


Some Functional Groups

Family name

Functional group
structure®

Simple example

Name ending

Alkane (Contains only C—H and CH3CH;3 -ane
C—C single bonds) Ethane
N4
Alkene C=C H,C=CH, -ene
/ \ Ethene
(Ethylene)
Alkyne —C=C— H—C=C—H -yne
Ethyne
(Acetylene)
Arene \ / H H None
/,C — C\ \C _ C/ Benzene
—C o
N\ Vi H—C C—H
Cc—C \ /
/ \ c—C
/ \
| H H
Halide —C—K H;C—Cl None
| Chloromethane
(X =FClBr]1
| .
Alcohol —C—0—H H;C—O—H -ol
| Methanol
| Jj
Ether 0= = H;C—O—CH,4 ether
| | Dimethyl ether
é 2 | .
Amine —C—N—H,—C—N—H H;C—NH, -amine
| | Methylamine
H
.
—C—N—
|
Nitrile -——JZ—CEN: H;C—C=N -nitrile
I Ethanenitrile
(Acetonitrile)
| :0: 0
Nitro —C—N H;C— N None
I :0: (o) Nitromethane
| ] : .
Sulfide —C—S—C— H;C—S—GHj, sulfide
[ 7 Dimethyl sulfide
T I
Sulfoxide —C—§—C— H;C—S—CH;, sulfoxide

Dimethyl sulfoxide

2The bonds whose connections aren’t specified are assumed to be attached to carbon or hydrogen
atoms in the rest of the molecule.
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Preface

I've been asked hundreds of times over the past ten years why I wrote
this book. It wasn’t because there aren’t other perfectly acceptable organic
chemistry textbooks out there, and it wasn’t because I thought I'd get rich.
I wrote this book because I love writing. I get great pleasure and satisfaction
from taking a complicated subject, turning it around until I see it clearly
from a new angle, and then explaining it in simple words. I write to explain
chemistry to students today the way I wish it had been explained to me
years ago.

The tremendous response to three previous editions has been very grati-
fying and suggests that this book has served students well. I hope you will
find that this fourth edition of Organic Chemistry builds on the proven
strengths of the first three and serves students even better. I have made
every effort to make this fourth edition as effective, clear, and readable as
possible, to show the beauty and logic of organic chemistry, and to make it
enjoyable to learn.

Organization and Teaching Strategies
L. -~ . . o am

As in the previous editions, I use a dual organization in this fourth edition,
blending the traditional functional-group approach with a mechanistic
approach. The primary organization of this book is by functional group,
beginning with the simple (alkenes) and progressing to the more complex.
Students new to the subject and not yet versed in the subtleties of mecha-
nisms prefer this organization because it is straightforward. In other words,
the what of chemistry is easier for most new students to grasp than the
why. Within this primary organization, however, I place heavy emphasis
on explaining the fundamental mechanistic similarities of reactions. This
emphasis is particularly evident in the chapters on carbonyl-group chemis-
try (Chapters 19—-23) where mechanistically related reactions like the aldol
and Claisen condensations are covered together. By the time students reach
this material, they have seen all the common mechanisms, and the value
of mechanisms as an organizing principle has become more evident.

The Lead-Off Reaction: Addition of HBr to Alkenes Students natu-
rally attach great importance to a text’s lead-off reaction because it is the
first reaction they see and is discussed in such detail. I use the addition of
HBr to an alkene as the lead-off to illustrate general principles of organic
chemistry because it has many advantages: it is relatively straightforward;
it involves a common but important functional group; no prior knowledge
of chirality or kinetics is needed to understand it; and, most importantly, it
is a polar reaction. As such, I believe that electrophilic addition reactions
represent a much more useful and realistic introduction to functional-group
chemistry than a lead-off such as radical alkane chlorination.
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Reaction Mechanisms In the first edition, I introduced an innovative
format for explaining reaction mechanisms that met with an enthusiastic
response. Now set off by a color panel, mechanisms shown in this format
have the reaction steps printed vertically while the changes taking place in
each step are explained next to the reaction arrow. This format allows the
reader to see easily what is occurring at each step in a reaction without
having to jump back and forth between structures and text. Pages 157 and
198 show examples.

Organic Synthesis Organic synthesis is treated as a teaching device that
helps students organize and deal with a large body of factual information
(the same kind of skill so critical in medicine). Two sections, the first in
Chapter 8 (Alkynes) and the second in Chapter 16 (Chemistry of Benzene),
explain the thought processes involved in working synthesis problems. The
value of starting from what is known and logically working backwards is
given particular emphasis.

Modular Presentation Topics are arranged in a modular way wherever
possible. Thus, the chapters on simple hydrocarbons are grouped together
(Chapters 3-8), the chapters on spectroscopy are grouped together (Chapters
12-14), and the chapters on carbonyl-group chemistry are grouped together
(Chapters 19-23). I believe that this organization brings to these subjects
a cohesiveness not found in other texts and allows the instructor the flexibil-
ity to teach in an order different from that presented in this book.

Basic Learning Aids Clarity of explanation and smoothness of informa-
tion flow are crucial requirements for any textbook. In writing and revising
this text, I consistently aim for summary sentences at the beginning of
paragraphs, lucid explanations, and smooth transitions between paragraphs
and between topics. New concepts are introduced only when they are needed,
not before, and are immediately illustrated with concrete examples. Fre-
quent cross-references to earlier (but not later) material are given, and
numerous summaries are provided to draw information together, both
within and at the ends of chapters. In addition, the back of this book contains
a wealth of material helpful for learning organic chemistry, including a large
glossary, an explanation of how to name polyfunctional organic compounds,
and answers to most in-text problems. For still further aid, an accompanying
Study Guide and Solutions Manual provides a summary of name reactions,
a summary of methods for preparing functional groups, a summary of func-
tional-group reactions, and a summary of the uses of important reagents.

Changes and Additions in the
Fourth Edition

The primary reason for preparing a new edition is to keep the book up-to-
date, both in its scientific coverage and its pedagogy. My overall aim has
been to retain and refine the features that made earlier editions so success-
ful, while adding new ones.
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The writing has again been revised at the sentence level, paying partic-
ular attention to such traditionally difficult subjects as stereochemistry
and nucleophilic substitution reactions.

The artwork has been redone, and many new computer-generated
molecular models have been added to aid in three-dimensional percep-
tion. Figures frequently present structures in several different formats,
side by side, so that students learn structures thoroughly and become
used to the various ways in which chemists graphically represent their
work. Look at pages 27 and 121 to see some examples.

Stereo views of computer-generated ball-and-stick molecular models
have been added as an aid for three-dimensional perception, using the
stereo viewer bound into the back of the book. There are examples on
pages 29 and 111.

The organic chemistry of metabolic pathways is presented in an
entirely new chapter (Chapter 30). Several of the most important path-
ways—glycolysis, the citric acid cycle, gluconeogenesis, and others—are
dissected and analyzed according to the organic reaction mechanisms
by which the various steps occur. This new chapter will be of particular
interest to the large number of premedical and biology students who
take the organic chemistry course.

Interlude boxes at the end of each chapter present interesting applica-
tions of organic chemistry relevant to the main chapter subject.
Including topics from science, industry, and day-to-day life, these appli-
cations enliven and reinforce the material presented in each chapter.
Some Interlude topics address environmental concerns and examine
popular assumptions about chlorinated organic compounds or chemical
toxins in food and the water supply. Other Interludes discuss such topics
as the 1995 announcement of a polyyne form of carbon, the development
of insect antifeedants for use as pesticides, a look at the facts about
vitamin C, and the chemistry of chiral drugs.

