive, AG can be positive
or negative. If only the reactants are present at the beginning, Giegctants has some value but Gpoqucts i zero; therefore, AG is negative and the reaction is

spontancous in the direction written. As the reaction proceeds, Gyeactants decreases while Gpoqucts increases until both are equal and AG = 0. At this point
the system is at equilibrium. Both the forward and reverse reactions continue to take place, but at equal rates.

Because reactions are carried out under a variety of conditions, it is convenient to define a standard state for substances and experimental conditions.
The standard state is the form (solid, liquid, or gas) assumed by the pure substance at 1 atm pressure. For substances in aqueous solution, the standard-state
concentration is 1 M. Standard-state values are designated by a superscript ° following the thermodynamic symbol as in AG®°.

For a reversible reaction
aA + bBB—¢C + dD
the relationship between AG and AG® is

[CI°[DI*

AG = AG® + RTlh———
[A1[B]°

[CI°[D]*

where R = 8.314 J/(mol - K) or 1.99 cal/(mol - K) and 7 is the Kelvin temperature. At equilibrium A = 0, and .f; becomes the Page 302
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equilibrium constant K. Substituting these values in the preceding equation and rearranging, we get

AG°= — RTInK

Reactions for which the sign of AG® is negative are exergonic; those for which AG® is positive are endergonic. Exergonic reactions have an equilibrium
constant greater than 1; endergonic reactions have equilibrium constants less than 1.

Free energy has both an enthalpy (H) and an entropy (S) component.
G=H-TS

At constant temperature, AG° = AH® — TAS®
For the hydration of 2-methylpropene, the standard-state thermodynamic values are given beside the equation.

(CH:);C=CHa(g) + H,0(£)—— (CH;);COH(¥) AG®= —-5.4 kl/mol Exergonic
(—1.3 kcal/mol)

AH® = —-52.7 kl/mol Exothermic
(—=12.6 kcal/mol)

AS® = —0.16 kJ/K-mol Entropy
(—=0.038 kcal/K-mol) decreases

The negative sign for AG® tells us the reaction is exergonic. From the relationship
AG°=-RTInK

we can calculate the equilibrium constant at 25°C as K =9.

You can calculate the equilibrium constant for the dehydration of (CH3)3COH (the reverse of the preceding reaction) by reversing the

sign of AG® in the expression AG°® = —RT In K, but there is an easier way. Do you know what it is? What is K for the dehydration of
(CH3)3COH?

The AH° term is dominated by bond strength. A negative sign for AH° almost always means that bonding is stronger in the products than in the
reactants. Stronger bonding reduces the free energy of the products and contributes to a more negative AG°. Such is the normal case for addition reactions.



Hydrogenation, hydration, and hydrogen halide additions to alkenes, for example, are all characterized by negative values for AH°.

The AS° term is a measure of the increase or decrease in the order of a system. A more ordered system has less entropy and is less probable than a
disordered one. The main factors that influence AS® in a chemical reaction are the number of moles of material on each side of the balanced equation and
their physical state. The liquid phase of a substance has more entropy (less order) than the solid, and the gas phase has much more entropy than the liquid.
Entropy increases when more molecules are formed at the expense of fewer ones, as for example in elimination reactions. Conversely, addition reactions
convert more molecules to fewer ones and are characterized by a negative sign for AS®.

The negative signs for both AH® and AS° in typical addition reactions of alkenes cause the competition between addition and elimination to be strongly
temperature-dependent. Addition is favored at low temperatures, elimination at high temperatures. The economically important hydrogenation—
dehydrogenation equilibrium that connects ethylene and ethane illustrates this.

H-C=CHa(g) + Ha(g) == CHiCHa(g)

Ethylene Hydrogen Ethane

Hydrogenation of ethylene converts two gas molecules on the left to one gas molecule on the right, leading to a decrease in entropy. The
hydrogenation is sufficiently exothermic and AH° sufficiently negative, however, that the equilibrium lies far to the right over a relatively wide Page 303
temperature range.

Very high temperatures—typically in excess of 750°C—reverse the equilibrium. At these temperatures, the —TAS® term in
AG° = AH®° — TAS®

becomes so positive that it eventually overwhelms AH® in magnitude, and the equilibrium shifts to the left. In spite of the fact that dehydrogenation is very
endothermic, billions of pounds of ethylene are produced from ethane each year by this process.

Does the presence or absence of a catalyst such as finely divided platinum, palladium, or nickel affect the equilibrium constant for the
ethylene—ethane conversion?

The gas phase reaction of ethanol with hydrogen bromide can occur by either elimination or substitution.

HEr
CH;CH,OH(g) =—— H.,.C=CHa(g) + H,0{g)
CH3;CH2OH(g) + HBr{ig) =—— CH:CH:Brig) + H:0lg)

Which product, ethylene or ethyl bromide, will increase relative to the other as the temperature is raised? Why?

8.8 Hydroboration—Oxidation of Alkenes

Acid-catalyzed hydration converts alkenes to alcohols according to Markovnikov’s rule. Frequently, however, one needs an alcohol having a structure that
corresponds to hydration of an alkene with a regioselectivity opposite to that of Markovnikov’s rule. The conversion of 1-decene to 1-decanol is an example.

H OH
CH'J.(CH:)?CH=CH2 — CH}(CH:)?CH_ CHQ

1-Decene 1-Decanol

Hydroboration—oxidation was developed by Professor Herbert C. Brown [Nobel Prize in Chemistry (1979)] as part of a broad
program designed to apply boron-containing reagents to organic chemical synthesis.

The synthetic method used to accomplish this is an indirect one known as hydroboration—oxidation. Hydroboration is a reaction in which a boron
hydride, a compound of the type R,BH, adds to a carbon—carbon 7 bond. A carbon-hydrogen bond and a carbon—boron bond result.

N/ |
¢—C 4+ RB—H —H—C—C—BR;
/ \ | |

Alkene Boron hydride Organoborane



Following hydroboration, the organoborane is oxidized by treatment with hydrogen peroxide in aqueous base. This is the oxidation stage of the sequence;
hydrogen peroxide is the oxidizing agent, and the organoborane is converted to an alcohol.

With sodium hydroxide as the base, boron of the alky borane is converted to the water-soluble and easily removed sodium salt
of boric acid.

| ||
H—C—C|I—BR3 + 3H,0, + HO® — H—C|?—C|?—OH + 2ROH + B(OH),~

Organoborane Hydrogen Hydroxide Aleohol Alcohol Borate
peroxide ion ion

Hydroboration—oxidation leads to the overall hydration of an alkene. Notice, however, that water is not a reactant. The hydrogen that
becomes bonded to carbon comes from the organoborane, and the hydroxyl group from hydrogen peroxide.

With this as introduction, let us now look at the individual steps in more detail for the case of hydroboration—oxidation of 1-decene. A boron
hydride that is often used is diborane (B,Hg). Diborane adds to 1-decene to give tridecylborane according to the balanced equation:
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Diglyme, shown above the arrow in the equation, is the solvent in this example. Diglyme is an acronym for diethylene glycol
dimethyl ether, and its structure is CH30CH,CHoOCH,CH20OCH3.

digly
6CH,(CH,),CH=CH, + B,H, —2™, 3[CH,(CH,),CH,CH,];B
1-Decene Diborane Tridecylborane

There is a regioselective preference for boron to bond to the less substituted carbon of the double bond. Thus, the hydrogen atoms of diborane add to C-2 of
1-decene, and boron to C-1. Oxidation of tridecylborane gives 1-decanol. The net result is the conversion of an alkene to an alcohol with a regioselectivity

opposite to that of acid-catalyzed hydration.

H,0,
[CHA(CH,),CH,CH, 1B 1255> CH1(CH,),CH,CH,OH

Tridecylborane I-Decanol

Customarily, we combine the two stages, hydroboration and oxidation, in a single equation with the operations numbered sequentially above and below
the arrow.
. 1. B;Hg, diglyme
CH3{CH2]7CH=CH3 W CH}(CH:)?CHQCHEDH
1-Decene 1-Decanol (93%)

A more convenient hydroborating agent is the borane—tetrahydrofuran complex (H3B-THF). It is very reactive, adding to alkenes within minutes at 0°C,

and is used in tetrahydrofuran as the solvent.

HsB —Jbij

Borane—tetrahydrofuran
complex

)\/ 1. HsB-THF
o MlpRATE
S 2. H,0,, HO-

2-Methyl-2-butene 3-Methyl-2-butanol (98%)

OH

Carbocation intermediates are not involved in hydroboration—oxidation. Hydration of double bonds takes place without rearrangement, even in alkenes
as highly branched as the following:



OH
I. BoHg, diglyme
it i i i
o 2. H402, HO™

(E)-2.2,5,5-Tetramethyl- 2,2,5,5-Tetramethyl-
3-hexene 3-hexanol (82%)

Write the structure of the major organic product obtained by hydroboration—oxidation of each of the following alkenes:
(a) 2-Methylpropene
(d) Cyclopentene
(b) cis-2-Butene

(e) 3-Ethyl-2-pentene

© O:cm

(f) 3-Ethyl-1-pentene

Sample Solution (a) In hydroboration—oxidation, H and OH are introduced with a regioselectivity opposite to that of Markovnikov’s rule.
In the case of 2-methylpropene, this leads to 2-methyl-1-propanol as the product.
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2. oxidation OH

2-Methylpropene 2-Methyl-1-propanol

Hydrogen becomes bonded to the carbon that has the fewer hydrogens, hydroxyl to the carbon that has the greater number of
hydrogens.

Both operations, hydroboration and oxidation, are stereospecific and lead to syn addition of H and OH to the double bond.

1. B,Hg, diglyme
CH _—
Vi A 2. H,0,, HO- CH,

OH
1-Methylcyclopentene trans-2-Methylcyclopentanol
(only product, 86% yield)

Hydroboration—oxidation of a-pinene, like its catalytic hydrogenation (Problem 8.3), is stereoselective. Addition takes place at the less
hindered face of the double bond, and a single alcohol is produced in high yield (89%). Suggest a reasonable structure for this alcohol.

8.9 Mechanism of Hydroboration—-Oxidation

The regioselectivity and syn stereospecificity of hydroboration—oxidation, coupled with a knowledge of the chemical properties of alkenes and boranes,
contribute to our understanding of the reaction mechanism.

Borane (BH3) does not exist as such at room temperature and atmospheric pressure. Two molecules of BH3 combine to give
d borane (B2Hg), which is the more stable form.

In order to simplify our presentation, we’ll regard the hydroborating agent as if it were borane (BHj) itself rather than B,Hg or the borane—
tetrahydrofuran complex. BHj is electrophilic; it has a vacant 2p orbital that interacts with the m electron pair of the alkene as shown in step 1 of Mechanism
8.4. The product of this step is an unstable intermediate called a = complex in which boron and the two carbons of the double bond are joined by a three-



center, two-electron bond. Structures of this type in which boron and two other atoms share two electrons are frequently encountered in boron chemistry.
Each of the two carbons of the © complex has a small positive charge, whereas boron is slightly negative. This negative character of boron assists one of its

hydrogens to migrate with a pair of electrons (a hydride shift) from boron to carbon as shown in step 2, yielding a stable alkylborane. The carbon—boron
bond and the carbon—hydrogen bond are formed on the same face of the alkene in a stereospecific syn addition.

Step 1 is consistent with the regioselectivity of hydroboration. Boron, with its attached substituents, is more sterically demanding than hydrogen, and
bonds to the less crowded carbon of the double bond; hydrogen bonds to the more crowded one. Electronic effects are believed to be less important than

steric ones, but point in the same direction. Hydrogen is transferred with a pair of electrons to the carbon atom that bears more of the positive charge in the
complex, namely, the one that bears the methyl group.

The oxidation stage (Mechanism 8.5) of hydroboration—oxidation begins with the formation of the conjugate base of hydrogen peroxide in step 1,
followed by its bonding to boron in step 2. The resulting intermediate expels hydroxide with migration of the alkyl group from boron to oxygen in step 3. It
is in this step that the critical C—O bond is formed. The stereochemical orientation of this new bond is the same as that of the original C-B bond, thereby
maintaining the syn stereochemistry of the hydroboration stage. Migration of the alkyl group from boron to oxygen occurs with retention of configuration at

carbon. The alkoxyborane intermediate formed in step 3 undergoes subsequent base-promoted oxygen—boron bond cleavage in step 4 to give the alcohol
product.
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Hydroboration of 1-Methylcyclopentene

The Overall Reaction:

+ BH3 —_

1-Methyl- Borane frans-2-Methylcyclo-
cyclopentens pentylborane

The Mechanism:

Step 1: A molecule of borane (BH3) attacks the alkene. Electrons flow from the m orbital of the alkene to the 2p orbital of boron. A @ complex is
formed.

—H
f.*_—,“_r B
.__B/H
H CH )I} \\
3

Alternative representations of
T-complex intermediate

Step 2: The n complex rearranges to an organoborane. Hydrogen migrates from boron to carbon, carrying with it the two electrons in its bond to
boron.

Hf
H.u'.r,: 6 -;".
e ¢ *
H-""-.B’/ H\B————H
ix ! ! H,B H
(a) : | (b)
B .  —
H é CH,
H CH,
Transition state for hydride migration Product of addition of borane (BH3)

in m-complex intermediate to I-methylcyclopentene



The mechanistic complexity of hydroboration—oxidation stands in contrast to the simplicity with which these reactions are carried out experimentally.
Both the hydroboration and oxidation steps are extremely rapid and are performed at room temperature with conventional laboratory equipment. Ease of
operation, along with the fact that hydroboration—oxidation leads to syn hydration of alkenes with a regioselectivity opposite to Markovnikov’s rule, makes
this procedure one of great value to the synthetic chemist.

1:)b '107

Oxidation of an Organoborane

THE OVERALL REACTION:
H>B,
+ Hy0,
trans-2-Methyl- Hydrogen trans-2-Methyl- Hydroxy-
cyclopentylborane peroxide cyclopentanol borane

THE MECHANISM:

Step 1: Hydrogen peroxide is converted to its anion in basic solution:

H—0—0-u" + TOH = B—0-0" + H—O—H
Hydrogen Hydroxide Hydroperoxide Water
peroxide ion ion

Step 2: Anion of hydrogen peroxide acts as a nucleophile, attacking boron and forming an oxygen—boron bond:

,O—OH e
ul: - /{}—OH
H.B H H-B H
[ : : | ! : : |
H CH; H CH,

Organoborane intermediate
from hydroberation of
1-methylcyclopentene

Step 3: Carbon migrates from boron to oxygen, displacing hydroxide ion. Carbon migrates with the pair of electrons in the carbon—boron bond;
these become the electrons in the carbon—oxygen bond.

o= .

i}
8. H,B —0),

\ /H N .

M | | / 1
H CH,

Transition state for migration Alkox yborane
of carbon from boron to oxygen

Step 4: Hydrolysis cleaves the boron—oxygen bond, yielding the alcohol:



&)

HQ—/H
H.B—0: HO:

/H \ /H 4 H,B—OH

H CH; H CH;

Alkoxyborane trans-2-Methylcyclopentanol

8.10 Addition of Halogens to Alkenes Page 308

Halogens react rapidly with alkenes by electrophilic addition. The products are called vicinal dihalides, meaning that the halogen atoms are attached to
adjacent carbons.

R

e=C + Xg X—C—C—X
/N
Alkene Halogen Vicinal dihalide

L ke the word vicinity, vicinal comes from the Latin vicinalis, which means “neighboring.”

Addition of chlorine or bromine takes place rapidly at room temperature and below in a variety of solvents, including acetic acid, carbon tetrachloride,
chloroform, and dichloromethane.

Br
CHCIs
AR, % BB =
0°C
Br
4-Methyl-2-pentene Bromine 2.3-Dibromo-4-methy lpentane (100%)

Addition of iodine is not as straightforward, and vicinal diiodides are less commonly encountered than vicinal dichlorides and dibromides. The reaction of
fluorine with alkenes is violent, difficult to control, and accompanied by substitution of hydrogens by fluorine.

Chlorine and bromine react with cycloalkenes by stereospecific anti addition.

CHCl, o
+ Cl]
—60°C "”.ICI
Cyclooctene Chlorine trans-1,2-Dichlorocyclooctane

(73% yield; none of the
cis stereoisomer is formed)

To account for this stereospecificity a mechanism involving a cyclic halonium ion was proposed in 1937.

o Ilf‘:.
/’1 x_h 7 X‘D 3 X jﬂ
A AN, 2t N £
wio=go —— L., X e
A 7 N ) X
L e
Alkene + halogen Cyclic halonium ion + halide ion Vicinal dihalide

In spite of its unfamiliar structure, a cyclic halonium ion is believed to be more stable than an isomeric B-haloalkyl carbocation because, unlike a
carbocation, a halonium ion satisfies the octet rule for the halogen and both carbons.



i+ N g
JE—EL LE=ET
\\-y \'-., \“7 N
Cyclic halonium 1on p-Haloalkyl carbocation

Evidence in support of this mechanism has been obtained by the isolation of a stable bromonium ion by the reaction: _—
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+ 2Br 2

Bl’3 -

Adamantylidenadamantane Bromine

The crowded environment enclosing the three-membered ring prevents the next step in the mechanism and prevents formation of a vicinal dibromide.

The trend in relative rates as a function of alkene structure is consistent with a rate-determining step in which electrons flow from the alkene to the
halogen.

Relative rate of bromine addition (25°C)
Hzc :CHz HzC:c:I‘ICH3 HzC:C(CH3)2 (CH3)2C :C(G‘I3\]2

1.0 61 5,400 920,000

Alkyl groups on the double bond release electrons, stabilize the transition state for the rate-determining step, and increase the reaction rate. The much greater
reactivity of (CH3),COC(CHj3), compared with H,CLIC(CHj), indicates that both of the carbons of the double bond participate in this stabilization.

Transition state for bromonium s4Ca b
. . il -
ion formation from an alkene |= _..Br—Br:

and bromine s+ C7

=

Mechanism 8.6 describes the bromonium ion mechanism for the reaction of cyclopentene with bromine.

Bromine Addition to Cyclopentene

The Overall Reaction:

Br
Qo=
“Br
Cyclopentene Bromine trans-1,2-Dibromocyclopentane (80%)

The Mechanism:

Step 1: Bromine acts as an electrophile and reacts with cyclopentene to form a cyclic bromonium ion. This is the rate-determining step.

@\LB% S B o+ b

Cyclopentene Bromine Bromonium ion Bromide ion
intermediate



Step 2: Bromide ion acts as a nucleophile, forming a bond to one of the carbons of the bromonium ion and displacing the positively —————
charged bromine from that carbon. Because substitutions of this type normally occur with the nucleophile approaching carbon from Page 310
the side opposite the bond that is broken, the two bromine atoms are trans to one another in the product.

Bromide ion Bl_ =

| ; B i
3 fast
el EXJ
Br
: Br:
Bromonium ion trans-1,2-
intermediate Dibromocyclopentane

Arrange the compounds 2-methyl-1-butene, 2-methyl-2-butene, and 3-methyl-1-butene in order of decreasing reactivity toward
bromine.

When bromine adds to (Z)- or (£)-2-butene, the product 2,3-dibromobutane contains two equivalently substituted chirality centers:

B
CH;CH=CHCHj; =2, CH;CHCHCH;
Br Br
(Z)- or (E)-2-butene 2.3-Dibromobutane

Three stereoisomers are possible: a pair of enantiomers and a meso form.
Two factors combine to determine which stereoisomers are actually formed in the reaction:

1. The (E)- or (Z)-configuration of the starting alkene
2. The anti stereochemistry of addition

Figure 8.5 shows the stereochemical differences associated with anti addition of bromine to (E)- and (Z)-2-butene, respectively. The trans alkene (E)-2-
butene yields only meso-2,3-dibromobutane, but the cis alkene (Z)-2-butene gives a racemic mixture of (2R,3R)- and (25,35)-2,3-dibromobutane.

(a) Anti addition of Br, to (E)-2-butene gives meso-2,3-dibromobutane.

Br
R
Br, Br, H,C H
50% 50% H-S CH,
Br
meso meso

(b) Anti addition of Brj to (Z)-2-butene gives equal amounts of (2R, 3R)- and (25,35)-2,3-dibromobutane..

Br
s o S5,
B Br, Br,
Br 509 50%
H R cH,
(2R,3R)
Figure 8.5

Addition of Br to (E)- and (2)-2-butene is stereospecific. Stereoisomeric products are formed from stereoisomeric reactants.

Bromine addition to alkenes is a stereospecific reaction, a reaction in which stereo-isomeric starting materials yield products that are ————
stereoisomers of each other. In this case the starting materials, in separate reactions, are the E and Z stereoisomers of 2-butene. The chiral Page 311
dibromides formed from (Z)-2-butene are stereoisomers (diastereomers) of the meso dibromide from (E)-2-butene.



In a related reaction, chlorine and bromine react with alkenes in aqueous solution to give vicinal halohydrins, compounds that have a halogen and a
hydroxyl group on adjacent carbons.

H,O
H-.C=CH» + Br. —— HOCH,CH,Br

Ethylene Bromine 2-Bromoethanol (705)

Like the acid-catalyzed hydration of alkenes and the reaction of alkenes with hydrogen halides, halohydrin formation is regioselective. The halogen
bonds to the less substituted carbon of the double bond and hydroxyl to the more substituted carbon.

Br,
_— HO
H,0 Br

2-Methylpropene 1-Bromo-2-methyl-2-propanol (77 %)

The generally accepted mechanism for this reaction is modeled after the formation of vicinal dihalides. It begins with formation of a cyclic bromonium ion,
followed by nucleophilic attack of water from the side opposite the carbon—halogen bond. The transition state for bromonium ion ring opening has some of
the character of a carbocation; therefore, the reaction proceeds by breaking the bond between bromine and the more substituted carbon.