Biologically important organic reaction mechanisms are spe-
cially identified by the use of a margin icon. Students often wonder about
what topics are “important,” and this icon helps biologically inclined
students answer that question. See page 412, for example.

Spectra are all new, have been redrawn for clarity and accuracy, and
are presented with a light color background, coded by type of spectra.
Some examples are on pages 428 and 436.

NMR spectroscopy (Chapter 13) has been completely revised and
updated. Proton NMR spectroscopy is now presented first, and the use
of the DEPT technique for carbon NMR is emphasized.

New problems have been added at the end of each chapter, including
a new kind of problem called “A Look Ahead,” in which students are
challenged to extend their thinking by applying concepts just learned
in one chapter to the subject of a future chapter.

A review of reaction mechanisms is given in a new Appendix C in
which mechanisms are referenced to their presentation in the main
text.

Preface vii
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To facilitate the changes outlined above, some material from the previ-
ous edition has been compressed, several infrequently used reactions (such
as the Hunsdiecker reaction) have been deleted, and other material has
been moved. The material on polymer chemistry, formerly in a late, separate
chapter, is now integrated into Chapters 7, 14, and 21 to ensure its coverage.

A Complete Ancillary Package

For Instructors

For Students

Test Items
by Tammy Tiner, Texas A & M
University
» Contains over 1000 short-answer and
multiple-choice test items
» Computerized versions are also
available

Transparencies
» A complete new set of 125 full-color
transparencies covering most topics

in the course.

Computerized Test Items
» Contains over 1000 short-answer and
multiple-choice test items
* Available for DOS, Windows, and
Macintosh platforms
» Print version also available

CD-ROM
» Includes animations of reaction
mechanisms and selected illustrations
from the text.

Study Guide and Solutions Manual

by Susan McMurry

» Includes answers to all in-text and
end-of-chapter problems and explains
in detail how answers are obtained.

» Also contains a summary of name
reactions, a summary of methods for
preparing functional groups, a
summary of functional-group
reactions, a summary of the uses of
important reagents, and tables of
spectroscopic information.

Beaker 2.1

» Software that is an expert system for
the organic chemistry student.
Available for DOS/Windows and
Macintosh platforms.

» Sophisticated, yet easy to use program
for exploring organic chemistry
principles, for studying and solving,
sketching and analyzing molecular
structures, for constructing NMR
spectra, for performing reactions,
and more.

Organic Chemistry Toolbox

by Norbert J. Pienta, University of

North Carolina, Chapel Hill

* A text-specific program for
constructing molecular models,
drawing Lewis dot structures, creating
animations of reactions, solving
chemistry problems, and studying
structures.

* Available for DOS/Windows and
Macintosh platforms.
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A Note for Students

We have the same goals. Yours is to learn organic chemistry; mine is to help
you learn. I’'ve already done the best I can with my part, and now it’s going
to take some work from you. The following suggestions should prove helpful.

Don’t Read the Text Immediately. As you begin each new chapter,
look it over first. Read the introductory paragraphs, find out what topics
will be covered, and then turn to the end of the chapter and read the
summary. You'll be in a much better position to learn the material if
you know where you’re going.

Work the Problems. There are no shortcuts; working problems is
the only way to learn organic chemistry. The practice problems show
you how to approach the material, the in-text problems at the ends
of most sections provide immediate practice, and the end-of-chapter
problems provide both additional drill as well as some real challenges.
Short answers to in-text problems are given at the back of the book;
full answers and explanations for all problems are given in the accom-
panying Study Guide and Solutions Manual.

Use the Study Guide. The Study Guide and Solutions Manual that
accompanies this text gives complete solutions to all problems as well
as a wealth of supplementary material. Included are a summary of how
to prepare functional groups, a summary of the reactions that functional
groups undergo, a summary of important reagents, a summary of name
reactions, and much more. This material can be extremely useful, both
as a source of information and as a self-test, particularly when you’re
studying for an exam. Find out now what’s there so you’ll know where
to go when you need help.

Ask Questions. Faculty members and teaching assistants are there
to help you. Most of them will turn out to be genuinely nice people with
a sincere interest in helping you learn.

Use Molecular Models. Organic chemistry is a three-dimensional
science. Although this book uses stereo views and many careful draw-
ings to help you visualize molecules, there’s no substitute for building
a molecular model and turning it around in your own hands.

Good luck! I sincerely hope you enjoy learning organic chemistry and

come to see the beauty and logic of its structure. I've heard from many
students who used the first three editions of this book and would be
glad to receive more comments and suggestions from those who use this
new edition.
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2-Butene, CH3;CH=CHCHj3, has
both planar and tetrahedral
carbon atoms.

Structure and Bonding

What is organic chemistry, and why should you study it? The answers are
all around you. Every living organism is made of organic chemicals. The
proteins that make up your hair, skin, and muscles; the DNA that controls
your genetic heritage; the foods you eat; the clothes you wear; and the
medicines you take are all organic chemicals. Anyone with a curiosity about
life and living things must have a fundamental understanding of organic
chemistry.

The foundations of organic chemistry date from the mid-eighteenth
century, when chemistry was evolving from an alchemist’s art into a modern
science. At that time, unexplainable differences were noted between sub-
stances obtained from living sources and those obtained from minerals.
Compounds from plants and animals were often difficult to isolate and
purify. Even when pure, they were often difficult to work with and tended
to decompose more easily than compounds from minerals. The Swedish
chemist Torbern Bergman was the first to express this difference between
“organic” and “inorganic” substances in 1770, and the term organic chemistry
soon came to mean the chemistry of compounds from living organisms.

To many chemists at the time, the only explanation for the different
behavior of organic and inorganic compounds was that organic compounds
contained a peculiar “vital force” as a result of their origin in living sources.
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One consequence of this vital force, chemists believed, was that organic
compounds could not be prepared and manipulated in the laboratory as
could inorganic compounds.

Although the vitalistic theory had many believers, its acceptance was
by no means universal, and it’s doubtful that the development of organic
chemistry was much delayed. As early as 1816, the theory received a heavy
blow when Michel Chevreul! found that soap, prepared by the reaction of
alkali with animal fat, could be separated into several pure organic com-
pounds, which he termed “fatty acids.” Thus, for the first time, one organic
substance (fat) had been converted into others (fatty acids plus glycerin)
without the intervention of an outside vital force.?

Animal fat —%H—» Soap + Glycerine

Soap H07 “Fatty acids”

A little more than a decade later, the vitalistic theory suffered still
further when Friedrich Wéhler? discovered in 1828 that it was possible to
convert the “inorganic” salt, ammonium cyanate, into the previously known
“organic” substance, urea.

o)
|

H,N~  NH,

NH,* “OCN Heat,

Ammonium cyanate Urea

By the mid-nineteenth century, the weight of evidence was clearly
against the vitalistic theory, and William Brande* wrote in 1848 that “no
definite line can be drawn between organic and inorganic chemistry. . . . Any
distinctions . .. must for the present be merely considered as matters of
practical convenience calculated to further the progress of students.”

Chemistry today is unified. The same principles that explain the sim-
plest inorganic compounds also explain the most complex organic ones. The
only distinguishing characteristic of organic chemicals is that all contain the
element carbon. Nevertheless, the division between organic and inorganic
chemistry, which began for historical reasons, maintains its “practical conve-
nience . . . to further the progress of students.”

Organic chemistry, then, is the study of carbon compounds. Carbon,
atomic number 6, is a second-row element whose position in the periodic
table is shown in Figure 1.1. Although carbon is the principal element in

IMichel Eugéne Chevreul (1786-1889); b. Angers, France; educated at Paris, Muséum d'His-
toire Naturelle: professor of physics, Lycée Charlemagne (1813); professor of chemistry (1830).