H ‘ 2 & H
08+ 18 ok
s & 5+
Y, Sy
:Br &+ Bré+
More stable transition state; Less stable transition state;
positive charge shared by tertiary carbon positive charge shared by primary carbon

Vicinal halohydrin formation also resembles that of vicinal dihalides in that addition is stereospecific and anti.

OH
H,0 ",
Cl
Cyclopentene trans-2-Chlorocyclopentanol

(52—-36% yield: cis isomer not formed)

A mechanism involving approach by a water molecule from the side opposite the carbon—chlorine bond of a cyclic chloronium ion accounts for the observed
stereochemistry.

H - g~ H i
P 26571 6
vﬁ’;} *0OH, :OH>
55

Cl: : z

= - QI: ] G

Chloronium ion trans-2-Chloro-
intermediate cyclopentanol
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Give the structure of the product formed when each of the following alkenes reacts with bromine in water:
(a) 2-Methyl-1-butene
(c) 3-Methyl-1-butene
(b) 2-Methyl-2-butene

(d) 1-Methylcyclopentene



Sample Solution (a) The hydroxyl group becomes bonded to the more substituted carbon of the double bond, and bromine bonds to the
less substituted one.

2-Methyl-1-butene Bromine 1-Bromo-2-methyl-2-butanol

8.11 Epoxidation of Alkenes

We have seen two reactions in which alkenes react with electrophilic reagents via cyclic transition states (hydroboration) or intermediates (halonium ions).
In this section we’ll introduce a reaction that gives a cyclic product—a three-membered oxygen-containing ring called an epoxide.

A second method for naming epoxides in the IUPAC system is described in Section 17.1.

Substitutive IUPAC nomenclature treats epoxides as epoxy derivatives of alkane parents; the epoxy-prefix is listed in alphabetical order like other
substituents. Some industrial chemicals have common names formed by adding the word “oxide” to the name of the alkene.

H:C CH
H,C—CH, H,C—CHCH, ! ?
St i (0] H.C H
0
Epoxyethane 1,2-Epoxypropane 1,2-Epoxycyclohexane 2,3-Epoxy-2-methylbutane

(ethylene oxide) (propylene oxide)

Countless numbers of naturally occurring substances are epoxides. Dispariure, the sex attractant of the female gypsy moth, is but one example.

H O H

Disparlure

."f,:’

-

Gypsy moths were accidentally introduced into United States forests around 1869 in Medford, Massachusetts. They have become persistent
pests throughout the Northeast and Middle Atlantic states, defoliating millions of acres of woodlands.
Source: Photo by Scott Bauer, USDA-ARS

In one strategy designed to control the spread of the gypsy moth, infested areas are sprayed with synthetic disparlure. With the sex attractant everywhere,
male gypsy moths become hopelessly confused as to the actual location of individual females. Many otherwise fertile female gypsy moths then live out their
lives without producing hungry gypsy moth caterpillars.



Give the substitutive IUPAC name, including stereochemistry, for disparlure.

Epoxides are very easy to prepare via the reaction of an alkene with a peroxy acid. This process is known as epoxidation.

0 (0]
N/ I N/ I
C=C 4+ RCOOH — C—C + RCOH
! \ /NS N\
Alkene Peroxy acid Epoxide Carboxylic acid

A commonly used peroxy acid is peroxyacetic acid (CH3CO,OH). Peroxyacetic acid is normally used in acetic acid as the solvent, but

epoxidation reactions tolerate a variety of solvents and are often carried out in dichloromethane or chloroform. Page 313

H,C=CH(CH,)sCH; + CH,COOH ——> HZCC’G{(GJZ)gCH3 + CH,COH

1-Dodecene Peroxyacetic 1,2-Epoxydodecane Acetic
acid (52%) acid
| |
+ CH;COOH —— O + CH,COH
Cyclooctene  Peroxyacetic 1,2-Epoxycyclooctane Acetic
acid (86%) acid

Epoxidation of alkenes with peroxy acids is a syn addition to the double bond. Substituents that are cis to each other in the alkene remain cis in the
epoxide; substituents that are trans in the alkene remain trans in the epoxide.

Give the structure of the alkene, including stereochemistry, that you would choose as the starting material in a preparation of synthetic
disparlure.

Electron-releasing substitutents on the double bond increase the rate of epoxidation, which suggests that the peroxy acid acts as an electrophile toward
the alkene.

Relative rate of epoxidation (peroxyacetic acid, 25°C)

H,C—CH, H,C—CHCH, H,C=C(CH,), (CH,),C=C(CH,),
1.0 22 484 6526

Alkene epoxidation is believed to occur in a single bimolecular step as shown in Mechanism 8.7.

Epoxidation of Bicyclo[2.2.1]-2-heptene
THE REACTION AND THE MECHANISM:

Oxygen is transferred from the peroxy acid to the less crowded (upper) face of the alkene.



H, O: H .
/I)/:/‘\BX\ vO:

o~ ©CHy Dt )\

. .O CH3

Bicyclo[2.2.1}- Peroxy.aoetic 2.3-Epoxybicyclo- Acetic
2-heptene acid [2.2.1]heptane acid
The various bonding changes occur in the same transition state. _—
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8.12 Ozonolysis of Alkenes

Ozone (O3), the triatomic form of oxygen, is a polar molecule (1 = 0.5 D) that can be represented as a hybrid of its two most stable Lewis structures.

:07+307 07

:Q: O

It 1s a powerful electrophile and reacts with alkenes to cleave the double bond, forming an gzonide. Ozonides undergo hydrolysis in water, giving carbonyl
compounds.

\ / o ~ON\.~ Ho \
c=c — _§ L — C=0 O0=C + H0,
4 \

F N 0—0

Alkene Ozone Ozonide Two carbonyl compounds Hydrogen
peroxide

Because hydrogen peroxide is a product of ozonide hydrolysis and has the potential to oxidize the products, the second half of this two-stage ozonolysis
sequence 1s carried out in the presence of a reducing agent, usually zinc or dimethyl sulfide.

o) 0
2 05, CH;0H Il Il
CHj3(CH;3)sCH=CH, W CH;(CH,)sCH + HCH
1-Octene Heptanal (75%) Formaldehyde
Loy o K
2 H>0,Zn ¥ )\
O H
2-Methyl-1-hexene 2-Hexanone (60%) Formaldehyde

The types of carbonyl compounds that result are determined by the substituents on the doubly bonded carbons. Formaldehyde, aldehydes, or ketones are
possible, depending on whether a particular carbon i1s attached to two hydrogens, a hydrogen and an alkyl group, or two alkyl groups respectively. Thus, the
OCH); unit in each of the preceding examples gives formaldehyde. The remaining seven carbons of 1-octene are incorporated into the aldehyde heptanal,

and the remaining six carbons of 2-methyl-1-hexene into the ketone 2-hexanone.

1-Methylcyclopentene gives a single compound (CgH190O2) on ozonolysis. What is it?

Ozonolysis has both synthetic and analytical applications in organic chemistry. In synthesis, ozonolysis of alkenes provides a method for the preparation
of aldehydes and ketones. When the objective 1s analytical, the products of ozonolysis are isolated and identified, thereby allowing the structure of the



alkene to be deduced. In one such example, an alkene having the molecular formula CgH;¢ was obtained from a chemical reaction and gave

acetone and 2,2-dimethylpropanal as the products. Page 315

1.05

CsHie 0.2

(CH3»,C=0 + (CH;);CCH=0

Acetone 2,2-Dimethylpropanal

Together, these two products contain all eight carbons of the starting alkene. The two carbonyl carbons correspond to those that were doubly bonded in the
original alkene. Therefore, one of the doubly bonded carbons bears two methyl substituents; the other bears a hydrogen and a tert-butyl group and identifies
the alkene as 2,4,4-trimethyl-2-pentene.

H

Acetone 2,2-Dimethylpropanal

The same reaction that gave 2 4 4-trimethyl-2-pentene also yielded an isomeric alkene. This second alkene produced formaldehyde
and 4,4-dimethyl-2-pentanone on ozonolysis. Identify this alkene.

J_k

4,4-Dimethyl-2-pentanone

8.13 Enantioselective Addition to Alkenes

The preceding sections have introduced several stereochemical aspects of addition to double bonds. This section extends our discussion by focusing on
additions in which an achiral reactant is converted to a chiral product. Countless examples of reactions of this type exist—a simple one being the hydration
of the double bond of cis- or frans-2-butene. Under either the usual acid-catalyzed conditions or hydroboration—oxidation, 2-butanol is formed as a racemic

mixture.
H:0* 1.B,H,
or
= 2. H,0,,HO
OH

cis-2-Butene 2-Butanol

If, instead, certain chiral and enantiomerically enriched hydroborating agents are used instead of diborane itself, the 2-butanol that results is itself
enriched in one of its enantiomers. Reactions such as this are said to be enantioselective.

Most biochemical reactions are catalyzed by enzymes and many require coenzymes to carry out their function. All enzymes and most coenzymes are
chiral and enantiopure and provide an asymmetric environment for chemical reactions to take place. Enzyme-catalyzed reactions are enantioselective and
occur with such a high level of stereoselectivity as to form a single enantiomer of a chiral substance exclusively.

One example is the biosynthesis of (S)-(—)-malic acid from fumaric acid in apples and other fruits.

) BH

(Ipc),BH

Hydroboration—oxidation of cis-2-butene with the chiral reagent (—)-diisopinocamphenylborane gives (R)-2-butanol with 99%
ee.



OH OH OH

fumarase
ONO + H)0 pa—— OMO

OH OH

Fumaric acid Water (S)-(—)-Malic acd

From the equation, we see that the chemical reaction is hydration of a double bond. Neither fumaric acid nor water 1s chiral, but only the S
enantiomer of malic acid is produced. The only source of chirality is the enzyme fumarase. According to the equation, we also see that the Page 316
reaction is reversible—hydration of a double bond in one direction, dehydration in the other—and that fumarase is a catalyst for both processes. —
We should also point out the cis isomer of fumaric acid, called maleic acid, does not react under these or analogous conditions nor is there an enzyme-
catalyzed biosynthesis that converts fumaric or maleic acid directly to (R)-(+)-malic acid.

The enzyme aconitase catalyzes the hydration of aconitic acid to two products: citric acid and isocitric acid. Isocitric acid is optically
active; citric acid is not. What are the respective constitutions of isocitric acid and citric acid? Why isn't citric acid optically active?

O O
>~ OH
HO =5
HO
(0]

In a second example of an enzyme-catalyzed addition to an alkene, an enzyme of the class known as monooxygenases catalyzes the epoxidation of one
of the double bonds of B-carotene.

In addition to being stereoselective, the epoxidation 1s regioselective; of the 11 double bonds in B-carotene, only one of them is epoxidized.

8.14 Retrosynthetic Analysis and Alkene Intermediates

Chapters 6 and 7 focus on the preparation and reactions of alkenes, but are not only about alkenes. The two chapters also concern the compounds that lead to
alkenes and the products of the reactions of alkenes. Suppose you wanted to prepare 1,2-epoxycyclohexane, given cyclohexanol as the starting material. We

represent this retrosynthetically as
OH
O — O

1.2-Epoxycyclohexane Cyclohexanol
(the target) (the starting material)




However, we know of no reactions that convert alcohols directly to epoxides. Because we do know that epoxides are prepared from alkenes, we =
expand our retrosynthesis to reflect that. Page 317
(0]
/\/ H
(0] p— e— \)
1,2-Epoxycyclohexane Cyclohexene Cyclohexanol

Recognizing that cyclohexene can be prepared by acid-catalyzed dehydration of cyclohexanol, we write a suitable synthesis in the forward direction
complete with the necessary reagents.

0
= H,50,4 Jloou

heat

Cyclohexanol Cyclohexene 1,2-Epoxycyclohexane

Suggest a reasonable synthesis of trans-2-bromocyclohexanol from cyclohexyl bromide. Indicate appropriate reagents over the
reaction arrow.

Now consider a slightly more difficult, but more realistic case—one in which the target is the nitrile (CH3),CHCH,CN and the starting material is not
specified other than to say it must be an alkene with five carbons or fewer.
Begin by recalling that the only reaction we have seen that yields a compound of the type RCN is a substitution of the SN2 type. Thus, we consider a

partial sequence of the type:
N e

Conversion of 1-bromo-2-methylpropane to the nitrile target is a reasonable last step, but successful preparation of the bromide is doubtful because of the
possibility of rearrangement in the reaction of 2-methyl-1-propanol with hydrogen bromide. A safer choice 1s to use a sulfonate instead of a bromide.

N
M > /l\/osozcu3 > _A_OH

The problem specifies that the starting material be an alkene with five or fewer carbons. The most obvious choice 1s 2-methylpropene.

N — —

We write the synthesis in the forward direction by choosing the appropriate reagents and begin by converting 2-methylpropene to 2-methyl-1-propanol
by hydration of the double bond regioselectively by hydroboration—oxidation. Converting the alcohol to the methanesulfonate, followed by nucleophilic
substitution of methanesulfonate by cyanide, completes the synthesis.

/K 1. BH, /|v CH3SOCI )\/ KCN )\//N
OH 0SO,CH Z
2. H202, HO™ pyridine o

2-Methylpropene 2-Methyl- 2-Methyl-1-propyl 3-Methylbutanenitrile
I-propanol methanesulfonate

Problem 8.24 Page 318

Fill in the missing compounds in the partial retrosynthesis shown and devise a synthesis showing all necessary reagents based
on your retrosynthesis.



Br

Br ——— Compound B——— Compound A ——— ﬂY
OH

8.15 Summary

Alkenes are unsaturated hydrocarbons and react with substances

that add to the double bond. This chapter surveys the kinds of substances that react

with alkenes, the mechanisms by which the reactions occur, and their synthetic applications.

Section
8.1-8.3 See Table 82 Aspects of addition reactions

alkenes.

are introduced in these sections as they apply to the catalytic hydrogenation of

TABLE 8.2 Addition Reactions of Alkenes

Reaction (section) and Comments

Catalytic hydrogenation (Sections 8.1-8.3)
Alkenes react with hydrogen in the presence of a
platinum, palladium, rhodium, or nickel catalyst to
form the corresponding alkane. Both hydrogens
add to the same face of the double bond (syn
addition). Heats of hydrogenation can be used to
compare the relative stability of various double-
bond types.

Addition of hydrogen halides (Sections 8.4-8.5)
A proton and a halogen add to the double bond
of an alkene to yield an alkyl halide. Addition
proceeds in accordance with Markovnikov's rule:
hydrogen adds to the carbon that has the greater
number of hydrogens, halide to the carbon that
has the fewer hydrogens. The regioselectivity is
controlled by the relative stability of the two
possible carbocation intermediates. Because the
reaction involves carbocations, rearrangement is
possible.

Acld-catalyzed hydration (Sectlon 8.6) Addition
of water to the double bond of an alkene takes
place according to Markovnikov’s rule in aqueous
acid. A carbocation is an intermediate and is
captured by a molecule of water acting as a
nucleophile. Rearrangements are possible.

Hydroboration-oxidation (Sections 8.8-8.9)
This two-step sequence converts alkenes to
alcohols with a regioselectivity opposite to
Markovnikov’s rule. Addition of H and OH is
stereospecific and syn. The reaction involves
electrophilic addition of a boron hydride to the
double bond, followed by oxidation of the
intermediate organoborane with hydrogen
peroxides. Carbocations are not intermediates
and rearrangements do not occur.

Addition of Halogens (Section 8.10) Reactions
with Br, or Cl, are the most common and vield

General Equation and Specific Example

Pt, Pd, Rh, or Ni
+

R,C=CR, H, R,CHCHR,

Alkene Hydrogen Alkane

A

cis-Cyclododecene Cyclododecane (100%)

RCH=CR/; + HX RCH;—?R’;
X
Alkene Hydrogen Alkyl
halide halide
CH
CH; + HCIl ——» >
Cl
Methylene- Hydrogen 1-Chloro-1-
cyclohexane chloride methylcyclohexane (75-80%)
RCH=CR, + H)0 RCH2—('ZR’2
OH
Alkene Water Alcohol
OH
)I\ 50% H,SO4/H,0 X
tert-Butyl
LMuricreos alcohol (55-58%)
1. BoHg, diglyme
RCH=CR, ——— """ . RCH—CHR,
2. Hz0,, HO™ |
OH
Alkene Alcohol
/k/\ e )\/\/ OH
S 2. H,05, HO™
4 Methyl1-pentene 4.Methyl-1-pentanol
0%)
R,C=CR, + X2 RZC—?R'z
\



vicinal dihalides except when the reaction Is X X
carried out in water. In water, the productis a Alkene Halogen Vicinal dihalide
vicinal halohydrin. The reactions involve a
cyclic halonium ion intermediate and are

stereospecific (anti addition). Halohydrin RCH=CR3 ¥ 0

R(IZH —CIZR’2 + HX

formation Is regiospecific; the halogen bonds X OH
to the carbon of C=C that has the greater Alkene Halogen Water Vicinal Hydiogen
number of hydrogens. halohydrin halide
Br
GBS B‘\)\/\/
EANS AN
t+Hexene 1,2-Dibromohexane (100%)
Br, CH,Br
CH, —onO OH
Methylene- (1-Bromomethyl)-
cyclohexane cyclohexanol (89%)

Epoxidation (Sectlon 8.1 1) Peroxy acids transfer
oxygen to the double bond of alkenes to yield

Il
epoxides. Addition is stereospecific and syn. R,C=CR, + R'COOH RZC\_ /CR2 + R'COH
Alkene Peroxy acid Epoxide Carboxylic
acid
peroxyacetic
__acdd o
1-Methylcycloheptene 12-Epoxy-1-
methylcycloheptane (65%)
Section
8.4-8.5 See Table 82 The mechanism of electrophilic addition is outlined for the reaction of hydrogen halides with alkenes.
Carbocations are intermediates.

\ 4 \ i | |
=C + H—X +C—C—H + X X—C—C—H
/A i

Alkene Hydrogen Carbocation Halide Alkyl halide
halide ion

Addition 1s regioselective because protonation of the double bond occurs in the direction that gives the more stable of two
possible carbocations.

Section 8.6 See Table 8 2. Acid-catalyzed addition of water to the double bond of an alkene gives an alcohol. The mechanism is analogous to
that for electrophilic addition of hydrogen halides and 1s the reverse of that for acid-catalyzed dehydration of alcohols.

Section 8.7 Addition and elimination reactions are often reversible, and proceed spontaneously in the direction in Page 320 Page319

which the free energy G decreases. The reaction 1s at equilibrium when AG = 0. Free energy is related to
enthalpy (H) and entropy (S) by the equations

G=H-TS and AG = AH - TAS
The standard free energy change AG® is related to the equilibrium constant X by the equation

AG°= -RT In K

Section
8.8-8.9 See Table 8.2 Hydroboration—oxidation is a synthetically useful and mechanistically novel method for converting alkenes to
alcohols.

Section 8.10



See Table 8.2. Bromine and chlorine react with alkenes to give cyclic halonium ions, which react further to give vicinal dihalides
In aqueous solution, the product is a vicinal bromohydrin.
Section 8.11

See Table 8 2 Peroxy acids are a source of electrophilic oxygen and convert alkenes to epoxides

Section 8.12  Alkenes are cleaved to carbonyl compounds by ozenolysis. This reaction 1is useful for both synthesis (preparation of aldehydes,
ketones, or carboxylic acids) and analysis. When applied to analysis, the carbonyl compounds are isolated and identified,
allowing the substituents attached to the double bond to be deduced.

H 0
X 1.0, /& r\
—_——— —
2.H0,Zn O
3-Ethyl-2-pentene
Section 8.13

Acetaldehyde 3-Pentanone

Enzyme-catalyzed additions to alkenes occur enantioselectively and regioselectively. Steroid biosynthesis, for example, begins
with the epoxidation of squalene according to the reaction shown.

Squalene

0O, monooxygenase

Section 8.14

Squalene 2,3-epoxide

The synthesis of 3-bromo-2-butanol from 2-bromobutane, for example, can only be carried out by sacrificing the initial bromine
and replacing it in a subsequent operation. The retrosynthesis:

Br Br
OH

Eliminations that lead to alkenes, followed by addition to the double bond, can constitute a key intermediate stage in synthesis.

suggests the following:

Br Br
)\/ ethanol /\/ Br,
NaOCHxCH, H0
OH
2-Bromobutane trans-2-Butene

3-Bromo-2-butanol

Page 321
Reactions of Alkenes
8.25

(a) How many alkenes yield 2,2,3,4 4-pentamethylpentane on catalytic hydrogenation?



(b) How many yield 2,3-dimethylbutane?
(c) How many yield methylcyclobutane?

8.26 Compound A undergoes catalytic hydrogenation much faster than does compound B. Why?
H,C H HiC H
[
A B
8.27 Catalytic hydrogenation of 1,4-dimethylcyclopentene yields a mixture of two products. Identify them. One of them is formed in much

greater amounts than the other (observed ratio = 10:1). Which one is the major product?