2In the equations that follow, a single arrow, —, is used to indicate an actual reaction.
Later in this book you’ll also see forward and backward arrows, =, indicating equilibrium, :
and an offset double arrow, ——_,, indicating a multistep transformation whose individual ;
steps aren’t shown.

3Friedrich Wahler (1800-1882); b. Eschersheim; studied at Heidelberg (Gmelin); professor,
Gottingen (1836-1882).

4William Thomas Brande (1788-1866); b. London; lecturer in chemistry, London (1808);
Royal Institution (1813-1854).




1.1 Atomic Structure 3

Figure 1.1

The position of carbon in the periodic table. Other

elements commonly found in organic compounds are shown in

yellow.

organic compounds, most also contain hydrogen, and many contain nitrogen,
oxygen, phosphorus, sulfur, chlorine, or other elements.

Why is carbon special? What is it that sets carbon apart from all other
elements in the periodic table? The answers to these questions derive from
the unique ability of carbon atoms to bond together, forming long chains
and rings. Carbon, alone of all elements, is able to form an immense diversity
of compounds, from the simple to the staggeringly complex: from methane
with one carbon, to DNA with up to tens of billions.

Nor are all carbon compounds derived from living organisms. Modern
chemists are highly sophisticated in their ability to synthesize new organic
compounds in the laboratory. Medicines, dyes, polymers, plastics, food addi-
tives, pesticides, and a host of other substances are all prepared in the
laboratory. Organic chemistry is a science that touches the lives of everyone.
Its study can be a fascinating undertaking.

1.1 Atomic Structure

Before beginning a study of organic chemistry, let’s review some general
ideas about atoms and bonds. Atoms consist of a dense, positively charged
nucleus surrounded at a relatively large distance by negatively charged
electrons (Figure 1.2). The nucleus consists of subatomic particles called
neutrons, which are electrically neutral, and protons, which are positively
charged. Though extremely small—about 10~ to 10~!® meter (m) in diame-
ter—the nucleus nevertheless contains essentially all the mass of the atom.
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Electrons have negligible mass and circulate around the nucleus at a dis-
tance of approximately 107'° m. Thus, the diameter of a typical atom is
about 2 X 1071 m, often expressed as 2 angstroms® (A), where 1 A = 101°
m. To give you an idea how small this is, a thin pencil line is about 3 million
carbon atoms wide.

Nucleus (protons + neutrons)

Volume around nucleus
occupied by orbiting electrons

Figure 1.2 A schematic view of an atom. The dense, positively
charged nucleus contains most of the atoms mass and is
surrounded by negatively charged electrons.

An atom is described by its atomic number (Z), which gives the num-
ber of protons in the atom’s nucleus, and its mass number (A), which gives
the total of protons plus neutrons. All the atoms of a given element have
the same atomic number—1 for hydrogen, 6 for carbon, 17 for chlorine, and
so on—but they can have different mass numbers depending on how many
neutrons they contain. The average mass number of a great many atoms of
an element is called the element’s atomic weight. Because it’s an average,
atomic weight is usually not an integer—1.008 for hydrogen, 35.453 for
chlorine, and so on.

1.2 Atomic Structure: Orbitals

How are the electrons distributed in an atom? A major breakthrough in our
understanding of atomic structure occurred in 1926 when the theory of
quantum mechanics was proposed independently by Paul Dirac, Werner
Heisenberg, and Erwin Schrédinger.® All three formulations are mathe-
matical expressions for describing the electronic structure of atoms, but
Schrodinger’s is the one most commonly used by chemists.

According to Schrodinger, the motion of an electron around a nucleus
can be described mathematically by what is known as a wave equa-
tion—the same kind of expression used to describe the motion of waves in

g s ———

5The angstrom is still used by most organic chemists, even though it has been replaced in
SI (Systéme International) units by the picometer (pm), where 1 pm = 107> m and 1 A = 100
pm. Because of the easy decimal conversion, only angstrom measurements will be given in
this book. [

SErwin Schrodinger (1887-1961); b. Vienna, Austria; University of Vienna (1910); assistant,
University of Vienna (1910); assistant to Max Wein, University of Stuttgart, Germany (1920);
professor of physics, Universities of Ziirich, Berlin, Graz, and Dublin; Nobel Prize in physics
(1933). I
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a fluid. The solution to a wave equation is called a wave function, or
orbital, and is denoted by the Greek letter psi, . A good way of viewing
an orbital is to think of it as a mathematical expression whose square (/%)
predicts the volume of space around a nucleus where an electron can be
found. Although we don’t know the exact position of an electron at a given
moment, the orbital tells us where we would be most likely to find it.

We can think of an orbital as a time-lapse photograph of an electron’s
movement around the nucleus. Such a photograph would show the orbital
as a blurry cloud indicating the region of space around the nucleus where
the electron has been. This electron cloud doesn’t have a sharp boundary,
but for practical purposes we can set the limits by saying that an orbital
represents the space where an electron spends most (90-95%) of its time.

What do orbitals look like? There are four different shapes for orbitals,
denoted s, p, d, and f. Of the four, we’ll be concerned primarily with s and
p orbitals because these play the most important role in organic chemistry.
The s orbitals are spherical, with the nucleus at their center; p orbitals have
dumbbell shapes; and four of the five d orbitals have cloverleaf shapes, as
shown in Figure 1.3. (The fifth d orbital has the shape of a donut wrapped
around the middle of an elongated dumbbell.)

|

/4

An s orbital A p orbital A d orbital

Figure 1.3 Computer-generated representations of s, p, and d
orbitals. The s orbitals are spherical, the p orbitals are dumbbell-
shaped, and four of five d orbitals are cloverleaf-shaped.

An atom’s electrons can be thought of as being grouped in different
layers, or shells, around the nucleus. The farther a shell is from the nucleus,
the more electrons it can hold and the gireater the energies of those electrons.
Thus, an atom’s lowest-energy electrons occupy the first shell, which is
nearest the nucleus and has a capacity of only two electrons. The second
shell is farther from the nucleus and can hold eight electrons; the third shell
is still farther from the nucleus and can hold eighteen electrons; and so on,
as shown in Figure 1.4 (p. 6).

Different shells have different numbers and kinds of orbitals, each of
which can hold a pair of electrons. As indicated in Figure 1.4, the two lowest-
energy electrons in an atom are in the first shell and occupy a single s
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orbital, denoted 1s. Next in energy after the ls electrons are the two 2s
electrons. Because they’re higher in energy, 2s electrons are farther from
the positively charged nucleus on average, and their spherical orbital is
somewhat larger than that of 1s electrons.

3d A‘, L
3rd shell : - i ji
(capacity—18 electrons) p Y L2 i
3s - 3
2nd shell 2p S A _H_
(capacity—8 electrons) 95 e
1st shell 1s 44

(capacity—2 electrons)

Figure 1.4 The distribution of electrons in an atom. The first
shell holds a maximum of two electrons in one 1s orbital; the
second shell holds a maximum of eight electrons in one 2s and
three 2p orbitals; the third shell holds a maximum of eighteen
electrons in one 3s, three 3p, and five 3d orbitals; and so on.
The two electrons in each orbital are represented by up and
down arrows 1.

The six 2p electrons are next higher in energy. As Figure 1.5 indicates,
there are three 2p orbitals, which are equal in energy and are oriented in
space so that each is perpendicular to the other two. They are denoted 2p,,
2p,, and 2p, to indicate on which axis they lie. Note that the plane passing
between the two lobes of a p orbital lies in a region of zero electron density.
Such a region of zero electron density is called a node, and the plane is
called a nodal plane. Nodes have important consequences with respect to
chemical reactivity that we'll take up in Chapter 31.

A
0T
T
T

AR

T
ARy
d!l“!lli

777
i

D xr  — iﬂlﬂmll,,%’é x
: -
z
A 2p, orbital A 2p,, orbital A 2p, orbital Three 2p orbitals

Figure 1.5 Shapes of the 2p orbitals. Each of the three
mutually perpendicular dumbbell-shaped orbitals has a nodal
plane passing between its two lobes.
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Still higher in energy are the 3s orbital (spherical), three 3p orbitals
(dumbbell-shaped), 4s orbital (spherical), and five 3d orbitals. As previously
mentioned, we won’t be too concerned with d orbitals, but you might note
that the 3d orbital shown in Figure 1.3 has four lobes and two nodal planes.

1.3 Atomic Structure: Electron
Configurations

The lowest-energy arrangement, or ground-state electron configura-
tion, of an atom is a description of the orbitals that the atom’s electrons

occupy. We can predict this arrangement by following three rules:

has six electrons and the ground-state configuration 1s% 2s? 2p, 2p .8

1. The lowest-energy orbitals fill up first according to the order 1s —

2s — 2p — 3s — 3p — 4s — 4d, as shown in Figure 1.4.

2. Only two electrons can occupy an orbital, and they must be of oppo-
site spin” (a statement called the Pauli exclusion principle).

3. If two or more empty orbitals of equal energy are available, one
electron occupies each with their spins parallel until all are half-
full (a statement called Hund’s rule).

Some examples of how these rules apply are shown in Table 1.1. Hydro-
gen, for instance, has only one electron, which must occupy the lowest-
energy orbital. Thus, hydrogen has a 1s ground-state configuration. Carbon

Table 1.1 Ground-State Electron Configurations of Some Elements
Atomic Atomic
Element number  Configuration Element  number Configuration
Hydrogen 1 1l w B Lithium 3 ?: I
2p 4+ 4+ — .
Carbon 6 2s 4 90 4 4 4
Is 4% Neon 10 U =
1 0
3 4 s o
; e e 3p & 4 4
Sodium 11 9 b 35 4
1s 4 Argon 18 Dl Em S 117
2s
1s H

"For the purposes of quantum mechanics, electrons are considered to spin around an axis

in much the same way that the earth spins. This spin can have two orientations, denoted as
up 1 and down |.

8A superscript is used to represent the number of electrons in a particular orbital. For

example, 1s? indicates that there are two electrons in the 1s orbital. No superscript is used
when there is only one electron in an orbital.
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1.1 How many electrons does each of these elements have in its outermost electron
shell?
(a) Potassium (b) Aluminum (c) Krypton

PROBEBEM. . .. coreic o sfefo o oo ooiaeian e quslobuclob iR iRt ietorcrsl o o ofatele o o o o o o o [oft

1.2 Give the ground-state electron configuration for each of these elements:
(a) Boron (b) Phosphorus (¢c) Oxygen (d) Chlorine

1.4 Development of Chemical Bonding
Theory

By the mid-nineteenth century, the new science of chemistry was developing
rapidly, and chemists had begun to probe the forces holding molecules
together. In 1858, August Kekulé® and Archibald Couper'® independently
proposed that, in all organic compounds, carbon has four “affinity units.”
That is, carbon is tetravalent; it always forms four bonds when it joins
other elements to form stable compounds. Furthermore, said Kekulé, carbon
atoms can bond to each other to form extended chains of carbon atoms linked
together.

Shortly after the tetravalent nature of carbon was proposed, extensions
to the Kekulé—Couper theory were made when the possibility of multiple
bonding between atoms was suggested. Emil Erlenmeyer!! proposed a
carbon-to-carbon triple bond for acetylene, and Alexander Crum Brown'?
proposed a carbon-to-carbon double bond for ethylene. In 1865, Kekulé pro-
vided another major advance when he suggested that carbon chains can
double back on themselves to form rings of atoms.

Although Kekulé was correct in describing the tetravalent nature of
carbon, chemistry was still viewed in a two-dimensional way until 1874. In
that year, Jacobus van't Hoff'® and Joseph Le Bel** added a third dimension
to our ideas about molecules by proposing that the four bonds of carbon are
not oriented randomly but have a specific spatial direction. Van’t Hoff went

9Friedrich August Kekulé (1829-1896); b. Darmstadt; University of Giessen (1847); studied
under Liebig, Dumas, Gerhardt, and Williamson; assistant to Stenhouse, London; professor,
Heidelberg (1855), Ghent (1858), and Bonn (1867).

10Archibald Scott Couper (1831-1892); b. Kirkintilloch, Scotland; studied at the universities
of Glasgow and Edinburgh (1852) and with Wiirtz in Paris; assistant in Edinburgh (1858).

HRichard A. C. E. Erlenmeyer (1825-1909); b. Wehen, Germany; studied in Giessen and in
Heidelberg; professor, Munich Polytechnicum (1868—-1883).

12Alexander Crum Brown (1838—1922); b. Edinburgh; studied at Edinburgh, Heidelberg, and
Marburg; professor, Edinburgh (1869-1908).

13Jacobus Hendricus van’t Hoff (1852—1911); b. Rotterdam; studied at Polytechnic at Delft,
Leyden, Bonn, Paris, and received doctorate at Utrecht (1874); professor, Utrecht, Amsterdam
(1878-1896), Berlin; Nobel Prize (1901).

14Joseph Achille Le Bel (1847-1930); b. Péchelbronn, Alsace; studied in the Ecole Polytech-
nique and at the Sorbonne; industrial consultant.
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even further and suggested that the four atoms to which carbon is bonded
sit at the corners of a regular tetrahedron, with carbon in the center.

A representation of a tetrahedral carbon atom is shown in Figure 1.6.
Note the conventions used to show three-dimensionality: Solid lines repre-
sent bonds in the plane of the page, heavy wedged lines represent bonds
coming out of the page toward the viewer, and dashed lines represent bonds
receding back behind the page, away from the viewer. These representations
will be used throughout the text.

L4 4 A

A tetrahedron Stereo View

Figure 1.6 Van't Hoffs tetrahedral carbon atom. The heavy
wedged line comes out of the plane of the paper; the normal
lines are in the plane; and the dashed line goes back behind the
plane of the page.

PROBLEM

1.3 Draw a molecule of chloroform, CHCl;, using wedged, normal, and dashed lines to

show its tetrahedral geometry.

1.5 The Nature of Chemical Bonding:

lonic Bonds

Why do atoms bond together, and how does quantum mechanics describe
bonding? The why question is relatively easy to answer: Atoms bond together
because the compound that results is more stable (has less energy) than
the separate atoms. Just as water always flows downhill, energy is always
released and flows from the system when a chemical bond is formed. Con-
versely, energy is absorbed and must be added ¢o the system when a chemical
bond is broken. The how question is more difficult. To answer it, we need
to know more about the properties of atoms.

We know through observation that eight electrons (an octet) in the
outermost shell (the valence shell) impart special stability to the noble-
gas elements in group 8A of the periodic table: Ne (2 + 8); Ar (2 + 8 + 8);
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Kr (2 + 8 + 18 + 8). We also know that the chemistry of many main-
group elements is governed by a tendency for them to take on the electron
configuration of a noble gas. The alkali metals in group 1A, for example,
have a single electron in their valence shells. By losing this electron, they
can achieve a noble-gas configuration.

The amount of energy needed to remove an electron from an isolated
atom in the gas phase is called the atom’s ionization energy, abbreviated
E;. Alkali metals, at the far left of the periodic table, give up a valence
electron easily and have low ionization energies. Elements at the middle
and far right of the periodic table hold their valence electrons more tightly,
give them up less readily, and therefore have higher values of E;. Figure
1.7 displays trends in E; data for the entire periodic table.