8.28 Write the structure of the major organic product formed in the reaction of 1-pentene with each of the following:
(a) Hydrogen chloride
(b) Dilute sulfuric acid
(c) Diborane in diglyme, followed by basic hydrogen peroxide
(d) Bromine in carbon tetrachloride
(e) Bromine in water
(f) Peroxyacetic acid
(g) Ozone
(h) Product of part (g) treated with zinc and water
(1) Product of part (g) treated with dimethyl sulfide (CH3),S

8.29 Repeat Problem 8.28 for 2-methyl-2-butene.

8.30 Repeat Problem 8.28 for 1-methylcyclohexene.

8.31 All the following reactions have been reported in the chemical literature. Give the structure of the principal organic product in each case.
HBr
@ AN~ ——
LB
(b) . R
2. H,0,, HO™




(f) L

H,0

CH;C0,0H
@ >———<

8.32 A single epoxide was isolated in 79-84% yield in the following reaction. Was this epoxide A or B? Explain your reasoning. M

%
Q0= 00
A B

Stereochemistry

8.33 What two stereoisomeric alkanes are formed on catalytic hydrogenation of (E)-3-methyl-2-hexene? What are the relative amounts of
each?

8.34 Two alkenes undergo hydrogenation to yield a mixture of cis- and frans-1,4-dimethylcyclohexane. Which two are these? A third,
however, gives only cis-1,4-dimethylcyclohexane. What compound is this?

8.35 On catalytic hydrogenation over a rhodium catalyst, the compound shown gave a mixture containing cis-1-tert-butyl-4-
methylcyclohexane (88%) and frans-1-tert-butyl- 4-methylcyclohexane (12%). With this stereochemical result in mind, consider the

reactions in (a) and (b).

(a) What two products are formed in the epoxidation of this compound? Which one do you think will predominate?
(b) What two products are formed in the hydroboration—oxidation of this compound? Which one do you think will predominate?

8.36 Hydrogenation of 3-carene is, in principle, capable of yielding two stereoisomeric products. Write their structures. Only one of them was
actually obtained on catalytic hydrogenation over platinum. Which one do you think is formed? Why?

CH;

8.37 When enantiopure 2,3-dimethyl-2-pentanol was subjected to dehydration, a mixture of two alkenes was obtained. Hydrogenation of this
alkene mixture gave 2,3-dimethylpentane which was 50% optically pure. What were the two alkenes formed in the elimination reaction,
and what were the relative amounts of each?

8.38 Page 323



8.39

When (R)-3-buten-2-ol is treated with a peroxy acid, two stereoisomeric epoxides are formed in a 60:40 ratio. The minor
stereoisomer has the structure shown.

OH

"y
-~

(a) What 1s the structure of the major isomer?

(b) What 1s the relationship between the two epoxides? Are they enantiomers or diastereomers?

(c) What four stereoisomeric products are formed when racemic 3-buten-2-ol 1s epoxidized under the same conditions? How much of
each stereoisomer is formed?

Consider the ozonolysis of trans-4,5-dimethylcyclohexene having the configuration shown.

HC
H.C* C

Structures A, B, and C are Fischer projections of three stereoisomeric forms of the reaction product.
CH=0 CH=0 CH=0
H——H H——H H——H
H,C—/H H——CH,4 H——CH;

(a) Which, if any, of the compounds A, B, and C are chiral?
(b) What product is formed in the reaction?
(c) What product would be formed if the methyl groups were cis to each other in the starting alkene?

Thermochemistry

8.40

8.41

8.42

8.43

1-Butene has a higher heat of hydrogenation than 2,3-dimethyl-2-butene. Which has the higher heat of combustion? Explain.

Match the following alkenes with the appropriate heats of hydrogenation:
A B C D E

Heats of hydrogenation in kJ/mol (kcal/mol): 151 (36.2); 122 (29.3); 114 (27.3); 111 (26.5); 105 (25.1).

The heats of reaction were measured for addition of HBr to cis- and frans-2-butene.

cis-2-butene: AH® = =77 kJ/mol (=18 .4 kcal/mol)
CH;CH=CHCH; + HBr— CH;CH;.(IZHCHg

Br

trans-2-butene: AH® = —72 kJ/mol (-17.3 kcal/mol)

Use these data to calculate the energy difference between cis- and frans-2-butene. How does this energy difference compare to that based
on heats of hydrogenation (Section 8.3) and heats of combustion (Section 7.6)?

Complete the following table by adding + and — signs to the AH® and AS® columns so as to correspond to the effect of Page 324
temperature on a reversible reaction.



Sign of
Reaction is AH® AS®
(a) Exergonic at all temperatures
(b) Exergonic at low temperature; endergonic at high temperature
(c) Endergonic at all temperatures

(d) Endergonic at low temperature; exergonic at high temperature

8.44 Match the heats of hydrogenation—107 kJ/mol (25.6 kcal/mol), 114.5 kJ/mol (27.3 kcal/mol), and 119 kJ/mol (28.4 kcal/mol)—with the
appropriate C7H,, isomer.
8.45 The iodination of ethylene at 25°C is characterized by the thermodynamic values shown.
H,C=CH,(g) + L(g) = ICHCH:l(g)
AH° = =48 kl/mol (11.5 kcal/mol); AS® = =0.13 kJ/K+mol (0.31 kcal/K-mol)
(a) Calculate AG®° and K at 25°C.
(b) Is the reaction exergonic or endergonic at 25°C?
(c) What happens to K as the temperature is raised?
Synthesis
8.46 Specify reagents suitable for converting 3-ethyl-2-pentene to each of the following:
(a) 2,3-Dibromo-3-ethylpentane
(b) 3-Chloro-3-ethylpentane
(c) 3-Ethyl-3-pentanol
(d) 3-Ethyl-2-pentanol
(e) 2,3-Epoxy-3-ethylpentane
(f) 3-Ethylpentane
8.47 (a) Which primary alcohol of molecular formula CsH;,0 cannot be prepared from an alkene by hydroboration—oxidation? Why?
(b) Write equations describing the preparation of three isomeric primary alcohols of molecular formula CsH{,0 from alkenes.
(c) Write equations describing the preparation of the tertiary alcohol of molecular formula CsH,0 by acid-catalyzed hydration of two
different alkenes.
8.48 Identify compound A in the retrosynthesis shown and use this information to design a synthesis of the target molecule showing all
necessary reagents.
HO
——— Compound A ——— H('_))L/\
Br
8.49 Identify compounds A and B in the retrosynthesis shown and use this information to design a synthesis of the desired nitrile showing all
necessary reagents.
)\/\/CN - 5 CH0s8 - Gl —— )\/\
Compound A Compound B =
8.50 Apply retrosynthetic analysis to guide the preparation of each of the following compounds from the indicated starting material, then

write out the synthesis showing the necessary reagents.



(a) 1-Propanol from 2-propanol

(b) 1,2-Dibromopropane from 2-bromopropane

(c) 1-Bromo-2-propanol from 2-propanol

(d) 1-Bromo-2-methyl-2-propanol from terz-butyl bromide
(e) 1,2-Epoxypropane from 2-propanol

() tert-Butyl alcohol from 1sobutyl alcohol

(g) tert-Butyl 10dide from i1sobutyl 10dide

(h) trans-2-Chlorocyclohexanol from cyclohexyl chloride

Page 325

Structure Determination

8.51

8.52

8.53

8.54

8.55

8.56

8.57

8.58

On being heated with a solution of sodium ethoxide in ethanol, compound A (C7H;5Br) yielded a mixture of two alkenes B and C, each
having the molecular formula C;H;4. Catalytic hydrogenation of the major isomer B or the minor isomer C gave only 3-ethylpentane.
Suggest structures for compounds A, B, and C consistent with these observations.

Compound A (C7H;5Br) is not a primary alkyl bromide. It yields a single alkene (compound B) on being heated with sodium ethoxide in
ethanol. Hydrogenation of compound B yields 2,4-dimethylpentane. Identify compounds A and B.

Compounds A and B are isomers of molecular formula CoH;oBr. Both yield the same alkene C as the exclusive product of elimination

on being treated with potassium tert-butoxide in dimethyl sulfoxide. Hydrogenation of alkene C gives 2,3,3 4-tetramethylpentane. What
are the structures of compounds A and B and alkene C?

Alcohol A (C1oH;gO) 1s converted to a mixture of alkenes B and C on being heated with potassium hydrogen sulfate (KHSOy).
Catalytic hydrogenation of B and C yields the same product. Assuming that dehydration of alcohol A proceeds without rearrangement,

deduce the structures of alcohol A and alkene C.

Compound B

A mixture of three alkenes (A, B, and C) was obtained by dehydration of 1,2- dimethylcyclohexanol. The composition of the mixture
was A (3%), B (31%), and C (66%). Catalytic hydrogenation of A, B, or C gave 1,2-dimethylcyclohexane. The three alkenes can be
equilibrated by heating with sulfuric acid to give a mixture containing A (0%), B (15%), and C (85%). Identify A, B, and C.

Reaction of 3,3-dimethyl-1-butene with hydrogen 1odide yields two compounds A and B, each having the molecular formula CgH; 3L, in

the ratio A'B = 90:10. Compound A, on being heated with potassium hydroxide in n-propyl alcohol, gives only 3,3-dimethyl-1-butene.
Compound B undergoes elimination under these conditions to give 2,3-dimethyl-2-butene as the major product. Suggest structures for
compounds A and B, and write a reasonable mechanism for the formation of each.

Dehydration of 2,2,3.4,4-pentamethyl-3-pentanol gave two alkenes A and B. Ozonolysis of the lower boiling alkene A gave
formaldehyde (H,COO) and 2,2 .4 4-tetramethyl-3- pentanone. Ozonolysis of B gave formaldehyde and 3,3 ,4,4-tetramethyl-2-pentanone.

Identify A and B, and suggest an explanation for the formation of B in the dehydration reaction.

O O

2,24 4-Tetramethyl-3-pentanone 3.3,4,4-Tetramethyl-2-pentanone

Compound A (C7H;3Br) 1s a tertiary bromide. On treatment with sodium ethoxide in ethanol, A is converted to B (C7Hj,). Ozonolysis

of B gives the compound shown as the only product. Deduce the structures of A and B. What is the symbol for the reaction mechanism
by which A is converted to B under the reaction conditions?



8.59

8.60

8.61

8.62

8.63

0O
)l\/\/\n/H
0
East Indian sandalwood oil contains a hydrocarbon given the name santene (CoH;4). Ozonolysis of santene gives the Page 326

compound shown. What is the structure of santene?
Mo

Sabinene and A3-carene are isomeric natural products with the molecular formula CyoH; (a) Ozonolysis of sabinene followed by
hydrolysis in the presence of zinc gives compound A. What is the structure of sabinene? What other compound is formed on ozonolysis?
(b) Ozonolysis of A3-carene gives compound B. What is the structure of A3-carene?

O
(0]
TN
Compound A Compound B

The sex attractant by which the female housefly attracts the male has the molecular formula Cp3Hyg. Catalytic hydrogenation yields an
alkane of molecular formula Cy3H4g. Ozonolysis yields

o) o)

I I
CH;(CH,;);,CH and  CH;(CH,);,CH

‘What is the structure of the housefly sex attractant?

A certain compound of molecular formula C;gH3g was 1solated from fish oil and from plankton. On hydrogenation it gave 2,6,10,14-
tetramethylpentadecane. Ozonolysis gave (CH3),COO and a 16-carbon aldehyde. What is the structure of the natural product? What 1is
the structure of the aldehyde?

The sex attractant of the female arctiid moth contains, among other components, a compound of molecular formula Cy;Hyg that yields
1 1 0
CH,(CH,),,CH CH;(CH,),CH and  HCCH,CH

on ozonolysis. What 1s the constitution of this material?

Mechanism

8.64

Suggest reasonable mechanisms for each of the following reactions. Use curved arrows to show electron flow.



8.65

8.66

8.67

8.68

8.69

& I

(a) O H3m4 O/

CH, CHj

HA0+ . .
(b) O[ + H,O0 — CECH (mixture of stereoisomers)
3

el OH

© CH, —o2» CHBr
2 H)0 OH

On the basis of the mechanism of acid-catalyzed hydration, can you suggest why the reaction

OH
H,S0,

/Y 2
H0

would probably not be a good method for the synthesis of 3-methyl-2-butanol?

As a method for the preparation of alkenes, a weakness in the acid-catalyzed dehydration of alcohols is that the imitially Page 327

formed alkene (or mixture of alkenes) sometimes isomerizes under the conditions of its formation. Write a stepwise

mechanism for the reaction:
H +
Y\ 0 Y\

Which of the following is the most reasonable structure for the product of the reaction of 4-terz-butyl-1-methylcyclohexene with bromine

in methanol? Explain your reasoning.
Br CH3 OCH3
W B W PW—a
OCH, Br Br

Br
CH,
OCH,4

A B C D

The following reaction was performed as part of a research program sponsored by the National Institutes of Health to develop
therapeutic agents for the treatment of cocaine addiction. Using what you have seen about the reactions of halogens with alkenes,

propose a mechanism for this process.
I
I,
_
NaHCO, f
HO™ O
o

How could you prepare cis-2-methylcyclopentyl acetate from 1-methylcyclopentanol?

O

Oxymercuration

Concerns about mercury’s toxicity have led to decreased use of mercury-based reagents in synthetic organic chemistry. Alternatives exist for many of
the transformations formerly carried out with mercury compounds while carrying much less risk. The chemistry of several of the reactions, however,

1s sufficiently interesting to examine here.



Among the synthetically useful reactions of Hg(II) salts with organic compounds, the most familiar 1s a two-stage procedure for alkene hydration
called oxymercuration—demercuration. Its application in the conversion of 3,3-dimethyl-1-butene to 3,3-dimethyl-2-butanol illustrates the

procedure.
Ac
Hg(OAS), NaBH,
—_—
/ THE-H,0 >k') HO™ */
OH

Oxymercuration stage Demercuration stage

The reaction is performed in two operations, the first of which is oxymercuration. In this stage the alkene is treated with mercury(Il) acetate
[Hg(O,CCHjz),, abbreviated as Hg(OAc),]. Mercury(Il) acetate is a source of the electrophile "HgOAc, which bonds to C-1 of the alkene. The
oxygen of water, one of the components in the THF-H,O solvent mixture, bonds to C-2. The demercuration operation uses sodium borohydride
(NaBHy, a reducing agent) to convert C-Hg to C-H.

From the overall reaction, we see that oxymercuration—demercuration

1. accomplishes hydration of the double bond in accordance with Markovnikov’s rule, and
2. carbocation rearrangements do not occur.

Additional information from stereochemical studies with other alkenes has established that —
Page 328

3. ant1 addition of HgOAc and OH characterizes the oxymercuration stage, and
4. the replacement of HgOAc by H in the demercuration stage is not stereospecific.

The structure of the intermediate in oxymercuration has received much attention and can be approached by considering what is likely to happen
when the electrophile *HgOA c reacts with the double bond of an alkene.

m % HgOAc

o,
== + — ™
/C C\ + *HgOAc — /C C\

Recall from Section 5.9 that electrons in bonds that are B to a positively charged carbon stabilize a carbocation by hyperconjugation.

o C}-] "”é CDCHJ . %ESOAC
v N W i TN

The electrons in a C—Hg ¢ bond are more loosely held than C—H or C—C electrons, making stabilization by hyperconjugation more effective for p-C—
Hg than for B-C—H or p-C—C. Hyperconjugative stabilization of the intermediate in oxymercuration is normally shown using dashed lines to represent
partial bonds. The intermediate is referred to as a “bridged” mercurinium ion.

OAc

|
Hg s+

54/ s+

we C===C
7 N

The problems that follow explore various synthetic aspects of oxymercuration—demercuration. Experimental procedures sometimes vary
depending on the particular transformation. The source of the electrophile may be a mercury(Il) salt other than Hg(OAc),, the nucleophile may be

other than H,O, and the reaction may be intramolecular rather than intermolecular.

8.70 Oxymercuration—demercuration of 1-methylcyclopentene gives which of the following products?



CH,

1. Hg(OAc),, THF-H,0
2. NaBH, HO~ =
CH,HgOAc

s s S

He O He M e BH HO_ .
i" i i JOH i
A. B. C. D.

8.71 Which alkene would be expected to give the following alcohol by oxymercuration— demercuration?

OH

CH;

O/\Cﬂa O/\CHZ O/\Cﬂg
A. B. C:

8.72 Given that 2-methyl-1-pentene undergoes oxymercuration—-demercuration approximately 35 times faster than 2-methyl-2- Page 329
pentene, predict the major product from oxymercuration-demercuration of limonene. —

2-Methyl-1-pentene  2-Methyl-2-pentene Limonene

HO
YO A Ok O
OH
\ \ i
A B. c D.

8.73

I
In a procedure called solvomercuration—demercuration an alkene is treated with Hg(OAc), or HE(OCCF3) in an alcohol solvent rather
than in the THF-H,O mixture used in oxymercuration. The oxygen of the alcohol solvent reacts with the mercurinium ion during
solvomercuration. What is the product of the following solvomercuration—demercuration?

CH,
C/ 1. Hg(OAc),, CH30H
e 2. NaBHg4, HO-

CH;

CH,OH CH,OCH; CH; CH,
Qé_n Qé_n Qé_on @»Cl—ocm
i, Gats o Gits
A. B. c. D.

8.74 From among the same product choice as Problem 8.73, which one is the major product of the following reaction?



CH»

Cﬁ 1. HaB-THF
N 2.H;02, HO—

CH,
8.75 Oxymercuration—demercuration of allyl alcohol gives 1,2-propanediol.
OH
OH ! Hg(OAc), THE-H0 )\/OH
s 2. NaBHi, HO™

Under the same conditions, however, 4-penten-1-ol yields a compound having the molecular formula CsH;(O.

1.Hg(OAc)2, THF-H0

P —
A 2. NaBHg4, HO CsHig0

What is the most reasonable structure for the product of this reaction?

@ HsC :o: HO /Q
Al B. C.
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The brightly colored poison dart frogs of Central and South America store toxic substances such as the acetylenic a kaloid histrionicotoxin within
their bodies to deter attacks by other animals.
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Alkynes

Hydrocarbons that contain a carbon—carbon triple bond are called alkynes. Noncyclic alkynes have the molecular formula C,H,,, . Acetylene (HCLJCH) is

the simplest alkyne. We call compounds that have their triple bond at the end of a carbon chain (RCIICH) monosubstituted, or terminal,_alkynes.
Disubstituted alkynes (RC[ICR’) have internal triple bonds. You will see in this chapter that a carbon—carbon triple bond is a functional group, reacting with
many of the same reagents that react with the double bonds of alkenes.

The most distinctive aspect of the chemistry of acetylene and terminal alkynes is their acidity. As a class, compounds of the type RC[JCH are the most
acidic of all hydrocarbons. The structural reasons for this property, as well as the ways in which it is used to advantage in chemical synthesis, are important
elements of this chapter.

9.1 Sources of Alkynes

Acetylene was discovered in 1836 but did not command much attention until its large-scale preparation from calcium carbide near the end of the nineteenth
century stimulated interest in industrial applications. In the first stage of that synthesis, limestone and coke, a material rich in elemental carbon
obtained from coal, are heated in an electric furnace to form calcium carbide. Page 331

1800-2100°C

CaO + 3C _—— CaC, + CO
Calcium oxide Carbon Calcium carbide Carbon monoxide
(from limestone) (from coke)

This reaction was accidentally discovered in 1892 by the Canadian inventor Thomas L. Willson while looking for a method to
make aluminum.

Calcium carbide is the calcium salt of the doubly negative carbide ion (: C=C 3. Carbide ion is strongly basic and reacts with water to form acetylene:

:
ca® || + 2H,0 —>  Ca(OH); + HC=CH
C

Calcium carbide Water Calcium hydroxide Acetylene

Use curved arrows to show how calcium carbide reacts with water to give acetylene.

Beginning in the mid-twentieth century, alternative methods of acetylene production became practical. One is the dehydrogenation of ethylene.

heat
H,C=CH, =—= HC=CH + H,

Ethylene Acetylene Hydrogen

The reaction is endothermic, and the equilibrium favors ethylene at low temperatures but shifts to favor acetylene above 1150°C. Indeed, at very high
temperatures most hydrocarbons, even methane, are converted to acetylene. Acetylene has value not only by itself but also as a starting material from which
higher alkynes are prepared.

More than 1000 natural products contain carbon—carbon triple bonds. Many, such as stearolic acid and tariric acid, are fatty acids—carboxylic acids with
unbranched chains of 12-20 carbon atoms—or are derived from them.

0
| [
CH4(CH,),C=C(CH,);COH  CH,(CH,),;C=C(CH,),COH

Stearolic acid Tariric acid

A major biosynthetic route to acetylenic fatty acids in certain flowering plants involves oxidation of analogous compounds with carbon—carbon double
bonds, and is catalyzed by enzymes of the desaturase class known as acetyleneases. Crepenynic acid,



/\/V\/LDH
=
ZZ

Crepenynic acid

which is formed by oxidation of the fatty acid linoleic acid, is one example.

OH
o =

Linoleic acid

Cultures of the bacterium Micromonospora chersina produce dynemicin A, a purple substance characterized by a novel structure containing a
double bond and two triple bonds in a ten-membered ring (an enediyne). Dynemicin A has attracted interest because of its ability to cleave DNA Page 332
by a novel mechanism, which may lead to the development of anticancer drugs that are based on the enediyne structure.

OH O OH

Dynemicin A

Diacetylene (HCLIC—CLICH) has been identified as a component of the hydrocarbon-rich atmospheres of Uranus, Neptune, and Pluto. It is also present in
the atmospheres of Titan and Triton, satellites of Saturn and Neptune, respectively. Most surprisingly, 2009 brought the report of the discovery of diacetylene
on our Own moon.

9.2 Nomenclature

In naming alkynes the usual IUPAC rules for hydrocarbons are followed, and the suffix -ane is replaced by -yne. Both acetylene and ethyne are acceptable
TUPAC names for HCLICH. The position of the triple bond along the chain is specified by number in a manner analogous to alkene nomenclature.