Figure 1.7 Relative ionization energies of elements. Metallic
elements on the left of the periodic table have lower ionization
energies and lose an electron more easily than nonmetallic
elements on the right.

Just as the metals on the left of the periodic table tend to form positive
ions by losing an electron, the halogens and other reactive nonmetals on
the right of the table tend to form negative ions by gaining one or more
electrons. The measure of this tendency of an isolated atom in the gas phase
to gain an electron is called the atom’s electron affinity, abbreviated E.,.
Energy is released when an electron is added to most elements, and most
E..’s are therefore negative. Figure 1.8 displays relative electron affinities.

The simplest kind of chemical bonding is that between a metal with a
low E; and a nonmetal with a large negative E.,. For example, when sodium
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Figure 1.8 Relative electron affinities—the larger the peak, the more negative the electron
affinity. Metallic elements on the left of the periodic table have less negative electron affinities
than nonmetallic elements on the right and therefore gain an electron less easily. Elements
shown in white have positive electron affinities.

metal [E; = 496 kJ/mol (118.5 kcal/mol)]!® reacts with chlorine gas [E., =
—349 kJd/mol (—83.3 kcal/mol)], sodium gives an electron to chlorine forming
positively charged Na* ions and negatively charged Cl~ ions. The NaCl
product is said to be an ionic solid and to have ionic bonding. That is,
the ions are held together by electrostatic attraction between unlike charges.
A similar situation exists for many other metal salts such as potassium
fluoride (K*F~), lithium bromide (Li*Br™), and so on.

1.6 The Nature of Chemical Bonding:
Covalent Bonds

We've just seen that metals on the far left and nonmetals on the far right
of the periodic table form ionic bonds by gaining or losing electrons to achieve
a noble-gas configuration. How, though, do elements in the middle of the
periodic table form bonds? Look at the carbon atom in methane, CH,, for
example. Certainly the bonding in methane is not ionic, because it would
be very difficult for carbon (1s2 2s2 2p?) either to gain or to lose four electrons
to achieve a noble-gas configuration.'®

In fact, carbon bonds to other atoms, not by donating electrons, but by
sharing them. Such a shared-electron bond, first proposed in 1916 by G. N.

150rganic chemists have been slow to adopt SI units, preferring to use kilocalories (kcal)
rather than kilojoules (kJ) as a measure of energy. This book will use dual units, with values
shown in both kJ/mol and kcal/mol: 1 kJ/mol = 0.239 kcal/mol; 1 kcal/mol = 4.184 kJ/mol.

8The electron configuration of carbon can be written either as 1s22s22p? or as
152252 2p, 2p,. Both notations are correct, but the latter is more informative because it indi-
cates that two of the three equivalent p orbitals are half filled.
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Lewis,!” is called a covalent bond. The collection of atoms held together
by covalent bonds is called a molecule.

A simple shorthand way of indicating the covalent bonds in a molecule
is to use a Lewis structure, or electron-dot structure, in which the
valence electrons of an atom are represented as dots. Thus, hydrogen has
one dot representing its 1s electron, carbon has four dots (2s? 2p2), oxygen
has six dots (252 2p*), and so on. A stable molecule results whenever a noble-
gas configuration with filled s and p valence orbitals is achieved for the
atoms, as in the following examples:

‘C-+4H- — H:C'H 3H-+-N- — H:N:H
H
Ammonia (NHj)
Methane (CH,)
2H-+-0: —— H:0: 3H-+-C-+-:0:+H- — H-0:0:
H HH
Water (H,0) Methanol (CH3;0H)

1 &
2H-+-0- +H* — H'0'H
H

Hydronium ion (H;0%)

The number of covalent bonds an atom forms depends on how many
valence electrons it has. Atoms with one, two, or three valence electrons
form one, two, or three bonds, but atoms with four or more valence-shell
electrons form as many bonds as they need electrons to fill the s and p levels
of their valence shells and reach an octet. Thus, boron has three valence
electrons (2s% 2p!) and forms three bonds, as in BF3; carbon (252 2p?) fills
its valence shell by forming four bonds, as in CHy; nitrogen (2s% 2p®) forms
three bonds, as in NHj; and oxygen (2s? 2p*) forms two bonds, as in H,0.

H— Cl— |
O —N— —B— —C—
Br— F— | ! |
One bond Two bonds "Three bonds Four bonds

Valence electrons that are not used for bonding are called nonbonding
electrons, or lone-pair electrons. The nitrogen atom in ammonia, for
instance, shares six of its eight valence electrons in three covalent bonds
with hydrogens, and has its remaining two valence electrons in a nonbonding
lone pair.

YGilbert Newton Lewis (1875-1946); b. Weymouth, Massachusetts; Ph.D. Harvard (1899);
professor, Massachusetts Institute of Technology (1905-1912), University of California, Berke-
ley (1912-1946). It
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Nonbonding, H
lone-pair electrons < H |
~S:N:H  or :III—H
H
H
Ammonia

Lewis structures are valuable because they make electron bookkeeping
possible and act as reminders of the number of valence electrons present.
Simpler still is the use of “Kekulé” structures, also called line-bond
structures, in which a two-electron covalent bond is indicated as a line
drawn between atoms. Lone pairs of nonbonding valence electrons are often
ignored when drawing line-bond structures, but it’s still necessary to keep
them in mind. Some examples are shown in Table 1.2.

Table 1.2 Lewis and Kekulé Structures of Some Simple Molecules
Lewis Kekulé Lewis Kekulé
Name structure structure Name structure structure
Water - e H
(H,0) ) L™=l Methane H |
H H |
Ammonia H ! =
H:N:H H—-N—H
(NH;3) & H
Methanol H . |
(CH,04) H:C:O:H H-C—O0-H
i }'1

o T SN RO 2 L S S B0 B 00 T, R g ——

How many hydrogen atoms does phosphorus bond to in forming phosphine, PH,?

Solution Phosphorus is in group 5A of the periodic table and has five valence
electrons. It needs to share three more electrons to make an octet, and therefore
bonds to three hydrogen atoms, giving PHj.

PROBLEM. .......c000ceuuieesscococorncsoocsosaanansanscssceasnsssnas

1.4 What are likely formulas for the following substances?
(a) CCl, (b) AlH, (¢c) CH,Cl, (d) SiF, (e) CH3NH,

SO T e e e e A R S B IO e T T C B A OO G0

1.5 Write both Lewis and line-bond structures for these substances, showing all non-
bonded electrons:
(a) CHClj, chloroform (b) H,S, hydrogen sulfide
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(¢) CH3NH,, methylamine (d) BH3, borane
(e) NaH, sodium hydride (f) CHj3Li, methyllithium

1.6 Which of the following substances would you expect to have covalent bonds and
which ionic bonds? Explain.
(a) CHy (b) CH,Cl, (c) Lil (d) KBr (e) MgCl, (f) Cly

1.7 Describing Covalent Bonds:
Valence Bond Theory and
Molecular Orbital Theory

How do covalent bonds form? Two models have been developed to describe
covalent bond formation, valence bond theory and molecular orbital theory.
Each model has its strengths and weaknesses, and chemists use them inter-
changeably depending on the circumstances. Valence bond theory is the
more easily visualized of the two, so most of the descriptions we’ll be using
in this book derive from that approach. We'll take a brief look at both theo-
ries and then return for a second look at molecular orbital theory in
Section 1.10.

Valence Bond Theory

According to valence bond theory, a covalent bond results when two atoms
approach each other closely so that a singly occupied orbital on one atom
overlaps a singly occupied orbital on the other atom. The now-paired elec-
trons in the overlapping orbitals are attracted to the nuclei of both atoms
and thus bond the atoms together. In the Hy molecule, for example, the
H-H bond results from the overlap of two singly occupied hydrogen 1s
orbitals:

Hff + |H| ——  HUH/

1s 1s H; molecule

The_ strength of a covalent bond depends on the amount of orbital over-
lap—the greater the overlap, the stronger the bond. This means that bonds
formed by overlap of other than s orbitals have a directionality to them. In
HF, for example, the covalent bond involves overlap of a hydrogen 1s orbital

——
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(nondirectional) with a fluorine 2p orbital (directional) and forms along the
p orbital axis.

HT + l F _— H@, F

H 1s orbital F 2p orbital HF molecule

The key ideas of valence bond theory can be summarized as follows:

1. Covalent bonds are formed by overlap of atomic orbitals, each of
which contains one electron of opposite spin.

2. Each of the bonded atoms maintains its own atomic orbitals, but
the electron pair in the overlapping orbitals is shared by both atoms.

3. The greater the amount of orbital overlap, the stronger the bond.

The bond in the Hy molecule has the elongated egg shape we might get
by pressing two spheres together. If a plane were to pass through the middle
of the bond, the intersection of the plane and the overlapping orbitals would
be a circle. In other words, the H-H bond is cylindrically symmetrical, as
shown in Figure 1.9. Such bonds, which are formed by the head-on overlap
of two atomic orbitals along a line drawn between the nuclei, are called
sigma (o) bonds. Although ¢ bonds are the most common kind, we’ll see
shortly that there is another type as well.

Circular cross-section

Figure 1.9 The cylindrical symmetry of the H-H bond. The
intersection of a plane cutting through the orbital is a circle.

During the reaction 2 H- — Hj, 436 kJ/mol (104 kcal/mol) of energy is
released. Because the product Hy molecule has 436 kJ/mol less energy than
the starting 2 H-, we say that the product is more stable than the starting
material and that the new H-H bond has a bond strength of 436 kJ/mol.
In other words, we would have to put 436 kd/mol of energy into the H-H
bond to break the Hy molecule apart into two H atoms. Figure 1.10 shows
the relative energy levels of the different species.
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Two hydrogen atoms —_— = =

Released when bond forms

2 x 218 = 436 k
g T { Absgrhied whenb ot T

—_— _— H; molecule

Figure 1.10 Energy levels of H atoms and the H, molecule.
Because the H, molecule is lower in energy by 436 kJ/mol
(104 kcal/mol) than the two H atoms, 436 kJ/mol of energy is
released when the H—H bond forms.

How close are the two nuclei in the H; molecule? If they are too close,
they will repel each other because both are positively charged, yet if they
are too far apart, they won'’t be able to share the bonding electrons. Thus,
there is an optimum distance between nuclei that leads to maximum stabil-
ity (Figure 1.11). Called the bond length, this distance is 0.74 A in the H,
molecule. Every covalent bond has both a characteristic bond strength and
bond length.

HH (too close)

- Betd lengih

Internuclear distance

Figure 1.11 A plot of energy versus internuclear distance for
two hydrogen atoms. The distance at the lowest-energy point is
called the bond length.
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Molecular Orbital Theory

Molecular orbital (MO) theory describes covalent bond formation as a
mathematical combination of atomic orbitals (wave functions) to form molec-
ular orbitals, so called because they belong to an entire molecule rather
than to an individual atom. Just as an atomic orbital describes a region of
space around an atom where an electron is likely to be found, so a molecular
orbital describes a region of space in a molecule where electrons are most
likely to be found. Like an atomic orbital, a molecular orbital has a specific
size, shape, and energy. In the H; molecule, for example, two singly occupied
1s atomic orbitals combine. There are two ways for the orbital combination
to occur—an additive way and a subtractive way. The additive combination
leads to formation of a molecular orbital that is roughly egg-shaped, while
the subtractive combination leads to formation of a molecular orbital that
has a node between nuclei (Figure 1.12).

H — H Antibonding MO (unfilled)

H 1s orbital H 1s orbital

H— H Bonding MO (filled)

Figure 1.12 Molecular orbitals of H,. Combination of two
hydrogen 1s atomic orbitals leads to two H, molecular orbitals.
The lower-energy, bonding MO is filled, and the higher-energy,
antibonding MO is unfilled.

The additive combination is lower in energy than the two hydrogen 1s
atomic orbitals and is called a bonding MO. Any electrons it contains spend
most of their time in the region between the two nuclei, helping to bond the
atoms together. The subtractive combination is higher in energy than the
two hydrogen 1s orbitals and is called an antibonding MO. Any electrons
it contains can’t occupy the central region between the nuclei where there
is a node and can’t contribute to bonding.

The key ideas of molecular orbital theory can be summarized as follows:

1. Molecular orbitals are to molecules what atomic orbitals are to
atoms. Molecular orbitals describe regions of space in a molecule
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where electrons are most likely to be found, and they have a specific
size, shape, and energy level.

2. Molecular orbitals are formed by combining atomic orbitals. The
number of MO’s formed is the same as the number of atomic orbitals
combined.

3. Molecular orbitals that are lower in energy than the starting atomic
orbitals are bonding; MO’s that are higher in energy than the start-
ing atomic orbitals are antibonding; and MO’s with the same energy
as the starting atomic orbitals are nonbonding.

1.8 Hybridization: sp® Orbitals and the

Structure of Methane

The bonding in the hydrogen molecule is fairly straightforward, but the
situation is more complicated in organic molecules with tetravalent carbon
atoms. Let’s start with a simple case and consider methane, CH,. Carbon
has four electrons in its valence shell and can form four bonds to hydrogens.
In Lewis structures:

H
H

What are the four C-H bonds in methane like? Because carbon uses
two kinds of orbitals (2s and 2p) to form bonds, we might expect methane
to have two kinds of C—H bonds. In fact, though, a large amount of evidence
shows that all four C-H bonds in methane are identical and are spatially
ortented toward the corners of a regular tetrahedron (see Figure 1.6). How
can we explain this?

The answer was provided in 1931 by Linus Pauling,'® who showed
mathematically how an s orbital and three p orbitals can combine, or
hybridize, to form four equivalent atomic orbitals with tetrahedral orienta-
tion. Shown in Figure 1.13, these tetrahedrally oriented orbitals are called
sp® hybrids.'®

18Linus Pauling (1901-1994); b. Portland, Oregon; Ph.D. California Institute of Technology
(1925); professor, California Institute of Technology (1925-1967); University of California, San
Diego; Professor Emeritus, Stanford University (1974—-1994); Nobel Prize (1954, 1963).

“The superscript “3” in the name sp? hybrid indicates that 3 p atomic orbitals combine to
form the hybrid, not that 3 electrons occupy it.
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Figure 1.13 Four sp? hybrid orbitals are formed by
combination of an atomic s orbital and three atomic p orbitals.
The sp> hybrids are oriented to the corners of a regular
tetrahedron. Because the two Iobes of the p atomic orbitals
have different algebraic signs, they can combine with the s
orbital in either an additive or a subtractive way, thus making
the resultant sp? hybrid unsymmetrical and giving it a
directionality.
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Four tetrahedral
sp3 orbitals

An sp3 orbital

The concept of hybridization explains ~ow carbon forms four equivalent
tetrahedral bonds but doesn’t explain why it does so. Looking at an sp® hybrid
orbital from the side suggests the answer. When an s orbital hybridizes with
three p orbitals, the resultant hybrid orbitals are unsymmetrical about the
nucleus. One of the two lobes of an sp® orbital is much larger than the other
and can therefore overlap better with the orbital from another atom when
it forms a bond. As a result, sp® hybrid orbitals form stronger bonds than

do unhybridized s or p orbitals.