HC=CCH; HC=CCH,CH; CH;C=CCH; (CH;):CC=CCH,

Propyne 1-Butyne 2-Butyne 4.4-Dimethyl-2-pentyne
or or or or
Prop-1-yne But-1-yne But-2-yne 4 4-Dimethylpent-2-yne

Write structural formulas and give the [IUPAC names for all the alkynes of molecular formula C5Hg.

If a compound contains both a double bond and a triple bond, the chain is numbered so as to give the first multiple bond the lowest number, irrespective of
whether it is a double bond or a triple bond. Ties are broken in favor of the double bond. An en suffix for the double bond precedes yne and is separated from
it by the yne locant. Thus, the compound vinylacetylene H,CCOCH-CIICH is named but-1-en-3-yne according to the latest [IUPAC rules.

Vinylacetylene is an industrial chemical used in the preparation of neoprene.

When the —~C[ICH group is named as a substituent, it is designated as an ethynyl group.



9.3 Physical Properties of Alkynes

Alkynes resemble alkanes and alkenes in their physical properties. They share with these other hydrocarbons the properties of low density and low water-
solubility and have boiling points similar to those of alkanes.
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9.4 Structure and Bonding in Alkynes: sp Hybridization

Acetylene is linear, with a carbon—carbon bond distance of 120 pm (1.20 A) and carbon-hydrogen bond distances of 106 pm (1.06 A).

106 pm
(1.06 A)

[ # . . ¢ HLCTCLH

120 pm
(1.20 &)
Acetylene

Linear geometries characterize the H-CIIC—C and C—C[IC—C units of terminal and internal triple bonds, respectively, as well. This linear geometry is
responsible for the relatively small number of known cycloalkynes. Figure 9.1 shows a molecular model of cyclononyne in which the bending of the C-CLIC—
C unit is clearly evident. Angle strain destabilizes cycloalkynes to the extent that cyclononyne is the smallest one that is stable enough to be stored for long
periods. The next smaller one, cyclooctyne, has been isolated, but is relatively reactive and polymerizes on standing.

Figure 9.1

Molecular model of cyclononyne showing bending of the bond angles associated with the triply bonded carbons. This model closely matches the
structure determined experimentally. Notice how the staggering of bonds on adjacent atoms governs the overall shape of the ring.

An sp hybridization model for the carbon—carbon triple bond was developed in Section 2.9 and is reviewed for acetylene in Figure 9.2. Figure 9.3
compares the electrostatic potential maps of ethylene and acetylene and shows how the two © bonds in acetylene cause a band of high electron density to
encircle the molecule.

‘80

(a) (b) {c)

Figure 9.2

The carbon atoms of acetylene are connected by a o + 1 + 1 triple bond. (a) Both carbon atoms are sp-hybridized, and each is bonded to a
hydrogen by a o bond. The two 1 bonds are perpendicular to each other and are shown separately in (b) and (c).



N\ /
C=C H—C=C—H
/ X
H H
Ethylene Acetylene

Figure 9.3

Electrostatic potential maps of ethylene and acetylene. The region of highest negative charge (red) is associated with the  bonds and lies
between the two carbons in both. This electron-rich region is above and below the plane of the molecule in ethylene. Because acetylene has two 1
bonds, a band of high electron density encircles the molecule.

Table 9.1 compares some structural features of alkanes, alkenes, and alkynes. As we progress through the series in the order ethane — ethylene —
acetylene:

TABLE 9.1 Structural Features of Ethane, Ethylene, and Acetylene w

Feature Ethane Ethylene Acetylene
Systematic name Ethane Ethene Ethyne
Molecular formula CoHg C-H, C-H,

H
5 H . H H>:<H
Structural formula H H H H———~H
C—C bond distance, pm (A) 152 (1.53) 134 (1.34) 120 (1.20)

C—H bond distance, pm (A) 111 (1.11) 110 (1.10) 106 (1.06)
H—C—C bond angles 111.0° 121.4° 180°
C—C bond dissociation enthalpy kJ/mol (kcal/maol) 375 (90) 720 (172) 961 (230)
C—H bond dissociation enthalpy, kJ/mol (kcal/mol) 421 (100.5) 464 (111) 547 (131)
Hybridization of carbon sp® sp? sp
s character in C—H bonds 25% 33% 50%
Approximate pK, 62 45 26

1. The geometry at carbon changes from tetrahedral — trigonal planar — linear.
2. The C—C and C-H bonds become shorter and stronger.
3. The acidity of the C—H bonds increases.

All of these trends can be accommodated by the orbital hybridization model. The bond angles are characteristic for the sp3, spz, and sp
hybridization states of carbon and don’t require additional comment. The bond distances, bond strengths, and acidities are related to the s

character in the orbitals used for bonding. s Character is the fraction of the hybrid orbital contributed by an s orbital. Thus, an sp3 orbital has one

quarter s character and three quarters p, an sp2 orbital has one third s and two thirds p, and an sp orbital one half's and one half p. We then use this information
to analyze how various qualities of the hybrid orbital reflect those of its s and p contributors.
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Take C—H bond distance and bond strength, for example. Recalling that an electron in a 2s orbital is, on average, closer to the nucleus and more strongly
held than an electron in a 2p orbital, it follows that an electron in an orbital with more s character will be more strongly held than an electron in an orbital with
less s character. Thus, when a half-filled sp orbital of carbon overlaps with a half-filled hydrogen 1s orbital to give a C—H o bond, the bond is stronger and



shorter than one between hydrogen and spz—hybridized carbon. Similar reasoning holds for the shorter C—C bond distance of acetylene compared with
ethylene, although here the additional & bond in acetylene is also a factor.

The hybridization model for bonding in acetylene is depicted in Figure 2.17.

The pattern is repeated in higher alkynes as shown when comparing propyne and propene. The bonds to the sp-hybridized carbons of propyne are shorter
than the corresponding bonds to the spz-hybridized carbons of propene.

H CH;
\ s
H—C=C-—CH;4 C=C 151 pm
/ /‘ 4 \\ (151 A)
106 pm 146 pm H/ H
(1.06 &) 121 pm (146 A) 108 pm 134 pm
(1.21 A) (1L.OBA) (1.34A)
Propyne Propene

A good way to think about the effect of the s character is to associate it with electronegativity. As its s character increases, so does a carbon’s
electronegativity (the electrons in the bond involving that orbital are closer to carbon). The hydrogens in C—H bonds behave as if they are
attached to an increasingly more electronegative carbon in the series ethane — ethylene — acetylene. Page 335

How do bond distances and bond strengths change with electronegativity in the series NH3, H,O, and HF?

The property that most separates acetylene from ethane and ethylene is its acidity. It, too, can be explained on the basis of the greater electronegativity of
sp-hybridized carbon compared with sp° and sp.

9.5 Acidity of Acetylene and Terminal Alkynes

The C-H bonds of hydrocarbons show little tendency to ionize, and alkanes, alkenes, and alkynes are all very weak acids. The acid-dissociation constant K,

for methane, for example, is too small to be measured directly but is estimated to be about 10760 (pK, 60).

H — H H 3]
3 v N\ HE- +/
C—H + :0: — C: H—0O:
— i N
H H H
Methane Water Methanide ion Hydronium ion
(pK,=60) (a carbanion) (pKy=-1.7)

The conjugate base of a hydrocarbon is called a carbanion. It is an anion in which the negative charge is borne by carbon. Because it is derived from a

very weak acid, a carbanion such as “:CHj is an exceptionally strong base.

Using the relationship from the preceding section that the electronegativity of carbon increases with its s character (sp3 < sp2 < sp), the order of
hydrocarbon acidity is seen to increase with increasing s character of carbon.

¢«
e
[
CH;CH; <
pK.,: 62

weakest acid

Increasing acidity

(W @
@6
< ¢
H,C=CH,

-
N ¥ N¥

HC=CH

26
strongest acid



Ionization of acetylene gives acetylide ion in which the unshared electron pair occupies an orbital with 50% s character.

H H
A »/_\ / 9 +/
H—C=C— + HoH e H—C= + H—D{H

Acetylide ion Hydronium ion

Acetylene Water
(pPKa=-1.7)

(pKa=26)

In the corresponding ionizations of ethylene and ethane, the unshared pair occupies an orbital with 33% (sp?) and 25% (sp°) s character, respectively. The
greater % s character helps to stabilize the anion charge by allowing the negative charge to be held closer to the positively charged nucleus, ———
Figure 9.4 illustrates the effect of s character on the anion by comparing the conjugate bases of ethane, ethylene, and acetylene. Page 336

Increasing carbanion stability

H
H, H
\C & b & =
T C= H—C=C(C:
H/ |y / S
H H H
% s: 25% 33% 50%
most stable anion

least stable anion

Ethenyl anion ﬂ{2C=EHJ Ethynyl anion {HCE(_})

Ethyl anion (HsC—CH)

Figure 9.4

Electrostatic potential maps of carbanions. The negative charge (red) is most intense on the ethyl anion with the lowest % s character. The ethynyl
anion has the highest % s character, which places the negative charge closest to the positively charged nucleus. (The electrostatic potentials were

mapped on the same scale to allow direct comparison.)
Terminal alkynes (RCLICH) resemble acetylene in acidity.
(CH;):CC=CH pKa= 255
3.3-Dimethyl- [-butyne

Although acetylene and terminal alkynes are far stronger acids than other hydrocarbons, we must remember that they are, nevertheless, very weak acids—
much weaker than water and alcohols, for example. Hydroxide ion is too weak a base to convert acetylene to its anion in meaningful amounts. The position of

the equilibrium described by the following equation lies overwhelmingly to the left:

H—Cc=¢1HTF ~NO0H = H—C=CT + H—OH

Acetylene Hydroxide ion Acetylide ion Water
(weaker acid) (weaker base) (stronger base) (stronger acid)
pK,= 157

PK. =26

Because acetylene is a far weaker acid than water and alcohols, these substances are not suitable solvents for reactions involving acetylide ions. Acetylide

is instantly converted to acetylene by proton transfer from compounds that contain —OH groups.
Amide ion, however, is a much stronger base than acetylide ion and converts acetylene to its conjugate base quantitatively.

H—c=¢1uF SNiNH, — H—C=Ci + H—NH,

Acetylene Amide ion Acetylide ion Ammonia
(stronger acid) (stronger base) (weaker base) (weaker acid)
pK,=136

pK,= 26



Solutions of sodium acetylide (HCLICNa) may be prepared by adding sodium amide (NaNH,) to acetylene in liquid ammonia as the solvent. Terminal
alkynes react similarly to give species of the type RCLICNa.

Dogo 2
ge-337

Complete each of the following equations to show the conjugate acid and the conjugate base formed by proton transfer between the
indicated species. Use curved arrows to show the flow of electrons, and specify whether the position of equilibrium lies to the side of
reactants or products.

(a) CHsC=CH + :OCH; =—=
(B) HCSCH + H,CCHy =——
() H,C=CH, + “:NH, =—

(d) CHsC=CCH,OH + :NH, =—

Sample Solution (a) The equation representing the acid—base reaction between propyne and methoxide ion is:

CH3CEC’1H"+_"‘“~_:§§CH3 =——= CHiC=C: + H—OCH;

Propyne Methoxide ion Propynide ion Methanol
(weaker acid; (weaker base) (stronger base) (stronger acid;
PK; = 26) pk,=16)

Alcohols are stronger acids than acetylene, and so the position of equilibrium lies to the left. Methoxide ion is not a strong enough base
to remove a proton from acetylene.

Anions of acetylene and terminal alkynes are nucleophilic and react with methyl and primary alkyl halides to form carbon—carbon bonds by nucleophilic
substitution. They are such strong bases, however, that they react with secondary and tertiary alkyl halides by elimination.

9.6 Preparation of Alkynes by Alkylation of Acetylene and Terminal Alkynes

Organic synthesis makes use of two major reaction types:

1. Carbon—carbon bond-forming reactions

2. Functional-group transformations

Both strategies are applied to the preparation of alkynes. In this section we shall see how to prepare alkynes by carbon—carbon bond-forming reactions. By
attaching alkyl groups to acetylene (alkylation), more complex alkynes can be prepared.

H—C=C—H —RE=C—H — RE=C R
Acetylene Monosubstituted Disubstituted

or terminal alkyne derivative of acetylene

Alkylation of acetylene involves a sequence of two separate operations. In the first, acetylene is converted to its conjugate base by treatment with sodium
amide.

HC=CH + NaNH, —— HC=CNa + NH;
Acetylene Sodium amide Sodium acetylide Ammonia

Next, an alkyl halide is added to the solution of sodium acetylide. Acetylide ion acts as a nucleophile, displacing halide from carbon and forming a new
carbon—carbon bond. Substitution occurs by an SN2 mechanism.

- i

HC=CNa + RX —— HC=CR + NaX via HC=C: R—X

Sodium Alkyl Alkyne Sodium
acetylide halide halide

Note the similarity of this reaction to that of an alkyl halide with cyanide ion.



The synthetic sequence is normally carried out in liquid ammonia, diethyl ether, or tetrahydrofuran as the solvent. _—
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— NH
NaC=CH + .~ ~">g —= x

Sodium acetylide |-Bromobutane 1-Hexyne (70-77%)

An analogous sequence starting with terminal alkynes (RCLICH) yields alkynes of the type RCLICR'.

NENHQ )\//',_ Na+ CH:Br /L/{: H
NI =5 — =

4 Methyl- 1-pentyne Sodium 4-methylpentynylide 5-Methyl-2-hexyne (81%)

Dialkylation of acetylene can be achieved by carrying out the sequence twice.

1. NaNH,, NH, \ _ I. NaNH,,NH;  \

HC=CH ——— C=CH E=E—
2. CHaCH,Br 2. CH;Br

Acetylene

Outline efficient syntheses of each of the following alkynes from acetylene and any necessary organic or inorganic reagents:
(a) 1-Heptyne
(b) 2-Heptyne
(c) 3-Heptyne

Sample Solution (a) An examination of the structural formula of 1-heptyne reveals it to have a pentyl group attached to an acetylene unit.
Alkylation of acetylene, by way of its anion, with a pentyl halide is a suitable synthetic route to 1-heptyne.

NaNH CH3CH,CH,CH,CH,Br
HC=CH % HC=CNa T+ HC=CCH,CH,CHLCH,CH;
3
Acetylene Sodium acetylide 1-Heptyne

The major limitation to this reaction is that synthetically acceptable yields are obtained only with methyl and primary alkyl halides. Acetylide anions are
very basic, much more basic than hydroxide, for example, and react with secondary and tertiary alkyl halides by elimination.

f"\ ce —
H—— ' H——H + :< + B
\_J -

Acetylide  tert-Butyl bromide Acetylene 2-Methylpropene Bromide

Which of the alkynes of molecular formula CsHg can be prepared in good yield by alkylation or dialkylation of acetylene? Explain why the
preparation of the other C5Hg isomers would not be practical.

The following section describes an alternative strategy for alkyne synthesis by a two-fold elimination procedure.
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9.7 Preparation of Alkynes by Elimination Reactions

Just as it is possible to prepare alkenes by dehydrohalogenation of alkyl halides, so may alkynes be prepared by a double dehydrohalogenation of
dihaloalkanes. The dihalide may be a geminal dihalide, one in which both halogens are on the same carbon, or it may be a vicinal dihalide, one in which the
halogens are on adjacent carbons.



R’ , 2NaNH,
R i : —_— ;
RO o g R—=——R’+ 2NH; + 2NaX
X X
X
Geminal dihalide Vicinal dihalide Alkyne Ammonia  Sodium
halide

The most frequent applications of these procedures lie in the preparation of terminal alkynes. Because the terminal alkyne product is acidic enough to
transfer a proton to amide anion, one equivalent of base in addition to the two equivalents required for double dehydrohalogenation is needed. Adding water
or acid after the reaction is complete converts the sodium salt to the corresponding alkyne.

Double dehydrohalogenation of a geminal dihalide

NaNH, N\ ____ .., HO p N
NH / p— Nﬂ / —_—
Cl _
Cl
1,1-Dichloro-3.3- Sodium salt of alkyne 3.3-Dimethyl-
dimethylbutane product (not isolated) l-butyne (56—60%)

Double dehydrohalogenation of a vicinal dihalide

Br
3NaNH, . H-0 .
CH3(CHz)7— - N CH;3(CHy;—== Na" ——— CH3(CHy),
Br )
1.2-Dibromode cane Sodium salt of alkyne 1-Decyne (54%)

product (not isolated)

Double dehydrohalogenation to form terminal alkynes may also be carried out by heating geminal and vicinal dihalides with potassium tert-butoxide in
dimethyl sulfoxide.

Give the structures of three isomeric dibromides that could be used as starting materials for the preparation of 3,3-dimethyl-1-butyne.

Because vicinal dihalides are prepared by addition of chlorine or bromine to alkenes (Section 8.10), alkenes, especially terminal alkenes, can serve as
starting materials for the preparation of alkynes as shown in the following example:

/K/ Br . NaNH,, \lHa,
1 H.0 /\Q\

3-Methyl-1-butene 1,2-Dibromo-3- 3-Methyl-
methylbutane 1-butyne (52%)
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Show, by writing an appropriate series of equations, how you could prepare propyne from each of the following compounds as
starting materials. You may use any necessary organic or inorganic reagents.

a) 2-Propanol
d) 1,1-Dichloroethane

(

(d)

(b) 1-Propanol
(e) Ethyl alcohol
(

c) Isopropyl bromide

Sample Solution (a) Because we know that we can convert propene to propyne by the sequence of reactions



Br

Brz 1. NalNHz, NH
1/4'{\'\ —_— Br\)\q”H #ﬁ —_— _CH3
2.H0
CHs
Propene 1,2-Dibromopropane Propyne

all that remains to completely describe the synthesis is to show the preparation of propene from 2-propanol. Acid-catalyzed dehydration

is suitable.
oH H,50.
3 CHs
2-Propanol Propene

9.8 Reactions of Alkynes

We have already discussed one important chemical property of alkynes, the acidity of acetylene and terminal alkynes. In the remaining sections of this chapter
several other reactions of alkynes will be explored. Most of them will be similar to reactions of alkenes. Like alkenes, alkynes undergo addition reactions.
We’ll begin with a reaction familiar to us from our study of alkenes, namely, catalytic hydrogenation.

9.9 Hydrogenation of Alkynes

The conditions for hydrogenation of alkynes are similar to those employed for alkenes. In the presence of finely divided platinum, palladium, nickel, or
rhodium, two molar equivalents of hydrogen add to the triple bond of an alkyne to yield an alkane.

Pt, Pd, Ni, or Rh
RC=CR’ + 2H, ———"2L RCH,CH.R’
Alkyne Hydrogen Alkane
/’ 1
4-Methyl-1-hexyne Hydrogen 3-Methylhexane (77%)

Write a series of equations showing how you could prepare octane from acetylene and any necessary organic and inorganic reagents.

The heat of hydrogenation of an alkyne is greater than twice the heat of hydrogenation of an alkene. When two moles of hydrogen add to an alkyne,
addition of the first mole (triple bond — double bond) is more exothermic than the second (double bond — single bond).

Substituents affect the heats of hydrogenation of alkynes in the same way they affect alkenes. Compare the heats of hydrogenation of 1-butyne
and 2-butyne, both of which give butane on taking up two moles of H,. Page 341
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CH;CH,C=CH CH;C=CCH;

1-Butyne 2-Butyne

Heat of hydrogenation: 292 kl/mol 275 kJ/mol
(69.9 kcal/mol) (65.6 kcal/mol)

The internal triple bond of 2-butyne is stabilized relative to the terminal triple bond of 1-butyne. Alkyl groups release electrons to sp-hybridized carbon,
stabilizing the alkyne and decreasing the heat of hydrogenation.

Like the hydrogenation of alkenes, hydrogenation of alkynes is a syn addition; cis alkenes are intermediates in the hydrogenation of alkynes to alkanes.



R R’

el "l N ;
RC=CR catalyst /C _C\ catalyst RCH,CH,R
H H
Alkyne cis Alkene Alkane

The fact that cis alkenes are intermediates in the hydrogenation of alkynes suggests that partial hydrogenation of an alkyne would provide a method for
preparing:

1. Alkenes from alkynes, and

2. cis Alkenes free of their trans stereoisomers

The structure of quinoline is shown on page 461. In subsequent equations, we will simply use the term Lindlar Pd to stand for
all of the components of the Lindlar catalyst.

Both objectives are met with special hydrogenation catalysts. The most frequently used one is the Lindlar catalyst, a palladium on calcium carbonate
combination to which lead acetate and quinoline have been added. Lead acetate and quinoline partially deactivate (“poison”) the catalyst, making it a poor
catalyst for alkene hydrogenation while retaining its ability to catalyze the addition of H, to the triple bond.

4 \

+ u Pd/CaCO3
2 lead acetate,
OH quinoline OH
I-Ethynylcyclohexanol Hydrogen 1-Vinylcyclohexanol
(90-95%)
Hydrogenation of alkynes with internal triple bonds gives cis alkenes.
\,/_\ s H,
o Lindlar Pd —
H H
5-Decyne cis-5-Decene (87%)

Write a series of equations showing how to prepare cis-5-decene from acetylene and 1-bromobutane as the source of all its carbons,
using any necessary organic or inorganic reagents. (Hint: You may find it helpful to review Section 9.6.)