The asymmetry of sp® orbitals arises because of a property of orbitals
that we have not yet considered. When the wave equation corresponding to
a p orbital is solved, the two lobes have opposite algebraic signs, + and —.
Thus, when a p orbital hybridizes with an s orbital, one p lobe is addi-
tive with the s orbital, but the other p lobe is subtractive. The resultant
hybrid orbital is therefore strongly oriented in one direction, as shown in

Figure 1.13.

When the four identical orbitals of an sp3-hybridized carbon atom over-
lap with the 1s orbitals of four hydrogen atoms, four identical C~H bonds
are formed and methane results. Each C-H bond in methane has a strength
of 438 kJ/mol (105 kcal/mol) and a length of 1.10 A. Because the four bonds
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have a specific geometry, we also can define a property called the bond
angle. The angle formed by each H-C-H is exactly 109.5°, the so-called
tetrahedral angle. Methane thus has the structure shown in Figure 1.14.

Bond

angle St Bond

109.5 | Ilength
___l110A

Stereo View

Figure 1.14 The structure of methane. The drawings are
computer-generated.

1.9 The Structure of Ethane

The same kind of hybridization that explains the methane structure also
explains how carbon atoms can bond together to make possible the many
millions of known organic compounds. Ethane, C;Hg, is the simplest mole-
cule containing a carbon-carbon bond:

H
HH T
HCCH H—C—C—H CH3;CH;4
HH | }li

Some representations of ethane
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We can picture the ethane molecule by imagining that the two carbon
atoms bond to each other by o overlap of an sp® hybrid orbital from each. The
remaining three sp® hybrid orbitals on each carbon overlap with hydrogen
1s orbitals to form the six C—H bonds, as shown in Figure 1.15. The C-H
bonds in ethane are similar to those in methane, though a bit weaker—420
kd/mol (100 kcal/mol) for ethane versus 438 kd/mol for methane. The C-C
bond is 1.54 A long and has a strength of 376 kJ/mol (90 kcal/mol). All the
bond angles of ethane are near the tetrahedral value of 109.5°.

sp® carbon sp®carbon sp®—sp®sigma bond

\1096° H

/I-—l 54 A—-{\

Stereo View

Figure 1.15 The structure of ethane. The carbon-carbon bond
is formed by o overlap of two carbon sp® hybrid orbitals. (For
clarity, the smaller lobes of the sp> hybrid orbitals are not
shown.)
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1.8 Draw a line-bond structure for propane, CH;CH,;CHj. Predict the value of each bond
angle, and indicate the overall shape of the molecule.
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1.10 Hybridization: sp? Orbitals and the
Structure of Ethylene

Although sp® hybridization is the most common electronic state of carbon,
it’s not the only possibility. Look at ethylene, CoH,4, for example. It was
recognized over 100 years ago that ethylene carbons can be tetravalent only
if the two carbon atoms share four electrons and are linked by a double
bond. Furthermore, ethylene is known to be planar (flat) and to have bond
angles of approximately 120°.

- H\ /H
H . H
ChR: c=g -
H H / H - ~
H H
Top view Side view
Ethylene

When we discussed sp® hybrid orbitals in explaining the bonding in
methane, we said that all four of carbon’s outer-shell atomic orbitals combine

—-——=u

Sp

sp Sp'

Side view Top view

Figure 1.16 An sp*hybridized carbon. There are three
equivalent sp? hybrid orbitals lying in a plane at angles of 120°
to each other and a single unhybridized p orbital perpendicular
to the sp? plane.




1.10 Hybridization: sp? Orbitals and the Structure of Ethylene 23

to form four equivalent sp® hybrids. Imagine instead that the 2s orbital
combines with only two of the three available 2p orbitals. Three hybrid
orbitals called sp® hybrids result, and one 2p orbital remains. The three
sp? orbitals lie in a plane at angles of 120° to one another, with the remaining
p orbital perpendicular to the sp? plane, as shown in Figure 1.16.

When two sp-hybridized carbons approach one another, they form a
o bond by sp?-sp? overlap. At the same time, the unhybridized p orbitals
on each carbon approach with the correct geometry for sideways overlap,
leading to the formation of what is called a pi (%) bond. Note that the
7 bond has regions of electron density on either side of a line drawn between
nuclei but has no electron density directly between nuclei. The combination
of an sp%-sp? o bond and a 2p—2p 7 bond results in the sharing of four
electrons and the formation of a C=C double bond (Figure 1.17).

Q/
y

7

Pi bond

- | /p orbitals\ | | / ' Sigma bond

¥

sp?carbon sp®carbon

L e d— S \-":‘c' _

) \/ 7 "
: sp*orbitals [ \ |
Pi bond

Carbon—carbon double bond

Figure 1.17 Orbital overlap of two sp?-hybridized carbons to
form a C=C double bond. One part of the double bond results
from o [head-on) overlap of sp? orbitals, and the other part
results from 7 (sideways) overlap of unhybridized p orbitals. The
7 bond has regions of electron density on either side of a line
drawn between nuclei.

To complete the structure of ethylene, four hydrogen atoms form o bonds
to the remaining four sp? orbitals. Ethylene has a planar structure with
H-C-H and H-C-C bond angles of approximately 120° (the H-C-H bond angles
are 116.6°, and the H-C-C bond angles are 121.7°). Each C-H bond has a
length of 1.076 A and a strength of 444 kJ/mol (106 kcal/mol).

As you might expect, the carbon—carbon double bond in ethylene is both
shorter and stronger than the single bond in ethane because it results from
the sharing of four electrons rather than two. Ethylene has a C=C bond
length of 1.33 A and a strength of 611 kJ/mol (146 kcal/mol) versus a C—C
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bond length of 1.54 A and a strength of 376 kJ/mol for ethane. Note, though,
that the strength of a carbon—carbon double bond is less than twice that of
a single bond because the overlap in the 7 part of the double bond is not as
effective as the overlap in the o part. The structure of ethylene is shown in
Figure 1.18.

o /H\
C \ C 116.6°
1.076 A/*“l.33 A-’i\

Vg O

Stereo View

Figure 1.18 The structure of ethylene. The computer-
generated structures show only the connections between atoms
and do not explicitly show the C=C double bond.

We said in Section 1.7 that chemists use two models for describing
covalent bonds, valence bond theory and molecular orbital theory. Having
seen a valence bond description of the double bond in ethylene, let’s also
look at a molecular orbital description.

Just as bonding and antibonding ¢ molecular orbitals result from the
combination of two s atomic orbitals in Hy, so bonding and antibonding o
molecular orbitals result from the combination of two p atomic orbitals in
ethylene. As shown in Figure 1.19, the 7 bonding MO has no node between
nuclei and results from an additive combination of p orbital lobes with the
same algebraic sign. The 7 antibonding MO has a node between nuclei and
results from a subtractive combination of lobes with different algebraic
signs. Only the bonding MO is filled; the higher-energy, antibonding MO is
vacant.

We’ll come back to this molecular orbital description of multiple bonding
in future chapters, particularly when we discuss compounds with more than
one double bond.
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Nodal plane
]
I
I
|
‘~~ l ",’ . . 5
_ — = 7 Antibonding MO
I
I
l
_ I
Two p orbitals Combine 1
'}_.‘ 5 sl nm Bonding MO

Figure 1.19 A molecular orbital description of the C-C 7
bond. The 7 bonding MO results from an additive combination
of atomic orbitals and is filled. The 7 antibonding MO results
from a subtractive combination of atomic orbitals and is unfilled.
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PROBLEM. . .