Sample Solution Page 342
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Hydrogenation of alkynes to alkenes using the Lindlar catalyst is attractive because it sidesteps the regioselectivity and stereoselectivity issues that
accompany the dehydration of alcohols and dehydrohalogenation of alkyl halides. In terms of regioselectivity, the position of the double bond is never in
doubt—it appears in the carbon chain at exactly the same place where the triple bond was. In terms of stereoselectivity, only the cis alkene forms. Recall that
dehydration and dehydrohalogenation normally give a cis—trans mixture in which the cis isomer is the minor product.

9.10 Addition of Hydrogen Halides to Alkynes

Alkynes react with many of the same electrophilic reagents that add to the carbon—carbon double bond of alkenes. Hydrogen halides, for example, add to
alkynes to form alkenyl halides.

RC=CR’ + HX — RCH:C|‘R'
X
Alkyne Hydrogen halide Alkeny! halide

The regioselectivity of addition follows Markovnikov’s rule. A proton adds to the carbon that has the greater number of hydrogens, and halide adds to the
carbon with the fewer hydrogens.

Br

\/\// r B \/\/1\\

1-Hexyne Hydrogen 2-Bromo-1-hexene (60%)
bromide

When formulating a mechanism for the reaction of alkynes with hydrogen halides, we could propose a process analogous to that of electrophilic addition
to alkenes in which the first step is formation of a carbocation and is rate-determining. According to such a mechanism, the second step would be nucleophilic

capture of the carbocation by a halide ion.
— \ I;\M\h". slow +ﬁl \--— fast = H
R———H + H~X: — R—'=< + :f‘.{: - Y—{

H H H

Alkyne Hydrogen Alkenyl cation  Halide ion Alkenyl halide
halide

Evidence from a variety of sources, however, indicates that alkenyl cations (also called vinylic cations) are much less stable than simple alkyl
cations, and their involvement in these additions has been questioned. Page 343

Kinetic studies suggest a transition state involving two molecules of the hydrogen halide and one of the alkyne. Figure 9.5 depicts a one-step
termolecular process that avoids the formation of a very unstable alkenyl cation intermediate by invoking nucleophilic participation by the halogen at an early
stage. Nevertheless, because Markovnikov’s rule is observed, it seems likely that some degree of positive character develops at carbon and controls the
regioselectivity of addition.

Cu
P H\—K
R H
R———H — =<
S /qk 1 Xt H
]_I\_;:g s
Figure 9.5

Curved-arrow notation for electrophilic addition of a hydrogen halide HX to an a kyne.

In the presence of excess hydrogen halide, geminal dihalides are formed by sequential addition of two molecules of hydrogen halide to the carbon—carbon
triple bond.



X

HX HX
RC=CR’' —— RCH=CR" —— RCH.,CR’
X X
Alkyne Alkenyl halide Geminal dihalide

The second mole of hydrogen halide adds to the initially formed alkenyl halide in accordance with Markovnikov’s rule. Overall, both protons become bonded
to the same carbon and both halogens to the adjacent carbon.

F F
\%\+ 2HF g /\)Q/

3-Hexyne Hydrogen fluoride 3.3-Difluorohexane (76%)

Design a synthesis of 1,1-dichloroethane from each of the following:
(a) Ethylene
(b) Vinyl chloride (H,CIICHCI)
(c) 1,1-Dibromoethane

Sample Solution (a) Reasoning backward, we recognize 1,1-dichloroethane as the product of addition of two molecules of hydrogen
chloride to acetylene. Thus, the synthesis requires converting ethylene to acetylene as a key feature. As described in Section 9.7, this
may be accomplished by conversion of ethylene to a vicinal dihalide, followed by double dehydrohalogenation. A suitable synthesis
based on this analysis is as shown:

B — 2HCI
H,C=CHy —2+.  BrCH.CHBr HC=CH

CHsCHCl»

Ethylene 1,2-Dibromoethane Acetylene 1,-Dichloroethane

9.11 Hydration of Alkynes

By analogy to the hydration of alkenes, hydration of an alkyne would be expected to yield an alcohol. This alcohol, however, would be a special kind, called
an enol, one in which the —OH group is attached to a carbon—carbon double bond. Except for the enol derived by hydration of acetylene itself, the

enols formed by hydration of alkynes rapidly isomerize to ketones under conditions of their formation. Page 344
1 OH 0]
' f
R—————R + HO S, RCH% ot R\)J\R:
R!
Alkyne Water Enol Ketone
(not isolated)

The ketone is called the keto form, and the keto ©—; enol equilibration is referred to as keto—enol isomerism or keto—enol tautomerism. Tautomers are
constitutional isomers that equilibrate by migration of an atom or group, and their equilibration is called tautomerism. Keto—enol isomerism involves the
sequence of proton transfers shown in Mechanism 9.1.

Conversion of an Enol to a Ketone

THE OVERALL REACTION:

OH (8]
\/)\/ \)I\/
Enol Ketone

(or aldehyde)



THE MECHANISM:

Step 1: In aqueous acid, the first step is proton transfer to the carbon—carbon double bond.

H ” H o
\ :OH +OH
e« A — » - 1

H w H

Hydronium Enol Water Conjugate acid of

ion ketone (or aldehyde)

Step 2: The conjugate acid of the ketone transfers a proton from oxygen to a water molecule, yielding a ketone.

A\ g
:5/ f—\ ,-*H 0 +;H
L0 b _ 0:

Conjugate acid of Water Ketone Hydronium
ketone (or (or aldehyde) ion
aldehyde)

The first step, protonation of the double bond of the enol, is analogous to the protonation of the double bond of an alkene. It takes place more readily,
however, because the carbocation formed in this step is stabilized by resonance involving delocalization of a lone pair of oxygen.

<./H ,,/H
A B

Of the two contributing structures, A satisfies the octet rule for both carbon and oxygen but B has only six electrons around its positively charged —————
carbon. Page 345

Give the structure of the enol formed by hydration of 2-butyne, and write a series of equations showing its conversion to its
corresponding ketone isomer.

In general, ketones are more stable than their enol isomers and are the products actually isolated when alkynes undergo acid-catalyzed hydration. The
standard method for alkyne hydration employs aqueous sulfuric acid as the reaction medium and mercury(II) sulfate or mercury(Il) oxide as a catalyst.

0
H,0* Hg’*
\/N/\ + Hz(:) 2 = \/\)I\/\

4-Octyne Water 4-Octanone (89%)

For previous examples of the reaction of mercury(ll) salts with multiple bonds, see “Descriptive Passage and Interpretive
Problems 8: Oxymercuration.”

Hydration of alkynes follows Markovnikov’s rule; terminal alkynes yield methyl-substituted ketones.
0
R RO |
+ 50
\/\/\/ Hy( HgS0,

1-Octyne Water 2-Octanone (91%)




Show by a series of equations how you could prepare 2-octanone from acetylene and any necessary organic or inorganic reagents. How
could you prepare 4-octanone?

9.12 Addition of Halogens to Alkynes

Alkynes react with chlorine and bromine to yield tetrahaloalkanes. Two molecules of the halogen add to the triple bond.

RC=CR’" + 2X, — RC—CFK’

X X
Alkyne Halogen Tetrahaloalkane
(chlorine or
bromine)
cl Cl
—= + 20, — ﬂ\((ﬂ
©l
Propyne Chlorine 1,1,2,2-Tetrachloro-

propane (63%)

Paga

[Some Things That Can Be Made from Acetylene ... But Aren’t

cetylene had several uses around the time of World War |, primarily because it burned with a hot, luminous flame. The
oxyacetylene torch and automobile and bicycle headlamps made by the Prest-O-Lite Company are representative of this
period.

In an attempt to find a route to acetylene other than from calcium carbide, Prest-O-Lite sponsored research carried out by
George O. Curme at Pittsburgh’s Mellon Institute. Curme’s research, which was directed toward converting the gases produced
during petroleum refining to acetylene, led to methods better suited for making ethylene than acetylene. Viewed from our present
perspective, Curme’s petroleum-based route to ethylene ranks as a major discovery. It wasn't at the time though, because ethylene
had virtually no uses before the 1920s. Curme’s second great contribution was the research he carried out to see what useful
products he could make from ethylene. The first was ethylene glycol, which became Prestone antifreeze. Others followed, and now
ethylene is clearly the most important industrial organic chemical—perhaps the most important of all industrial chemicals.

What about acetylene? Based on the reactions described in this chapter we can write the following equations, all of which lead
to useful compounds.

T HCI HCN 7

€ - A mm— e > N
. . '
Vi enonie ‘ Acrylonitrile
0] (0]
1
1
)]\ H Wesndensnned e » /\OJ]\
Acetaldehyde B0 CHAO0.H Vinyl acetate

In fact, very little of each of these products is made from acetylene. Ethylene is the starting material for the preparation of vinyl
chloride, vinyl acetate, and acetaldehyde. Propene is the starting material for acrylonitrile.

Economics dictate the choice of alkene in each case. Acetylene, because of the high energy cost of preparing it, is much more
expensive than ethylene and propene. At present, acetylene is used as a starting material only in those few countries where local
coal versus petroleum prices favor it. Ethylene comes from petroleum, acetylene can be made from coal. In time, as petroleum
becomes increasingly expensive, acetylene-based syntheses may become competitive with ethylene-based ones.

J




A dihaloalkene is an intermediate and is the isolated product when the alkyne and the halogen are present in equimolar amounts. The stereochemistry of
addition is anti.

Br
/\/ £ Bry - . =
Br
3-Hexyne Bromine (E)-3.4-Dibromo-3-
hexene (90%)

9.13 Ozonolysis of Alkynes

Carboxylic acids are produced when alkynes are subjected to ozonolysis.

Recall that when carbonic acid is formed as a reaction product, it dissociates to carbon dioxide and water.

0O O
1o, I
RC=CR m) RCOH + HOCR
/ 1. Oy O O
. OH HO OH
1-Hexyne Pentanoic acid (51%) Carbonic acid

As was the case in the reaction of ozone with alkenes (Section 8.12), ozonolysis of alkynes is sometimes used as a tool in structure
determination. By identifying the carboxylic acids produced, we can deduce the structure of the alkyne. As with many other chemical methods of Page 347
structure determination, however, it has been superseded by spectroscopic methods such as those to be described in Chapter 14.

A certain hydrocarbon had the molecular formula C4gHog and contained two triple bonds. Ozonolysis gave CH3(CH5)4COoH and
HO,CCH,CH,CO5H as the only products. Suggest a reasonable structure for this hydrocarbon.

9.14 Alkynes in Synthesis and Retrosynthesis

Acetylene occupies a useful position in organic synthesis in that it can be applied to C—C bond formation by reaction of its conjugate base with alkylating
agents such as alkyl halides and sulfonates. The chain-extended product retains the triple bond and can undergo subsequent addition reactions to give other
classes of organic compounds or be subjected to a second alkylation. The following illustrates the retrosynthetic approach and incorporates a chain extension
plus two functional-group transformations.

Example: Outline a synthesis of 1,2-epoxybutane using ethyl bromide and acetylene as sources for all the carbon atoms.

We determine the last step in the synthesis by recognizing that the most common route to epoxides is via the reaction of alkenes with peroxy acids.
/\<J:) — //\\//

The problem now is to prepare 1-butene from ethyl bromide and acetylene, a process that clearly requires C—C bond formation. We can do this in two
operations, shown retrosynthetically as:

M fr— / — — //\\Br + HC=C:

Based on this analysis, the synthesis becomes:

o NaNH, o CH,CH,Br H,, Lindlar Pd CH,CO,0H
HC=CH —_—~ HC=CNa N P <

3




Outline a synthesis of (Z)-H,C[ICHCH,CH,CHIJCHCH3 from propyne, organic compounds with four carbons or fewer, and any
necessary inorganic reagents.

Section 9.1

Section 9.2

Section 9.3

Section 9.4

Section 9.5

Sections
9.6-9.7

Alkynes are hydrocarbons that contain a carbon—carbon triple bond. Simple alkynes having no other functional groups or rings
have the general formula C,H,,_,. Acetylene is the simplest alkyne.

Alkynes are named in much the same way as alkenes, using the suffix -yne instead of -ene. M

G.Q‘&

V= @866 m
00"

4,4-Dimethyl-2-pentyne
The physical properties (boiling point, solubility in water, dipole moment) of alkynes resemble those of alkanes and alkenes.

Acetylene is linear and alkynes have a linear geometry of their X—CLIC—Y units. The carbon—carbon triple bond in alkynes is
composed of a ¢ and two T components.

‘@8

The triple-bonded carbons are sp-hybridized. The ¢ component of the triple bond contains two electrons in an orbital generated by
the overlap of sp-hybridized orbitals on adjacent carbons. Each of these carbons also has two 2p orbitals, which overlap in pairs so
as to give two 7 orbitals, each of which contains two electrons.

Acetylene and terminal alkynes are more acidic than other hydrocarbons. They have pK,s of approximately 26, compared with

about 45 for alkenes and about 60 for alkanes. Sodium amide is a strong enough base to remove a proton from acetylene or a
terminal alkyne, but sodium hydroxide is not.

CH,CH,C=CH + NaNH, ——> CH;CH,C=CNa + NH,
1-Butyne Sodium amide Sodium 1-butynide Ammonia

Table 9.2 summarizes the methods for preparing alkynes.



TABLE 9.2 Preparation of Alkynes

Reaction (section) and comments

Alkylation of acetylene and terminal alkynes (Section 9.6)
The acidity of acetylene and terminal alkynes permits
them to be converted to their conjugate bases on treat-
ment with sodium amide. These anions are good nucleo-
philes and react with methyl and primary alkyl halides

to form carbon—carbon bonds. Secondary and tertiary
alkyl halides cannot be used, because they yield only
elimination products under these conditions.

Double dehydrohalogenation of geminal dihalides
(Section 9.7) An E2 elimination reaction of a geminal
dihalide yields an alkenyl halide. If a strong enough base
is used, sodium amide, for example, a second elimination
step follows the first and the alkenyl halide is converted
to an alkyne.

Double dehydrohalogenation of vicinal dihalides
(Section 9.7) Dihalides in which the halogens are on
adjacent carbons undergo two elimination processes
analogous to those of geminal dihalides.

General equation and specific example

RC=CH + NaNH,; RC=CNa + NH3
Alkyne Sodium Sodium Ammeonia
amide alkynide

RC=CNa + RCHX —— RC=CCHz;R' + NaX
Sodium Primary Alkyne Sodium
alkynide alkyl halide halide

‘\ 1. NaNH,, NH; \

/ 2. CH4l o
3,3-Dimethyl-1- 4,4-Dimethyl-2-

butyne pentyne (96%)

i
R?—CIR’ + 2NaNH; RC=CR" + 2NaX + 2NHs3
H X
Geminal Sodium Alkyne Sodium Ammonia
dihalide amide halide

1. 3NaNH2, NHs .

2. H,0 / -
3,3-Dimethyl-1-
butyne (56—60%)

P
Cl
1, 1-Dichloro-3,3-

dimethylbutane

HooH
i
RC—CR' + 2NaNH, —= RC=CR' + 2NaX + 2NHj
| |

X X
Vicinal Sodium Alkyne Sodium Ammonia
dihalide amide halide
Br 1. 3NaNHz, NHa
/\l/\ - /\\\\\

Br

1,2-Dibromobutane 1-Butyne (78-85%)

Hydrogenation of alkynes in the presence of the customary metal catalysts consumes two molar equivalents of H, to give alkanes.

2H,, Pt
— =

Cyclodecane (71%)

Special catalysts allow hydrogenation to be halted at the alkene stage. Lindlar palladium is often used. Hydrogenation occurs with

Hz
S
/\/\ Lindlar Pd

Hydrogen halides add to alkynes in accordance with Markovnikov’s rule to give alkenyl halides. In the presence of 2 Page 349

Section 9.8 Like alkenes, alkynes undergo addition reactions.
Section 9.9
Cyclodecyne
syn stereochemistry to yield a cis alkene.
2-Heptyne
Section 9.10

ﬁ\/\/

cis-2-Heptene (59%)

mol of hydrogen halide, a second addition occurs to give a geminal dihalide.



Br Br
Propyne Hydrogen 2,2-Dibromopropane (100%)
bromide

Section 9.11 Hydration of alkynes in the presence of ngJr salts yields ketones by way of an unstable enol intermediate. The enol arises by
addition of water to the double bond according to Markovnikov’s rule.

H,S0 O
“A~Z + BO —
HgS0,
1-Hexyne Water 2-Hexanone
(80%)

Section 9.12  Addition of 1 mol of chlorine or bromine to an alkyne yields a trans dihaloalkene. A tetrahalide is formed on addition p, e 350
of a second equivalent of the halogen. _age

Cl
Cl
€l
Propyne Chlorine 1,1,2,2-Tetrachloropropane
(63%)

Section 9.13  Carbon—carbon triple bonds can be cleaved by ozonolysis. The cleavage products are carboxylic acids.

0 0
/\/ ;l}?; /\)]\DH ' )I\DH

2-Hexyne Butancic acid Acetic acid

Section 9.14  Alkylation of acetylene followed by functional-group transformations involving the triple bond of the resulting alkyne can be
applied to the synthesis of a wide range of organic compounds.

Structure and Nomenclature

9.16 Provide the IUPAC name for each of the following alkynes:
(a) CHyCH,CH,C=CH
(b) CHyCH,C=CCH;, | |

(€) CHiC ECC|IHCH(CH312
CH; ()

@ [ >—cH,cH,CH,C=CH (@ -
@© > T %

9.17 Write a structural formula for each of the following:
(a) 1-Octyne



(e) 2,5-Dimethyl-3-hexyne

(b) 2-Octyne

(f) 4-Ethyl-1-hexyne

(c) 3-Octyne

(g) Ethynylcyclohexane

(d) 4-Octyne

(h) 3-Ethyl-3-methyl-1-pentyne

9.18 All compounds in Problem 9.17 are isomers except one. Which one?

9.19 Oropheic acid is the common name of a naturally occurring acetylenic carboxylic acid having the molecular formula C;gH,,0,. Its
systematic name is 17-octadecene-9,11,13-triynoic acid. What is its structural formula?

Reactions

9.20 Write structural formulas for all the alkynes of molecular formula CgH 4 that yield 3-ethylhexane on catalytic hydrogenation.

9.21 An unknown acetylenic amino acid obtained from the seed of a tropical fruit has the molecular formula C7H;;NO,. On catalytic
hydrogenation over platinum, this amino acid yielded homoleucine (an amino acid of known structure shown here) as the only product.
What is the structure of the unknown amino acid?

0
0"
+NH;
Homoleucine

9.22 Oleic acid and stearic acid are naturally occurring compounds, which can be isolated from various fats and oils. In the p, ge 351
laboratory, each can be prepared by hydrogenation of a compound known as stearolic acid, which has the formula
CHj3(CH,)7CC(CH,)7CO,H. Oleic acid is obtained by hydrogenation of stearolic acid over Lindlar palladium; stearic acid is
obtained by hydrogenation over platinum. What are the structures of oleic acid and stearic acid?

9.23 The alkane formed by hydrogenation of (S)-4-methyl-1-hexyne is optically active, but the one formed by hydrogenation of (S)-3-methyl-
1-pentyne is not. Explain. Would you expect the products of hydrogenation of these two compounds in the presence of Lindlar palladium
to be optically active?

9.24 Write the structure of the major organic product isolated from the reaction of 1-hexyne with

(a) Hydrogen (2 mol), platinum
(b) Hydrogen (1 mol), Lindlar palladium
(c¢) Sodium amide in liquid ammonia
(d) Product in part (c) treated with 1-bromobutane
(e) Product in part (c) treated with zert-butyl bromide
(f) Hydrogen chloride (1 mol)
(g) Hydrogen chloride (2 mol)
(h) Chlorine (1 mol)
(1) Chlorine (2 mol)
(j) Aqueous sulfuric acid, mercury(Il) sulfate
(k) Ozone followed by hydrolysis
9.25 Write the structure of the major organic product isolated from the reaction of 3-hexyne with

(a) Hydrogen (2 mol), platinum

(e) Chlorine (1 mol)

(b) Hydrogen (1 mol), Lindlar palladium
(f) Chlorine (2 mol)

(c) Hydrogen chloride (1 mol)



(g) Aqueous sulfuric acid, mercury(II) sulfate
(d) Hydrogen chloride (2 mol)
(h) Ozone followed by hydrolysis

9.26 When 2-heptyne was treated with aqueous sulfuric acid containing mercury(Il) sulfate, two products, each having the molecular formula
C7H, 40, were obtained in approximately equal amounts. What are these two compounds?

9.27 All the following reactions have been described in the chemical literature and proceed in good yield. In some cases the reactants are more
complicated than those we have so far encountered. Nevertheless, on the basis of what you have already learned, you should be able to
predict the principal product in each case.

__ I
(a) NaC=CH + CIW\/ —_—

Br
Br 1. excess NalNH,, NH,
(b) Br 2.H,0
Br
Cl
/ i KOC(CH;);, DMSO
© D \ e heat

0
[ /\

() C=CNa + CH3CH20ﬁ CH, —=
O ey

3
() Cyclodecyne 21,0

CH
V

c 1.05
(f) <:>< 2. Hg;l}
OH
S H,0.H,50,
(g) )\& H—g{)'-
(h) Q + NaC=CCH,CH,CH,CH; —=

0 O(CH,)sCl

Hy

(1) Product of part (h) m“

9.28 Compound A has the molecular formula C;4H,sBr and was obtained by reaction of sodium acetylide with 1,12- PaL352

dibromododecane. On treatment of compound A with sodium amide, it was converted to compound B (Ci4H;4). Ozonolysis

of compound B gave the diacid HO,C(CH,){,CO,H. Catalytic hydrogenation of compound B over Lindlar palladium gave compound C
(C4Hy¢), and hydrogenation over platinum gave compound D (C 4H,g). C yielded OLJCH(CH,);,CHIIO on ozonolysis. Assign
structures to compounds A through D so as to be consistent with the observed transformations.

Synthesis

9.29 When 1,2-dibromodecane was treated with potassium hydroxide in aqueous ethanol, it yielded a mixture of three isomeric compounds of
molecular formula CyH;¢Br. Each of these compounds was converted to 1-decyne on reaction with sodium amide in dimethyl sulfoxide.

Identify these three compounds.

9.30 Show by writing appropriate chemical equations how each of the following compounds could be converted to 1-hexyne:
(a) 1,1-Dichlorohexane
(c) Acetylene
(b) 1-Hexene
(d) 1-Iodohexane



9.31

Show by writing appropriate chemical equations how each of the following compounds could be converted to 3-hexyne:
(a) 1-Butene

(b) 1,1-Dichlorobutane

(c) Acetylene

9.32 Diphenylacetylene can be synthesized by the double dehydrohalogenation of 1,2-dibromo-1,2-diphenylethene. The sequence starting from
(E)-1,2-diphenylethene consists of bromination to give the dibromide, followed by dehydrohalogenation to give a vinylic bromide, then a
second dehydrohalogenation to give diphenylacetylene.

Br
CH; : ; CeH;
e Bry /'SNTV KOH
CeH: — > CH; “ethanol
Br
(E}-1,2-Diphenylethene meso-1,2-Dibromo-
1,2-diphenylethane
C B —}KOH -C=C-
14Hy Br 190°C =
Vinylic bromide
Diphenylacetylene
(a) What is the structure, including stereochemistry, of the vinylic bromide?
(b) If the sequence starts with (Z)-1,2-dibromo-1,2-diphenylethene, what is (are) the structure(s) of the intermediate dibromide(s)? What
is the structure of the vinylic bromide?

9.33 (£)-9-Tricosene [(£)-CH3(CH,);CHLCH(CH,),CH3] is the sex pheromone of the female housefly. Synthetic (Z)-9-tricosene PaL353
is used as bait to lure male flies to traps that contain insecticide. Using acetylene and alcohols of your choice as starting
materials, along with any necessary inorganic reagents, show how you could prepare (Z2)-9-tricosene.

9.34 The ketone 2-heptanone has been identified as contributing to the odor of a number of dairy products, including condensed milk and
cheddar cheese. Describe a synthesis of 2-heptanone from acetylene and any necessary organic or inorganic reagents.

j\/‘\/\
2-Heptanone

9.35 Assume that you need to prepare 4-methyl-2-pentyne and discover that the only alkynes on hand are acetylene and propyne. You also have
available methyl iodide, isopropyl bromide, and 1,1-dichloro-3-methylbutane. Which of these compounds would you choose in order to
perform your synthesis, and how would you carry it out?

9.36 Show by writing a suitable series of equations how you could prepare each of the following compounds from the designated starting
materials and any necessary organic or inorganic reagents:

(a) 2,2-Dibromopropane from 1,1-dibromopropane
(b) 2,2-Dibromopropane from 1,2-dibromopropane
(c) 1,1,2,2-Tetrachloropropane from 1,2-dichloropropane
(d) 2,2-Diiodobutane from acetylene and ethyl bromide
(e) 1-Hexene from 1-butene and acetylene
(f) Decane from 1-butene and acetylene
(g) Cyclopentadecyne from cyclopentadecene
from —
(h) N < >
Mechanism
9.37 Alkynes undergo hydroboration to give alkenylboranes, which can be oxidized to give carbonyl compounds with hydrogen peroxide. The

net result of the two-step sequence is hydration, which gives aldehydes from terminal alkynes.



R
1.R,BH R H H,0, 0
R—C=CH >—.< —
2.1,0,, NaOH
H BR/, H

Alkenylborane

The oxidation step involves an enol intermediate. Using Mechanism 9.1 as a guide, write the structure of the enol that is formed in the
conversion of 1-hexyne to hexanal.

0

/‘\/\.)J\H

Hexanal

1.R4BH
2. Hy0,, NaOH

/\/\\\\\

1-Hexyne
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Thinking Mechanistically About Alkynes

The preparation and properties of alkynes extend some topics explored in earlier chapters:

¢ Alkynes can be prepared by elimination reactions related to the E2 dehydrohalogenation of alkyl halides used to prepare alkenes.
¢ Alkynes can be prepared by SN2 reactions in which a nucleophile of the type RCLIC:™ reacts with a primary alkyl halide.

» Alkynes undergo addition reactions, especially electrophilic addition, with many of the same compounds that add to alkenes.

The greater s character of sp hybrid orbitals compared with sp> and sp? gives alkynes certain properties beyond those seen in alkanes and alkenes. It is
convenient to think of sp-hybridized carbon as more electronegative than its sp? or sp> counterparts.

e The [IC-H unit of an alkyne is more acidic than a C—H unit of an alkene or alkane, allowing acetylene and terminal alkynes to be converted to their
conjugate bases [1C:” by NaNH,.

o Unlike alkenes, alkynes are reduced by metals, especially Li, Na, and K.

¢ Unlike alkenes, alkynes can undergo nucleophilic as well as electrophilic addition.

oL

Rt

Nu:™ is a nucleophile

—C=C—
Bt <’

E" is an electrophile
Problems 9.38-9.42 emphasize mechanistic reasoning. By thinking mechanistically you reduce the need to memorize facts while increasing your

ability to analyze and understand new material. Nucleophilic addition to alkynes, for example, is not covered in this chapter but is the focus of Problem
9.42, which can be solved by thinking mechanistically.

9.38 Which of the following best describes what happens in the first step in the mechanism of the reaction shown?
B NH =
\/\( T 4+ 3NaNH, 2 \ =: Na' + 2NaBr + 3NH;
Br
o i 2=
H,N* BN B2 "
Br \/Q[/Br \/\C%Br \/lQrBr
22 = ) o]
Z]_SIIZ :]I?!r: :]_31'; :Br:
A, B. C. D.
9.39 Which of the following best describes what happens in the first step in the mechanism of the hydrogen—deuterium exchange reaction

shown?



D—=—CH; — o~ H—=—CH,
- A
. D———o~"H; HEN:(\ Dm%(}l3 D—=—CH; D—=—CH;
H,N—H = i
zv. \_,/ L;N‘Hz H;:N=-)
A B. c D

9.40 Electrophilic addition of fluorosulfonic acid (FSO,OH) to propyne proceeds by way of a very unstable vinyl cation Page 355
intermediate. What is the most reasonable structure, including geometry, of this intermediate? (Hint: Use VSEPR to deduce

the geometry.)
H H CH; + CH; CH;
>=C—CH3 >={ H_C=< ;=<
H ° H H H H
A, B. G D.
9.41 Rates of Br, addition were measured for a series of alkynes, giving the data shown.

Relative rate of Br, addition

- . =

HC=CH CH,C=CH CH,C=CCH; CH;C=CC(CHj)
1.0 13.4 120 558

Assuming that Br, addition to alkynes proceeds through rate-determining formation of a cyclic bromonium ion, what generalizations can
you make about the structure of the rate-determining transition state?

Positive charge development  More important effect

at carbons in original of substituents on
triple bond triple bond
A. One carbon only Electron donation
B. One carbon only Steric hindrance
C. Both carbons Electron donation
D. Both carbons Steric hindrance
9.42 Nucleophilic addition can occur with alkynes that bear strong electron-attracting substituents such as CF3 on the triple bond. Predict the

product of nucleophilic addition of CH30D to 3,3,3-trifluoropropyne. The stereochemistry of addition is anti, and the first step in the

mechanism is bond formation between CH3;0 ™ and one of the carbons of the triple bond.

NaOCH;
HC=CCF; ~Cm,op ~

H CF3 H D H CIFS D CIFS
CHO D CHO  CF D; o: CH, H o: CH,

A B. C. D.
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Stars that are well along in their lifetime are descr bed as “evolved.” While using up their nuclear fuel, these evolved stars produce a stellar
wind that carries chemical substances from the interior to the envelope surrounding the surface. Most of these substances have very simple
molecular formulas, but unusual structures. CoH, for example, cannot be represented by a structural formula in which all of its electron spins
are paired. It belongs to a class of compounds we call “free radicals.”

Source: NASA
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Introduction to Free Radicals




There is a pronounced chemical bias in favor of compounds that have an even number of electrons—electron pairs and the octet rule testify to this. Our
familiarity with paired electrons doesn’t mean, however, that compounds with an odd number of electrons don’t exist. They do, in both inorganic and
organic chemistry and must, of necessity, contain at least one unpaired electron. Two of the oxides of nitrogen furnish us with inorganic examples.

T it
TN=0: e

:0% "0

Nitrogen monoxide Nitrogen dioxide

Although known for hundreds of years, nitrogen monoxide has only recently been found to be an important biochemical messenger and moderator of so
many biological processes that it’s fair to ask “Which ones is it not involved in?” Nitrogen dioxide produced by combustion of various fuels, especially
gasoline, contributes significantly to air pollution in cities.

For more on the role of NO in physiology, see the boxed essay Oh NO! it’s Inorganic! in Chapter 25.

Species that contain unpaired electrons are called free radicals. Some, such as nitrogen monoxide and dioxide, are stable species. —————
Others, and these are the ones of interest in this chapter, occur as intermediates in chemical reactions—formed in one step of a mechanism Page 357
and consumed in another. We’ll begin with a description of structure and bonding in carbon-centered free radicals, then introduce reactions —
of alkanes, alkenes, and alkynes that involve them as intermediates.

10.1 Structure, Bonding_], and Stability of Alkyl Radicals

Alkyl radicals are characterized by the presence of a carbon with three bonds and are classified as primary, secondary, or tertiary according to the
number of carbon atoms directly attached to the one that bears the unpaired electron.

H H H R
L T S
H H R R

Methyl Primary Secondary Tertiary
radical radical radical radical

Two possibilities can be considered for bonding in methyl radical. According to the model shown in Figure 10.1a, carbon is sp2-hybridized and the
unpaired electron occupies a 2p orbital. Alternatively, as shown in Figure 10.1b, carbon is sp3-hybridized, and one of its orbitals contains only one
electron. Of the two extremes, experimental studies indicate that the planar sp2 model describes the bonding in alkyl radicals better than the pyramidal
sp3 model. Methyl radical is planar, and more highly substituted radicals such as fert-butyl are flattened pyramids closer in shape to that expected for
sp2-hybridized carbon than for sp3.

(a) (b)
Planar CH5 Pyramidal CH5
Carbon is sp™hybridized Carbon is sp*-hybridized
(120° bond angles). Unpaired (109.5° bond angles). Unpaired
electron is in 2p orbital. electron is in sp*-hybridized orbital.
Figure 10.1

Bonding in methyl radical. Model (a) is more consistent with experimental observations.



Stabilization of carbocations by hyperconjugation was described in Section 5.9.

Free radicals, like carbocations, are stabilized by substituents such as alkyl groups that can donate electrons to the unfilled orbital by
hyperconjugation, where the unpaired electron, plus electrons in ¢ bonds that are f to the radical site, are delocalized. This delocalization is illustrated in
Figure 10.2, which compares the calculated spin density in methyl and ethyl radical. Spin density is a measure of the unpaired electron density at a
particular point in a molecule—it tells us where the unpaired electron is most likely to be. In the case of methyl radical, which cannot be stabilized by
hyperconjugation, the spin density is concentrated on a single atom, carbon. In ethyl radical, hyperconjugation allows the spin density to be shared by
the spz-hybridized carbon plus the three hydrogens of the methyl group.

4 Q 4
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by - (6) H,C—CH,

Figure 10.2

The calculated spin density (yellow) in methyl and ethyl radical. (a) The unpaired electron in methyl radical is localized in a p orbital of sp2-
hybridized carbon. (b) The unpaired electron in ethyl radical is shared by the sp2-hybridized carbon and by the hydrogens of the CH3 group.

More highly substituted radicals are more stable than less highly substituted ones because they have more electron pairs f to the radical site. The
order of free-radical stability parallels that of carbocations.

Increasing stability
H H H R
H—: R—(: R—: R—(:
H H R R

Methyl radical Primary Secondary Tertiary radical
(least stable) radical radical (most stable)

Write a line formula for all the free radicals that have the formula CsH44 and classify each as primary, secondary, or tertiary. Which
one is the most stable?

Some of the evidence indicating that alkyl substituents stabilize free radicals comes from comparing C—H bond strengths in alkanes. A covalent
bond can be broken in two ways. In a homolytic cleavage a bond between two atoms is broken so that each atom retains one of the electrons in the
bond. Conversely, both electrons are retained by one of the atoms in a heterolytic cleavage.

N N
+ -
XY — = Xe 4 ouY XY — X" F 1Y
|
Homolytic bond cleavage Heterolytic bond cleavage

We can assess the relative stability of alkyl radicals by measuring the enthalpy change (AH®) for the homolytic cleavage of a C—H bond in an alkane:

™
R—H

i,

R- + -H



The more stable the radical, the lower the energy required to generate it by homolytic cleavage of a C—H bond. This energy is called the bond
dissociation enthalpy (D). Table 10.1 gives some examples.

V- IRLXB Some Bond Dissociation Enthalpies* j Page 359

Bond dissociation Bond dissociation
enthalpy (D) enthalpy (D)

Bond kJ/mol keal/mol Bond kd/mol kcal/mol
Diatomic molecules
H—H 436 104 H—F 571 136
i 159 38 H—CI 432 103
CI—Cl 243 58 H—Br 366 875
Br—Br 193 46 H—I 298 71
=il 151 36
Alkanes
CH:—H 439 105 CHs—CHs 375 90
CH3;CH,—H 421 100.5 CH3CH,—CH; 369 88
CH3CH,CH,—H 423 101
(CH;),CH—H 413 99
(CH;3),CHCH,—H 422 101 (CH3),CH—CH; 370 88
(CHz);C—H 400 95 (CHz)sC—CH4 362 86
Alkyl halides
CHs—F 459 110 (CHz).CH—CI 355 85
CH;—CI 351 84 (CH),CH—Br 297 72
CH;—Br 292 70
CHz—I 238 57
CH5CH,—ClI 350 83 (CH3);C—ClI 349 83
CH3CH,CH;—ClI 354 85 (CH3);C—Br 292 69

*Bond dissociation enthalpies refer to the bond indicated in each structural formula and were calculated from standard enthalpy of formation values as
recorded in the NIST Standard Reference Database Number 69, http://webbook nist.gov/chemistry/.

As the table indicates, C—-H bond dissociation enthalpies in alkanes are approximately 400440 kJ/mol (95-105 kcal/mol). Cleaving the H-CHj
bond in methane gives methyl radical and requires 439 kJ/mol (105 kcal/mol). The dissociation enthalpy of the H-CH,CHj3 bond in ethane, which gives

a primary radical, is somewhat less (421 kJ/mol, or 100.5 kcal/mol) and is consistent with the notion that ethyl radical (primary) is more stable than
methyl.

The dissociation enthalpy of the terminal C—H bond in propane is almost the same as that of ethane. Like ethyl, propyl is a primary free radical.

R bt 4 AH® = +423 KI/mol
(101 kcal/mol)
Propane Propyl radical Hydrogen
(primary) atom

Note, however, that Table 10.1 includes two entries for propane. The second entry corresponds to the cleavage of a bond to one of the hydrogens of
the methylene group. It requires slightly less energy to break a C—H bond in the methylene group than in the methyl group.



\( S—— . e AH® = +413 kJ/mol
0 : (99 kcal/mol)

Propane Isopropyl radical Hydrogen
{secondary) atom

Because the starting material (propane) and one of the products (H-) are the same in both processes, the difference in bond dissociation
enthalpies is equal to the energy difference between a propyl radical (primary) and an isopropyl radical (secondary). As depicted in Figure Page 360
10.3, the secondary radical is 10 kJ/mol (2 kcal/mol) more stable than the primary radical.

Propyl radical (primary) l
CH;CH;CH; + He
10 kJ/mol Isopropyl radical (secondary)
(2 keal/mol) -
e ("H,CHCH; + H=
T 423 kJ/mol
2 (101 kcal/mol) 413 kJ/fmol
E (99 kcal/mol)
[54]
CH;CH,CH;
Propane
Figure 10.3

The bond dissociation enthalpies of methylene and methyl C—H bonds in propane reveal a difference in stabilities between two isomeric free
radicals. The secondary radical is more stable than the primary.

Similarly, by comparing the bond dissociation enthalpies of the two different types of C—H bonds in 2-methylpropane, we see that a tertiary radical is
22 kJ/mol (6 kcal/mol) more stable than a primary radical.

~H o - AH® = +422 kJ/mol
(101 kcal/mol)

2-Methylpropane Isobutyl radical Hydrogen
(primary ) atom
H
' — T +  He AH® = +400 kJ/mol
{95 kcal/mol)
2-Methylpropane tert-Butyl radical Hydrogen
(tertiary ) atom

The C-CI bond dissociation enthalpies of propyl and isopropyl chloride are the same within experimental error (see Table 10.1).
However, it is incorrect to conclude that the data indicate equal stabilities of propyl and isopropyl radical. Why? Why are the bond
dissociation enthalpies of propane a better indicator of the free-radical stabilities?

Like carbocations, most free radicals are exceedingly reactive species—too reactive to be isolated but capable of being formed as intermediates in
chemical reactions. Methyl radical, as we shall see in Section 10.2, is an intermediate in the chlorination of methane.

10.2 Halogenation of Alkanes

Alkanes react with halogens according to the equation:



The alkane is said to undergo fluorination, chlorination, bromination, or iodination according to whether X, is F,, Cl,, Bry, or I,,
respectively. The general term is halogenation. Chlorination and bromination are the most widely used.

R—H + X, R—X + H—X
Alkane Halogen Alkyl halide Hydrogen halide

The reactivity of the halogens decreases in the order F, > Cl, > Br, > I,,. Fluorine is an extremely aggressive oxidizing agent, and its

reaction with alkanes is strongly exothermic and difficult to control. Chlorination of alkanes is less exothermic than fluorination, and bromination less
exothermic than chlorination. Iodine is unique among the halogens in that its reaction with alkanes is endothermic; consequently, alkyl iodides are never

prepared by iodination of alkanes.

Volume 11 of Organic Reactions, an annual series that reviews reactions of interest to organic chemists, contains the
statement “Most organic compounds bumn or explode when brought in contact with fluorine.”
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Use the data in Table 10.1 to calculate AH® for the iodination of methane.

N

From Bond Enthalpies to Heats of Reaction

ou have seen that measurements of heats of reaction, such as heats of combustion, can provide quantitative information
concerning the relative stability of constitutional isomers (Section 2.23) and stereoisomers (Section 3.11). The boxed
essay in Section 2.23 described how heats of reaction can be manipulated arithmetically to generate heats of formation
(AH®%) for many molecules. The following material shows how two different sources of thermochemical information, heats of

formation and bond dissociation enthalpies (see Table 10.1), can reveal whether a particular reaction is exothermic or
endothermic and by how much.

Consider the chlorination of methane to chloromethane. The heats of formation of the reactants and products appear
beneath the equation. These heats of formation for the chemical compounds are taken from published tabulations; the heat of
formation of chlorine is zero, as it is for all elements.

CH, + Cl, —> CH,Cl + HC

AH¢kJ/mol: 74.8 0 -837 -92.3
(kcal/mol) 17.9) ) ~20.0) —229)

The overall heat of reaction is given by
AH° = ¥ (heats of formation of products) — Z (heats of formation of reactants)
AH? (kJ/mol) = (-83.7 — 92.3) — (-74.8) = —101.2 kJ/mol
AH° (kcal/mol) = (-20.0 - 22.1) = (=17.9) = —24.2 kcal/mol
Thus, the chlorination of methane is calculated to be exothermic on the basis of heat of formation data.

The same conclusion is reached using bond dissociation enthalpies. The following equation shows the bond dissociation
enthalpies of the reactants and products taken from Table 10.1:

CH, + Cl, —> CH5Cl + HCl

BDE kJ/mol: 439 243 351 432
(kcalVmol) (105) (58 (84) (103)

Because stronger bonds are formed at the expense of weaker ones, the reaction is exothermic and
AH° = Z(BDE of bonds broken) — Z(BDE of bonds formed)
AH° (kJ/mol) = (439 + 243) - (351 + 432) = =101 kJ/mol
AH° (kcal/mol) = (105 + 58) — (84 + 103) = —24 kcal/mol

This value is in good agreement with that obtained from heats of formation.




Compare chlorination of methane with iodination. The relevant bond dissociation enthalpies are given in the equation.

CH; + I, — CH3l + HI
BDE kJ/mol: 439 151 238 298
(kcal/mol) (105)  (36) (57) )

AH° = Z(BDE of bonds broken) — Z(BDE of bonds formed)
AH° (kJ/mol) = (439 + 151) — (238 + 298) = +54 kJ/mol
AH?® (kcal/mol) = (105 + 36) = (57 + 71) = +13 kcal/mol

A positive value for AH° signifies an endothermic reaction. The reactants are more stable than the products, and so iodination
of alkanes is not a feasible reaction. You would not want to attempt the preparation of iodomethane by iodination of methane.

A similar analysis for fluorination of methane gives AH® = =432 kJ/mol (-103 kcal/mol) for its heat of reaction. Fluorination
of methane is about four times as exothermic as chlorination. A reaction this exothermic, if it also occurs at a rapid rate, can
proceed with explosive violence.

Bromination of methane is exothermic, but less so than chlorination. The value calculated from bond dissociation
enthalpies is AH° = =26 kJ/mol (—6.2 kcal/mol). Although bromination of methane is energetically favorable, economic
considerations cause most of the methyl bromide prepared commercially to be made from methanol by reaction with hydrogen
bromide.

Chlorination of methane provides approximately one third of the annual U_S. production of chloromethane. The reaction of
methanol with hydrogen chloride is the major synthetic method for the preparation of chloromethane.

Chlorination of methane is carried out in the gas phase on an industrial scale to give a mixture of chloromethane (CHj3Cl),

dichloromethane (CH,Cl,), trichloromethane (CHCl3), and tetrachloromethane (CCly). Page 362
400-440°C
Methane  Chlorine Chloromethane  Hydrogen
(bp —24°C) chloride
400-440°C
CH;Cl + Cl, — CH)(ClhL + HC
Chloromethane Chlorine Dichloromethane Hydrogen
(bp 40°C) chloride
400-440°C
CH,Cl, + Cl, —— CHCl, + HCl
Dichloromethane  Chlorine Trichloromethane Hydrogen
(bp 61°C) chloride
400-440°C
CHCl, + Cl, ——— CCly + HCI
Trichloromethane Chlorine Tetrachloromethane Hydrogen
(bp 77°C) chloride

One of the chief uses of chloromethane is as a starting material from which silicone polymers are made. Dichloromethane is widely used as a paint
stripper. Trichloromethane (chloroform) was once used as an inhalation anesthetic, but its toxicity caused it to be replaced by safer materials many years
ago. Tetrachloromethane is the starting material for chlorofluorocarbons (CFCs), at one time widely used as refrigerant gases. Most of the world’s
industrialized nations have agreed to phase out all uses of CFCs because these compounds have been implicated in atmospheric processes that degrade
the Earth’s ozone layer.

Dichloromethane, trichloromethane, and tetrachloromethane are widely known by their common names methylene
chloride, chloroform, and carbon tetrachloride, respectively.

The mechanism of free-radical chlorination, to be presented in Section 10,3, is fundamentally different from the mechanism by which alcohols react
with hydrogen halides. Alcohols are converted to alkyl halides in reactions involving ionic (or “polar”) intermediates—alkyloxonium ions and
carbocations. The intermediates in the chlorination of methane and other alkanes are free radicals, not ions.



10.3 Mechanism of Methane Chlorination

Mechanism 10.1 describes the sequence of steps in the generally accepted mechanism for the chlorination of methane. The reaction is ——

normally carried out in the gas phase at high temperature (400-440°C). Although free-radical chlorination of methane is strongly Page 363

exothermic, energy must be put into the system to initiate the reaction. This energy goes into breaking the weakest bond in the system, —

which, as we see from the bond dissociation enthalpy data in Table 10.1, is the CI-Cl bond with a bond dissociation enthalpy of 243 kJ/mol (58
kcal/mol). The step in which C1-Cl bond homolysis occurs is called the initiation step.

The bond dissociation enthalpy of the other reactant, methane, is much higher. It is 439 kJ/mol (105 kcal/mol).

Each chlorine atom formed in the initiation step has seven valence electrons and is very reactive. Once formed, it abstracts a hydrogen atom from
methane as shown in step 2 in Mechanism 10.1. Hydrogen chloride, one of the isolated products from the overall reaction, is formed in this step. A
methyl radical is also formed, which then reacts with a molecule of Cl, in step 3 giving chloromethane, the other product of the overall reaction, along
with a chlorine atom, which cycles back to step 2, and the process repeats. Steps 2 and 3 are called propagation steps and, when added together,
reproduce the net equation. Because one initiation step can result in a great many propagation cycles, the overall process is called a free-radical chain
reaction.

Write equations for the initiation and propagation steps for the formation of dichloromethane by free-radical chlorination of
chloromethane.

Free-Radical Chlorination of Methane
THE OVERALL REACTION:
CH, + Cl, = CH.Cl + HCI

Methane  Chlorine Chloromethane  Hydrogen
chloride

THE MECHANISM:
(a) Initiation

Step 1: Dissociation of a chlorine molecule into two chlorine atoms:

(\

:Cl7-Cl:  —=  2[Cl]

J

Chlorine molecule Two chlorine atoms

(b) Chain propagation

Step 2: Hydrogen atom abstraction from methane by a chlorine atom:

; ) X .o
:C1°  + H-TCH; —= :Cl—H 4+ CH,
LA
Chlorine atom Methane Hydrogen chloride ~ Methyl radical

Step 3: Reaction of methyl radical with molecular chlorine:

Cl: + ‘CH; — Cl- + :Cl—CH;

Chlorine molecule  Methyl radical Chlorine atom  Chloromethane



Steps 2 and 3 then repeat many times.

In practice, side reactions intervene to reduce the efficiency of the propagation steps. The chain sequence is interrupted whenever two odd-electron
species combine to give an even electron product. Reactions of this type are called chain-terminating steps. Chain-terminating steps in the chlorination
of methane include:

Combination of a methyl radical with a chlorine atom

o N "
CH; Cle  —» CHy—Cls

Methyl radical Chlorine atom Chloromethane

Combination of two methyl radicals

et
CH; CH; — CH,—CH,
Two methyl radicals Ethane

Combination of two chlorine atoms

Two chlorine atoms Chlorine molecule

Termination steps are, in general, less likely to occur than the propagation steps. Each of the termination steps requires two free radicals
to encounter each other in a medium that contains far greater quantities of other materials (methane and molecular Cl,) with which they can Page 364

react. Although some chloromethane undoubtedly arises via combination of methyl radicals with chlorine atoms, most of it is formed by the
propagation sequence shown in Mechanism 10.1.

10.4 Halogenation of Higher Alkanes

Like the chlorination of methane, chlorination of ethane is carried out on an industrial scale as a high-temperature gas-phase reaction.

CH:.CH, + C,b, 2% cucowa + HCI

Ethane Chlorine Chloroethane (78%)  Hydrogen chloride
(ethyl chloride)

Chlorination of ethane yields, in addition to ethyl chloride, a mixture of two isomeric dichlorides. What are the structures of these
two dichlorides?

Reactions that occur when light energy—usually visible or ultraviolet—is absorbed by a molecule are called photochemical reactions irrespective
of their mechanism. In laboratory-scale syntheses, it is often convenient to carry out free-radical halogenations photochemically at room temperature.

Photochemical energy is indicated by writing “light” or “hu” above or below the arrow. The symbol hu is equal to the energy
of a light photon and will be discussed in more detail in Section 14.1.

Q T B s <>CI + HCl

Cyclobutane  Chlorine Chlorocyclobutane (73%) Hydrogen
(cyclobutyl chloride) chloride

The three examples described so far—chlorination of methane, ethane, and cyclobutane—share the common feature that each can give only a single
monochloro derivative. Chlorination of alkanes in which the hydrogens are not all equivalent is more complicated in that a mixture of every possible
monochloro derivative is formed, as illustrated for the chlorination of butane:



The percentages cited in the accompanying equation reflect the composition of the monochloride fraction of the product
mixture rather than the isolated yield of each component.

Cl;
Bag N & WCL 4+
hv, 35°C
Cl
Butane I-Chlorobutane (28%)  2-Chlorobutane (72%)
(n-butyl chloride) {(sec-buty] chloride)

Constitutionally isomeric products arise because a chlorine atom may abstract a hydrogen atom from either a methyl or a methylene group in the
propagation step.

N“‘I-;H + :'(T_"l: — N+ H—(:l:

Butane Chlorine Butyl Hydrogen
atom radical chloride

Butane Chlorine sec-Butyl Hydrogen

atom radical chloride

The resulting free radicals react with chlorine to give the corresponding alkyl chlorides. Butyl radical gives only 1-chlorobutane; sec-butyl

radical gives only 2-chlorobutane. Page 365

e r oy ™

FRET §
w TagerT " ok igl——Ga NG+ Cl:
Butyl Chlorine 1-Chlorobutane Chlorine
radical (butyl chloride) atom
™
P e T —_— + .Ck
e AT %
:Cl:
sec-Butyl Chlorine 2-Chlorobutane Chlorine
radical (sec-butyl chloride) atom

If every collision of a chlorine atom with a butane molecule resulted in hydrogen atom abstraction, the butyl/sec-butyl radical ratio and, therefore,
the 1-chloro/2-chlorobutane ratio, would be given by the relative numbers of hydrogens in the two equivalent methyl groups of butane (six) compared
with those in the two equivalent methylene groups (four). The product distribution expected on this basis would be 60% 1-chlorobutane and 40% 2-
chlorobutane. The experimentally observed product distribution, however, is much different: 28% 1-chlorobutane and 72% 2-chlorobutane. sec-Butyl
radical is therefore formed in greater amounts, and butyl radical in lesser amounts, than expected on a statistical basis.

Mechanistically, this behavior stems from the greater stability of secondary compared with primary free radicals. The transition state for the step in
which a chlorine atom abstracts a hydrogen from carbon has free-radical character at carbon.

on

B

)
;

Transition state for abstraction

Transition state for abstraction
of a primary hydrogen

of a secondary hydrogen

A secondary hydrogen is abstracted faster than a primary hydrogen because the transition state with secondary radical character is of lower energy
than the one with primary radical character. The same factors that stabilize a secondary radical stabilize a transition state with secondary radical



character more than one with primary radical character and cause a hydrogen atom to be abstracted from a CH, group faster than one from a CH3 group.

We can calculate how much faster a single secondary hydrogen is abstracted compared with a single primary hydrogen from the experimentally
observed product distribution.

72% 2-chlorobutane  rate of secondary H abstraction x 4 secondary hydrogens

28% 1-chlorobutane  rate of primary H abstraction X 6 primary hydrogens
Rate of secondary H abstraction 72 6 39

Rate of primary H abstraction ol = 4 1

A single secondary hydrogen in butane is abstracted by a chlorine atom 3.9 times faster than a single primary hydrogen.

Assuming the relative rate of secondary to primary hydrogen atom abstraction to be the same in the chlorination of propane as it is
in that of butane, calculate the relative amounts of propyl chloride and isopropyl chloride obtained in the free-radical chlorination of
propane.

A similar study of the chlorination of 2-methylpropane established that a tertiary hydrogen is removed 5.2 times faster than each primary

hydrogen. Page 366
H H Cl
Cly
/&"—- ,—Fﬂ"J\-—h./ = + _HJV
hv, 35°C
2-Methy lpropane 1-Chloro-2-methy Ipropane (63%) 2-Chloro-2-methy lpropane (37%)
(isobutyl chloride) (tert-butyl chloride)

Do the arithmetic involved in converting the preceding product composition to a 5.2:1 ratio in the rate of abstraction of a tertiary
versus a primary hydrogen in 2-methylpropane by a chlorine atom.

How many constitutionally isomeric monochlorination products are possible from each of the following?
(a) 2-Methylpentane
(b) 3-Methylpentane
(c) 2,2-Dimethylbutane
(d) 2,3-Dimethylbutane

Sample Solution



'd i

(2) + 2-Methylpentane is CHyCHEH, EHLHs
Ay

o s=monochloro subst, fetioe ?rad»(cé
are ?aser/L

ﬂ\/k/\ )ZI/-\ /R(\

,x,ﬂ\_\/.v,.f e —— ‘Mhﬂ—ﬂwv‘““/\/\/--——fwh s

In summary, the chlorination of alkanes is not very selective. The various kinds of hydrogens present in a molecule (tertiary, secondary, and primary)
differ by only a factor of 5 in the relative rate at which each reacts with a chlorine atom.

R:CH > R-CH; > RCH;

(tertiary)  (secondary) (primary)
Relative rate (chlorination) 5.2 39 1

Bromine reacts with alkanes by a free-radical chain mechanism analogous to that of chlorine. There is an important difference between
chlorination and bromination, however. Bromination is highly selective for substitution of fertiary hydrogens. The spread in reactivity Page 367

among primary, secondary, and tertiary hydrogens is greater than 103,

R;CH > R-;CH; > RCH;
(tertiary)  (secondary) (primary)

Relative rate (bromination) 1 640 82 1

In practice, this means that when an alkane contains primary, secondary, and tertiary hydrogens, it is usually only the tertiary hydrogen that is replaced
by bromine.

The percentage cited in this reaction is the isolated yield of purified product. Isomeric bromides constitute only a tiny

fraction of the product.
Br, ’
/L/\ - BI)L/\
hv, 60°C

2-Methylpentane 2-Bromo-2-methylpentane
(76% isolated yield)

We can understand why bromination is more selective than chlorination by using bond dissociation enthalpies (Table 10.1) to calculate the energy
changes for the propagation step in which each halogen atom abstracts a hydrogen from ethane.



v N . -
CH3CH3Q‘+ .Cl:  —=  CHsCH, + H—CI: AH°=-11kl/mol (-2.5 kcal/mol)

Ethane Chlorine atom Ethy! radical Hydrogen chloride

N T N 3 e
CHCH,—H + ‘Br:i — CH;CH, + H—Br: AH® = +54 kl/mol (+13 kecal/mol)
Ethane Bromine atom Ethy! radical Hydrogen bromide
The alkyl radical-forming step is exothermic for chlorination and endothermic for bromination. Applying Hammond’s postulate to these elementary

steps, we conclude that alkyl radical character is more highly developed in the transition state for abstraction of hydrogen by a bromine atom than by a
chlorine atom. Thus, bromination is more sensitive to the stability of the free-radical intermediate than chlorination and more selective.

Give the structure of the major organic product formed by free-radical bromination of each of the following:
(a) Methylcyclopentane
(b) 2,2,4-Trimethylpentane
(c) 1-Isopropyl-1-methylcyclopentane

Sample Solution (a) Write the structure of the starting hydrocarbon, and identify any tertiary hydrogens that are present. The only
tertiary hydrogen in methylcyclopentane is the one attached to C-1. This is the one replaced by bromine.

Bry CH3
gCH3 light Q<
Br

Methylcyclopentane 1-Bromo-1-methylcyclopentane

The difference in selectivity between chlorination and bromination of alkanes needs to be kept in mind when one wishes to prepare an alkyl halide
from an alkane:

1. Chlorination of an alkane yields every possible monochloride, so is used only when all the hydrogens in an alkane are equivalent.
2. Bromination of alkanes is highly regioselective for replacing tertiary hydrogens, so is mainly used to prepare tertiary alkyl bromides.

In Section 10.5 we’ll see a second free-radical method for preparing alkyl halides from hydrocarbons—the addition of hydrogen bromide

to alkenes under conditions different from those involving electrophilic addition in Section 8.4. Page 368

10.5 Free-Radical Addition of Hydrogen Bromide to Alkenes and Alkynes

The regioselectivity of addition of hydrogen bromide to alkenes puzzled chemists for a long time. In contrast to the HCI and HI additions to alkenes that
faithfully obeyed Markovnikov’s rule, HBr sometimes added in accordance with the rule, while at other times, seemingly under the same conditions, it
added opposite to it. After hundreds of experiments during the period 19291933, Morris Kharasch and his students at the University of Chicago found
that Markovnikov’s rule was followed when peroxides were carefully excluded from the reaction mixture, but addition occurred opposite to the rule

when peroxides were intentionally added.
no peroxides 2-Bromobutane
only product; 90% yield

/’\{f/ + HBr Br
e P NN Br |-Bromobutane
1-Butene Hydrogen peroxides . only product; 95% yield
bromide

Kharasch called this the peroxide effect and proposed that the difference in regioselectivity was due to a peroxide-induced change in mechanism. The
conventional electrophilic addition pathway via a carbocation is responsible for Markovnikov addition and operates in the absence of peroxides; the
other mechanism involves a free-radical intermediate (Mechanism 10.2).




Kharasch'’s earliest studies in this area were carried out in collaboration with graduate student Frank R. Mayo. Mayo performed over
400 experiments in which allyl bromide (3-bromo-1-propene) was treated with hydrogen bromide under a variety of conditions, and
determined the distribution of the “normal” and “abnormal” products formed during the reaction. What two products were formed?
Which is the product of addition in accordance with Markovnikov’s rule? Which one corresponds to addition opposite to the rule?

Like free-radical chlorination of methane described earlier in this chapter, the free-radical addition of hydrogen bromide to 1-butene (Mechanism
10.2) is characterized by initiation and chain propagation stages. The initiation stage, however, involves two steps rather than one, and it is this “extra”
step that accounts for the role of peroxides. Peroxides are initiators; they are not incorporated into the product but act as a source of radicals necessary to
get the chain reaction started.

The regioselectivity of electrophilic addition of HBr to alkenes is controlled by the tendency of a proton to add to the double bond to produce the
more stable carbocation. Under free-radical conditions the regioselectivity is governed by addition of a bromine atom to give the more stable alkyl
radical. For the case of 1-butene, electrophilic addition involves a secondary carbocation, free-radical addition involves a secondary free radical.

Electrophilic addition:

P . /\|/ via P i .o

Br
1-Butene 2-Bromobutane I-Methylpropy! cation
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Free-Radical Addition of Hydrogen Bromide to 1-Butene
THE OVERALL REACTION:
ROOR
"~~~ + HBr B e e
light or heat
1-Butene Hydrogen 1-Bromobutane

bromide

THE MECHANISM:
(a) Initiation

Step 1: The weak O—O bond of the peroxide undergoes homolytic dissociation to give two alkoxy radicals.

ROLOR RO: + -OR
Tt light or heat b N
Peroxide Two alkoxy radicals

Step 2: An alkoxy radical abstracts a hydrogen atom from hydrogen bromide, generating a bromine atom and setting the stage for a chain

reaction.
i s & . i
RO- + '(’ltl\'—Br: RO—H + ‘Br:
i f\—( ci o
Alkoxy Hydrogen Alcohol Bromine
radical bromide atom
(b) Chain propagation

Step 3: The regiochemistry of addition is set in this step. Bromine bonds to C-1 of 1-butene to give a secondary radical. If it had bonded to
C-2, a less stable primary radical would have resulted.

Mﬁvﬁn -~ . g
4 2 £ .

1-Butene Bromine atom 1-(Bromomethyl)propyl
radical



Step 4: The radical produced in step 3 abstracts a hydrogen atom from hydrogen bromide giving the product 1-bromobutane. This hydrogen

abstraction also generates a bromine atom, which reacts with another molecule of alkene as in step 3.

BSQ mBr e Bf : s Br:

Hydrogen 1-(Bromomethyl)propyl Bromine 1-Bromobutane
bromide radical atom

Steps 3 and 4 repeat many times unless interrupted by chain termination steps.

Free-radical addition:

HBr

M —hpemxiuies MBI' via MBI'

1-Butene 1-Bromobutane 1-(Bromomethyl)propyl radical
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Problem 8.5 asked you to predict the major organic product for addition of HCI to each of the following alkenes. Do the same for the

addition of HBr to these alkenes, comparing the products formed in the absence of peroxides and in their presence.

(a) 2-Methyl-2-butene
(b) cis-2-Butene
(c) 2-Methyl-1-butene

o )

Sample Solution (a) The addition of hydrogen bromide in the absence of peroxides exhibits a regioselectivity just like that of

hydrogen chloride addition in that Markovnikov’s rule is followed.

no peroxides
— + HEr Br

2-Methyl-2-butene  Hydrogen 2-Bromo-2-methylbutane
bromide

Under free-radical conditions in the presence of peroxides, however, addition takes place with a regioselectivity opposite to

Markovnikov’s rule.

: ” Br
- + HBEr peroxiaes : i

2-Methyl-2-butene  Hydrogen 2-Bromo-3-methylbutane
bromide

Free-radical addition of hydrogen bromide to alkenes can also be initiated photochemically, either with or without added peroxides.

2 Br
Q: + HBr 2 . 3_/

Methylenecyclopentane Hydrogen Bromomethylcyclopentane
bromide (60%)



Although the possibility of having two different reaction paths available to an alkene and hydrogen bromide may seem like a complication, it can be an
advantage in organic synthesis. It is often possible to regioselectively prepare either of two different alkyl bromides by choosing reaction conditions that
favor electrophilic addition or free-radical addition of hydrogen bromide.

Electrophilic addition of HBr to H,CLICHCH(CH3), gives a mixture of two constitutional isomers A and B. Only B is formed,
however, when CH3CHIIC(CH3), reacts with HBr in the presence of peroxides. Identify A and B and explain your reasoning.

Hydrogen bromide (but not hydrogen chloride or hydrogen iodide) adds to alkynes by a free-radical mechanism when peroxides are
present in the reaction mixture. As in the free-radical addition of hydrogen bromide to alkenes, the regioselectivity is opposite to Page 371
Markovnikov’s rule.

H
roxides M
\/\// - HBr £ CHBr
1-Hexyne Hydrogen (E + Z)-1-Bromo-1-hexene (79%)

bromide

10.6 Metal-Ammonia Reduction of Alkynes

A useful alternative to catalytic partial hydrogenation for converting alkynes to alkenes is reduction by a Group 1 metal (lithium, sodium, or potassium)
in liquid ammonia. The unique feature of metal-ammonia reduction is that it converts alkynes to trans alkenes, whereas catalytic hydrogenation yields
cis. Thus, from the same alkyne one can prepare either a cis or a trans alkene by choosing the appropriate reaction conditions.

= =

3-Hexyne trans-3-Hexene (82%)

Suggest an efficient synthesis of trans-2-heptene from propyne and any necessary organic or inorganic reagents.

The stereochemistry of metal-ammonia reduction of alkynes differs from that of catalytic hydrogenation because the mechanisms of the two
reactions are different. The mechanism of hydrogenation of alkynes (Section 9.9) is similar to that of catalytic hydrogenation of alkenes (Section 8.2).
Metal-ammonia reduction of alkynes is outlined in Mechanism 10.3.

The mechanism includes two single-electron transfers (steps 1 and 3) and two proton transfers (steps 2 and 4). Experimental evidence indicates that
step 2 is rate-determining, and that the (£)- and (Z)-alkenyl radicals formed in this step interconvert rapidly.

R R’ R\
(Z)-Alkenyl radical \ / R ‘C: (E)-Alkenyl radical

(less stable) /C i o \ (more stable)
H \ H R’

Reduction of these alkenyl radicals (step 3) gives a mixture of the (£)- and (Z£)-alkenyl anions in which the more stable £ stereoisomer predominates.
Unlike the corresponding alkenyl radicals, the (E)- and (Z)-alkenyl anions are configurationally stable under the reaction conditions and yield an E/Z
ratio of alkenes in step 4 that reflects the £/Z ratio of the alkenyl anions formed in step 3.
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Sodium—Ammonia Reduction of an Alkyne
THE OVERALL REACTION:

On dissolving in liquid ammonia, sodium atoms dissociate into sodium ions and electrons, both of which are solvated by ammonia. To reflect
this, the solvated electrons are represented in the equation as ¢ (am).



RC=CR + 2(am) + 2NH; — p-\ R + 2NH;
Alkyne Electrons Ammonia (E)-Alkene Amide ion

THE MECHANISM:

Step 1: Electron transfer. An electron adds to one of the triply bonded carbons to give an anion radical.

AR f; . o
ROLER' + Wiam) =L Ré—ER

Alkyne Electron Anion radical

Step 2: Proton transfer. The anion radical formed in the first step is strongly basic and abstracts a proton from ammonia. This is believed to
be the rate-determining step. The alkenyl radical that results is a mixture of rapidly equilibrating £ and Z stereoisomers.

L "T__h'““a 2 slow 2 ’ =

RC=CR’' + HUWH; — RC=CHR’' + :NH,
Anion Ammonia Alkenyl radical Amide ion
radical (E/Z mixture)

Step 3: Electron transfer. The alkenyl radical reacts with a solvated electron to give a vinyl anion. The more stable E-alkenyl anion
predominates and £~Z equilibration is slow.

u fast .—.
RC=CHR’ + e(am) ——= RC=CHR’
Alkenyl radical Electron Alkenyl anion
(E/Z mixture) (mainly E)

Step 4: Proton transfer. The alkenyl anion abstracts a proton from ammonia to form the alkene. The E/Z ratio of the product reflects the E/Z
ratio of the alkenyl anion.

. & = , fast . =
HZI';L,—H + RC=CHR’ —— RCH=CHR’ + H,N:
Ammonia Alkenyl anion Alkene Amide ion

(mainly E) (mainly E)

10.7 Free Radicals and Retrosynthesis of Alkyl Halides

Consider the synthesis of the primary alkyl bromide 1-bromo-2,3,3-trimethylbutane from the alkane shown.

X —X.

223 1-Bromo-2,3,3-
Trimethylbutane trimethylbutane

The only method we have learned so far for introducing a functional group on to an alkane skeleton is free-radical halogenation. Direct ———
bromination, however, would introduce bromine at the tertiary carbon of 2,2,3-trimethylbutane. Therefore, an indirect approach such as the Page 373
following is required.



L—X—X—X

Br
1-Bromo-2,3,3- 2,3.3-Trimethyl- 2-Bromo-2,3,3- A7 e
trimethy |butane |-butene trimethylbutane Trimethylbutane

Written in the forward direction with the appropriate reagents requires two free-radical reactions—the first synthetic step introduces functionality via
direct bromination. The second step is an E2 elimination to give an alkene, while the third step provides the desired regioselectivity.

Br e NaOCH-CH; HBr
_ [ TP 5, 0™ -
hv . CHCH,0H TR Br

Br
o223 2-Bromo-2,3,.3- 2.3, 3-Trmethyl- 1-Bromo-2,3,3-
Trimethylbutane trimethylbutane 1-butene trimethy Ibutane

Replacing HBr by HI in the third step of the synthesis shown would not provide a suitable synthesis for 1-iodo-2,3,3-trimethylbutane.
Why not? How could you extend the synthesis shown by an additional step to give the corresponding iodide?

10.8 Free-Radical Polymerization of Alkenes

The boxed essay Ethylene and Propene: The Most Important Industrial Organic Chemicals summarizes the main uses of these two alkenes, especially
their polymerization to polyethylene and polypropylene, respectively. Of the methods used to prepare polyethylene, the oldest involves free radicals and
is carried out by heating ethylene under pressure in the presence of oxygen or a peroxide initiator.

s 6 8 &
P€  5,%9%" e

3 O L
2007°C, 2000 atm —CH,—CH,—(CH,—CH,),_,—CH,—CH,—

MHC—=aL) e

Ethylene Polyethylene

In this reaction, n can have a value of thousands.

Mechanism 10.4 shows the steps in the free-radical polymerization of ethylene. Dissociation of a peroxide initiates the process in step 1. The
resulting peroxy radical adds to the carbon—carbon double bond in step 2, giving a new radical, which then adds to a second molecule of ethylene in step
3. The carbon—carbon bond-forming process in step 3 can be repeated thousands of times to give long carbon chains. In spite of the -ene ending to its
name, polyethylene is much more closely related to alkanes than to alkenes. It is simply a long chain of CH, groups bearing at its ends an alkoxy group

(from the initiator) or a carbon—carbon double bond.
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Free-Radical Polymerization of Ethylene

THE OVERALL REACTION:

n(H,C=CHy) —= —CHyCHy-

Ethylene Polyethylene



THE MECHANISM:

Step 1: Homolytic dissociation of a peroxide produces alkoxy radicals that serve as free-radical initiators:

' Va0 - o
RO—OR —— RO- + -0R
Peroxide Two alkoxy radicals

Step 2: An alkoxy radical adds to the carbon—carbon double bond:

s~

RO JC2=CH, — RO—CH,—CH,
Alkoxy Ethylene 2-Alkoxyethyl
radical radical

Step 3: The radical produced in step 2 adds to a second molecule of ethylene:

/'—__““i/—\r\q

RO—CH,—CH, o H,C=CH, — RO—CH,—CH,—CH,—CH,
2-Alkoxyethyl Ethylene 4-Alkoxybutyl radical
radical

The radical formed in step 3 then adds to a third molecule of ethylene, and the process continues, forming a long chain of methylene
groups.

The properties that make polyethylene so useful come from its alkane-like structure. Except for the ends of the chain, which make up only a tiny
portion of the molecule, polyethylene has no functional groups so is almost completely inert to most substances with which it comes in contact.

Q‘&'QG v

¢ ¢ ¢

Teflon is made in a similar way by free-radical polymerization of tetrafluoroethylene.

o ¢® <%
A ¢

+CF,CF;+.

Tetrafluoroethene Teflon

80°C, 40100 atm
—

H(cm ZCFZ) peroxides

Carbon—fluorine bonds are quite strong (slightly stronger than C—H bonds), and like polyethylene, Teflon is a very stable, inert material. It is known
by its “nonstick” surface, which can be understood by comparing it with polyethylene. The high electronegativity of fluorine makes C-F ——
bonds less polarizable than C—H bonds, causing the induced-dipole/induced-dipole attractive forces to be weaker than in polyethylene Page 375
and the surface to be slicker. -

The materials shown in Table 10.2 are classified as vinyl polymers because the starting material, the monomer, contains a carbon—
carbon double bond. Super Glue sticks because of its ready conversion to the vinyl polymer shown. What is the monomer?

ar
/G C0,CH,CH;
N

A large number of compounds with carbon—carbon double bonds have been poly-merized to yield materials with useful properties. Some of the more
familiar ones are listed in Table 10.2. Not all are effectively polymerized under free-radical conditions, and much research has been carried out to



develop alternative methods. The most notable of these, coordination polymerization, employs transition metal catalysts and is used to prepare
polypropylene. Coordination polymerization is described in Sections 15.15 and 27.7.

N

Ethylene and Propene: The Most Important Industrial Organic Chemicals

aving examined the properties of alkenes and introduced the elements of polymers and polymerization, let's now look at
some commercial applications of ethylene and propene.

Ethylene We discussed ethylene production in an earlier boxed essay (Section 7.2), where it was pointed out that the output

of the U.S. petrochemical industry exceeds 5 x 1010 Ib/year. Approximately 90% of this material is used for the preparation of
four compounds (polyethylene, ethylene oxide, vinyl chloride, and styrene), with polymerization to polyethylene accounting for
half the total. Vinyl chloride and styrene are polymerized to give poly(vinyl chloride) and polystyrene, respectively. Ethylene
oxide is a starting material for the preparation of ethylene glycol for use as an antifreeze in automobile radiators and in the
production of polyester fibers.

Propene The major use of propene is in the production of polypropylene. Two other propene-derived organic chemicals,
acrylonitrile and propylene oxide, are also starting materials for polymer synthesis. Acrylonitrile is used to make acrylic fibers,
and propylene oxide is one component in the preparation of polyurethane polymers. Cumene itself has no direct uses but
rather serves as the starting material in a process that yields two valuable industrial chemicals: acetone and phenol.

We have not indicated the reagents employed in the reactions by which ethylene and propene are converted to the
compounds shown. Because of patent requirements, different companies often use different processes. Although the
processes may be different, they share the common characteristic of being extremely efficient. The industrial chemist faces the
challenge of producing valuable materials, at low cost. Success in the industrial environment requires both an understanding
of chemistry and an appreciation of the economics associated with alternative procedures.

~-CH,CH 3= Polyethylene  (50%) $Hs
> CH-CH Polypropylene  (35%)
R Ethyl id enacH
5, ylene oxide (20%) S e
o) — H,C=CH—C=N Acrylonitrile (20%)
H,C=CHCI Vinyl chloride  (15%) CH3CH=CH, —1—> H2C\—/CHCH3 Propylene oxide (10%)
Propene
QCH=CH2 Styrene (5%)
— QCH(CH3)2 Cumene (10%)
CH3CH,0OH Ethanol
CH3CH=0 Acetaldehyde L— > Other chemicals (25%)

g J
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/-G RR BA Some Compounds with Carbon—Carbon Double Bonds Used to Prepare Polymers

A. Alkenes of the type H,C =—CH—X used to form polymers of the type +CH, —CH-};

Compound

Ethylene

Propene

Styrene

Vinyl chloride

Acrylonitrile

Structure

HoC=CH,

H,C=CH—CH;

/

HiC=CH—(

H,C=CH—ClI

HC=CH—C=N

—X in polymer
—H

—CH3

—C=N

X
Application

Polyethylene films as packaging material; “plastic”
squeeze bottles are molded from high-density
polyethylene.

Polypropylene fibers for use in carpets and auto-
maobile tires; consumer items (luggage, appli-
ances, etc.); packaging material.

Polystyrene packaging, housewares, luggage,

radio and television cabinets.

Poly(vinyl chloride) (PVC) has replaced leather in
many of its applications; PVC tubes and pipes are
often used in place of copper.

Wool substitute in sweaters, blankets, etc.

B. Alkenes of the type H,C—CX; used to form polymers of the type +CH,—CX; 37

Compound

1,1-Dichloroethene
(vinylidene chloride)

2-Methylpropene

C. Others

Compound

Tetrafluoroethene

Methyl methacrylate

2-Methyl-1,3-butadiene

Structure

H,C=CCl;

H;C=C(CH3)>

Structure

F.C=CF;

HQC =?COQCH3
CHs

HiC=CCH=CH,
CHs

X in polymer
Cl

CH;3

Polymer

{—CF;—CFy+ (Teflon)

CO,CH
+CH2_$_);

CH3

-{—(:qul".=cH—c:H2%;T
CH;
(Polyisoprene}

Application
Saran used as air- and watertight packaging film.

Polyisobutylene is component of “butyl rubber,”
one of earliest synthetic rubber substitutes.

Application

Monstick coating for cooking utensils; bearings,
gaskets, and fittings.

When cast in sheets, is transparent; used as glass
substitute (Lucite, Plexiglas).

Synthetic rubber.
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Section 10.1  Alkyl radicals are neutral species in which one of the carbons has an unpaired electron and three substituents. Methyl radical
is planar and spz-hybridized with its unpaired electron occupying a 2p orbital.



Like carbocations, free radicals are stabilized by alkyl substituents. Tertiary alkyl radicals are more stable than secondary,
secondary are more stable than primary, and primary radicals more stable than methyl.

Section 10.2  Alkanes react with halogens by substitution of a halogen for a hydrogen on the alkane.

RH + Xz _— RX + HX
Alkane Halogen Alkyl halide Hydrogen halide

The reactivity of the halogens decreases in the order F, > Cl, > Br, > I,. The ease of replacing a hydrogen decreases in the
order tertiary > secondary > primary > methyl.

Section 10.3  Chlorination of methane, and halogenation of alkanes generally, proceed by way of free-radical intermediates. Elementary
steps 1 through 3 describe the mechanism.

1. (initiation step) . € — 2X-
Halogen molecule Two halogen atoms

2. (propagation step) RH + X+ — R+ 4+ HX

Alkane  Halogen Alkyl  Hydrogen
atom radical halide

3. (propagation step) R- + X5 — RX + X
Alkyl  Halogen Alkyl Halogen
radical molecule halide atom

Section 10.4  Among alkanes, tertiary hydrogens are replaced faster than secondary, and secondary faster than primary. Chlorination is not
very selective and is used only when all the hydrogens of the alkane are equivalent. Bromination is highly selective, replacing
tertiary hydrogens much more readily than secondary or primary ones.

Br
Br,
—_ =
light
2,2,3-Trimethylbutane 2-Bromo-2,3,3-
trimethylbutane (80%)

Section 10.5  Hydrogen bromide is unique among the hydrogen halides in that it can add to alkenes by either electrophilic or Page 378
free-radical addition. Under photochemical conditions or in the presence of peroxides, free-radical addition is
observed, and HBr adds to the double bond with a regioselectivity opposite to that of Markovnikov’s rule.

i Br
Q: + HBr —.__'P Q—/

Methylenecyclopentane Hydrogen Bromomethylcyclopentane
bromide (60%)

Section 10.6  Group 1 metals—sodium is usually employed—in liquid ammonia as the solvent convert alkynes to trans alkenes. The
reaction proceeds by a four-step sequence in which electron-transfer and proton-transfer steps alternate.



2-Hexyne trans-2-Hexene (69%)

Section 10.7  Free-radical reactions often provide alternative routes to useful compounds when planning a synthesis. In one example, free-
radical halogenation offers a method to attach a functional group to an otherwise unreactive alkane framework. In another,
free-radical addition of hydrogen bromide to alkenes occurs with a regioselectivity opposite to that observed under more
conventional ionic conditions.

Section 10.8  In their polymerization, many individual alkene molecules combine to give a high-molecular-weight product. Several
economically important polymers such as polystyrene and low-density polyethylene are prepared by free-radical processes.

Structure and Bonding

10.16 Carbon—carbon bond dissociation enthalpies have been measured for many alkanes. Without referring to Table 10.1, identify the
alkane in each of the following pairs that has the lower carbon—carbon bond-dissociation enthalpy, and explain the reason for your
choice.

(a) Ethane or propane

(b) Propane or 2-methylpropane

(c) 2-Methylpropane or 2,2-dimethylpropane
(d) Cyclobutane or cyclopentane

10.17 (a) Use the bond dissociation enthalpy data in Table 10.1 to calculate AH® for the reaction of methane with a bromine atom.

(b) The activation energy for this reaction is 76 kJ/mol (18.3 kcal/mol). Sketch a potential energy diagram for it, labeling reactants,
product, and the transition state. Does the transition state more closely resemble reactants or products?

10.18 Use the bond dissociation enthalpy data in Table 10.1 to calculate AH° for (a) the monofluorination and (b) the monoiodination of
methane. What is the main reason the values are so different?

. Page 379
Reactions —_—

10.19 Write the structure of the major organic product formed in the reaction of each of the following with hydrogen bromide in the
absence of peroxides and in their presence.

(a) 1-Pentene
(b) 2-Methyl-2-butene
(c) 1-Methylcyclohexene

10.20 (a) Excluding enantiomers, free-radical chlorination of bicyclo[2.2.1]heptane yields four monochloro derivatives but
bicyclo[2.2.2]octane gives only two. Draw structural formulas for each.

A

Bicyclo[2.2.1]heptane Bicyclo[2.2.2]octane

(b) Which of the compounds in your answer to part (a) are chiral? Draw the structural formula of the enantiomer of each chiral
monochloro derivative.

10.21 What is the product of each of the following reactions?



10.22

10.23

10.24

10.25

10.26

10.27

10.28

Br,

—_—

@ M hy
b HBr
(®) T peroxides
OH
1. Na, NH;

© ‘/\/
2.H,0

X

AN

Including stereoisomers, how many compounds are likely to be formed on free-radical addition of HBr to cis-2-pentene? Write a
stereochemically accurate formula for each and specify the configuration at each chirality center as R or S.

Photochemical chlorination of 1,2-dibromoethane gives a mixture of two stereoisomers of C,H3;Br,Cl. Write their structural
formulas. Are they enantiomers or diastereomers? Are they chiral or achiral? Are they formed in equal amounts?

Photochemical chlorination of (CH3);CCH,C(CH3);3 gave a mixture of two monochlorides in a 4:1 ratio. The structures of these two
products were assigned on the basis of their Sy1 hydrolysis rates in aqueous ethanol. The major product (compound A) underwent

hydrolysis much more slowly than the minor one (compound B). Deduce the structures of compounds A and B and discuss the
factors that influence their distribution.

Compound A (CgH|4) gives three different monochlorides on photochemical chlorination. One of these monochlorides is inert to E2
elimination. The other two yield the same alkene B (C4H;,) as the only product on being heated with potassium fert-butoxide in tert-
butyl alcohol. Identify compound A, the three monochlorides, and alkene B.

In both of the following exercises, assume that all the methylene groups in the alkane are equally reactive as sites of free-radical
chlorination.

(a) Photochemical chlorination of heptane gave a mixture of monochlorides containing 15% 1-chloroheptane. What other
monochlorides are present? Estimate the percentage of each of these additional C;H,5Cl isomers in the monochloride fraction.

(b) Photochemical chlorination of dodecane gave a monochloride fraction containing 19% 2-chlorododecane. Estimate the
percentage of 1-chlorododecane present in that fraction.

Photochemical chlorination of 2,2,4-trimethylpentane gives four isomeric monochlorides. M

(a) Write structural formulas for these four isomers.

(b) The two primary chlorides make up 65% of the monochloride fraction. Assuming that all the primary hydrogens in 2,2,4-
trimethylpentane are equally reactive, estimate the percentage of each of the two primary chlorides in the product mixture.

Photochemical chlorination of pentane gave a mixture of three constitutionally isomeric monochlorides. The principal monochloride
constituted 46% of the total, and the remaining 54% was approximately a 1:1 mixture of the other two isomers. Write structural
formulas for the three monochloride isomers and specify which one was formed in greatest amount. (Recall that a secondary
hydrogen is abstracted three times faster by a chlorine atom than a primary hydrogen.)

Synthesis

10.29

Outline a synthesis of each of the following compounds from isopropyl alcohol. A compound prepared in one part can be used as a
reactant in another. (Hint: Which of the compounds shown can serve as a starting material to all the others?)

S~ Br RN R
(@) (® (c)

\/\»)
\/\‘:SN \/\H
()

(d) (&)



10.30 Guiding your reasoning by retrosynthetic analysis, show how you could prepare each of the following compounds from the given
starting material and any necessary organic or inorganic reagents. All require more than one synthetic step.

(a) Cyclopentyl iodide from cyclopentane

(b) 1-Bromo-2-methylpropane from 2-bromo-2-methylpropane
(¢) meso-2,3-Dibromobutane from 2-butyne

(d) 1-Heptene from 1-bromopentane

(e) cis-2-Hexene from 1,2-dibromopentane

(f) Butyl methyl ether (CH3CH,CH,CH,OCH3) from 1-butene

(g) from —T

7\ J

10.31 (2)-9-Tricosene [(Z)-CH3(CH,);CHLICH(CH;),CHj3] is the sex pheromone of the female housefly. Synthetic (Z)-9-tricosene is

used as bait to lure male flies to traps that contain insecticide. Using acetylene and alcohols of your choice as starting materials,
along with any necessary inorganic reagents, show how you could prepare (Z)-9-tricosene.

Mechanism

10.32 Suggest a reasonable mechanism for the following reaction. Use curved arrows to show electron flow.

ROOR

M + HBr BINJ’W\\/’

10.33 Cyclopropyl chloride has been prepared by the free-radical chlorination of cyclopropane. Write a stepwise mechanism for this
reaction.
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Free-Radical Reduction of Alkyl Halides

Earlier chapters have introduced several methods for preparing alkyl halides and demonstrated their value in preparing other classes of organic
compounds. A thioether, for example, cannot be prepared from an alcohol directly but is readily obtained by first converting the alcohol to an

alkyl halide.
HBr NaSCH

In this chapter we learned that another source of alkyl halides is free-radical halogenation of alkanes. This opens another reasonable route to the

same synthetic target.
Bra NaSCH;
—-h Br SCH;3
v

Sometimes, we face the opposite situation: removing a halogen from carbon and replacing it with hydrogen. We might look at this in terms of

nucleophilic substitution and consider sodium hydride (NaH), for example, as a source of hydride ion (:H") in an S\2 reaction.

Reactions of this type, however, usually fail. Sodium hydride is not only too basic (think E2 instead of S\2) but is also incompatible with the
solvents customarily used in nucleophilic substitutions.



An approach that does work is to use hydrides of metals that are less -electropositive than sodium; tributyltin hydride
[(CH3CH,CH,C<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>