1.10

Formaldehyde, CH,0, contains a carbon-oxygen double bond. Draw Lewis and line-
bond structures of formaldehyde, and indicate the hybridization of the carbon atom.

Solution There is only one way that two hydrogens, one carbon, and one oxygen
can combine:

H
H \
C::0 C==0
/
H
Lewis structure Line-bond structure

Like the carbon atoms in ethylene, the doubly bonded carbon atom in formaldehyde
is sp%-hybridized.

Draw all the bonds in propene, CH;CH=CH,. Indicate the hybridization of each
carbon, and predict the value of each bond angle.
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1.11 Answer Problem 1.10 for 1,3-butadiene, H,C=CH-CH=CH,.

el U= M 56665600000000000000007A560AG006% 049 00430080004000000000000

1.12 Draw both a Lewis structure and a line-bond structure for acetaldehyde, CH;CHO.

1.11 Hybridization: sp Orbitals and the
Structure of Acetylene

In addition to being able to form single and double bonds by sharing two and
four electrons, carbon also can form a ¢riple bond by sharing six electrons. To
account for the triple bond in a molecule such as acetylene, CsHy, we need
a third kind of hybrid orbital, an sp hybrid.

H:C:::C:H H—C=C—H

Acetylene

Imagine that, instead of combining with two or three p orbitals, a carbon
2s orbital hybridizes with only a single p orbital. Two sp hybrid orbitals
result, and two p orbitals remain unchanged. The two sp orbitals are linear,
or 180° apart on the x-axis, while the remaining two p orbitals are perpendic-
ular on the y-axis and the z-axis, as shown in Figure 1.20.

180°

A

—
—
—

i
\

—
— -4
—

< 1

=

One spl hybrid Another sp hybrid

Figure 1.20 An sp-hybridized carbon atom. The two sp hybrid
orbitals are oriented 180° away from each other, perpendicular
to the two remaining p orbitals.
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When two sp-hybridized carbon atoms approach each other, sp hybrid
orbitals from each carbon overlap head-on to form a strong sp-sp o bond.
In addition, the p. orbitals from each carbon form a p,—p. 7bond by sideways
overlap, and the p, orbitals overlap similarly to form a p,—p, 7 bond. The
net effect is the sharing of six electrons and formation of a net carbon—carbon
triple bond. The remaining sp hybrid orbitals each form a ¢ bond with
hydrogen to complete the acetylene molecule (Figure 1.21).

J porbitals |

Iy /j___ T.__, . Ao.‘ :

! sp orbitals 7 J

p orbitals g ! Carbon—carbon triple bond

Figure 1.21 The structure of acetylene. The two sp-hybridized
carbon atoms are joined by one sp-sp o bond and two p-p T
bonds.

Because of sp hybridization, acetylene is a linear molecule with H-C-C
bond angles of 180°. The carbon—hydrogen bond in acetylene has a length
of 1.06 A and a strength of 552 kJ/mol (132 kcal/mol). The carbon—carbon
bond length is 1.20 A and its strength is about 835 kJ/mol (200 kcal/mol),
making the triple bond in acetylene the shortest and strongest of any
carbon—carbon bond. A comparison of sp, sp%, and sp® hybridization is given
in Table 1.3.
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Table 1.3 Comparison of C-C and C-H Bonds in Methane, Ethane, Ethylene, and
Acetylene
Bond strength
Molecule Bond (ke [ mol) (keal [ mol) Bond length (A)
Methane, CH, Cier=J5G1, 438 105 1.10
Ethane, CH3CHj3 CrgemCie 376 90 1.54
(O, =5 420 100 1.10
Ethylene, H,C=CH, Cp2=Cyp2 611 146 138
Cop2—H,, 444 106 1.076
Acetylene, HC=CH ¢ =0, 835 200 1.20
C,—His 552 132 1.06

[/1{0, 12,7 005666600 000000 80 oo SR 0 B 6 o 60 A6 000600900000 60608 5 030 o o

1.13 Draw a line-bond structure for propyne, CH;C=CH. Indicate the hybridization of
each carbon, and predict a value for each bond angle.

1.12 Hybridization of Other Atoms:
Nitrogen, Oxygen, and Boron

The concept of hybridization described in the previous four sections is not
restricted to carbon compounds. Covalent bonds formed by other elements
in the periodic table also can be described using hybrid orbitals. Look at the
nitrogen atom in ammonia, NHjs, for example. A nitrogen atom has five
outer-shell electrons and therefore forms three covalent bonds to complete
its valence electron octet.

N-+ 83H- — H:N:H or H——IT'*——H

H
H

The experimentally measured H-N-H bond angle in ammonia is 107.3°,
close to the tetrahedral value of 109.5° found in methane. We therefore
assume that nitrogen hybridizes to form four sp? orbitals, exactly as carbon
does. One of the four sp? orbitals is occupied by two nonbonding electrons,
and the other three each have one electron. Sigma overlap of these three
half-filled nitrogen sp® hybrid orbitals with hydrogen 1s orbitals completes
the ammonia molecule (Figure 1.22). The N-H bond length is 1.008 A , and
the bond strength is 449 kJ/mol (107 kcal/mol). Note that the unshared lone
pair of electrons in the fourth sp® hybrid orbital occupies just as much space
as an N-H bond does and is very important to the chemistry of ammonia.
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Lone pair
/

N :

/ TNH :
H \_/
107.3° H ;

Ammonia Stereo View

Figure 1.22 Hybridization of nitrogen in ammonia. The
nitrogen atom is sp>-hybridized, resulting in H-N-H bond angles

of 107.3°.

Like the carbon atom in methane and the nitrogen atom in ammonia,
the oxygen atom in water is sp>-hybridized. Because an oxygen atom has
six outer-shell electrons, however, it forms only two covalent bonds and has
two lone pairs (Figure 1.23). The H-O-H bond angle in water is 104.5°
somewhat less than the 109.5° tetrahedral angle expected for sp3-hybridiza-
tion. This somewhat diminished bond angle is probably due to a repulsive
interaction between the two lone pairs that forces them apart, thereby com-
pressing the H-O-H angle. The O-H bond length is 0.958 A, and the bond
strength is 498 kJ/mol (119 kcal/mol).

Lone pairs
0.96 A
\/0 :
H \ &
104.5'\_/

H Stereo View

Figure 1.23 The structure of water. The oxygen atom is sp’-
hybridized and has two lone pairs of electrons. The H-O-H bond
angle is 104.5°.

The last example of orbital hybridization we’ll consider is that of the
boron atom in boron trifluoride, BF3;. Because boron has only three valence
electrons (1s2 2s2 2p,), it can form only three bonds and can’t reach a stable
valence electron octet.
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. F
. . D |
3F+B —% FB or /B\
:.P:: F F

The three B-F bonds orient as far away from one another as possible,
giving a trigonal planar structure for BF; and implying sp? hybridization.
Each fluorine bonds to a boron sp? orbital, with the remaining p orbital on
boron left vacant (Figure 1.24).

% Vacant p orbital

/ 120°

\w/

Feo—0 = 50—

Stereo View

Figure 1.24 The structure of boron trifluoride. The boron atom
is sp?-hybridized and has a vacant p orbital perpendicular to the
BF3 plane.

PROBLEM. . ... o i it ittt titinereesnsanaasasassananaaennans

1.14 Draw Lewis and line-bond structures for formaldimine, CH,NH. How many electrons
are shared in the C~N bond? What is the hybridization of the nitrogen atom?
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1.15 What geometry do you expect for each of the following?
(a) The oxygen atom in methanol, H3C—§——H

(b) The nitrogen atom in trimethylamine, ch—iﬁ —CH;
CH,

(¢) The phosphorus atom in :PHj3
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INTERLUDE

Chemical Toxicity
and Risk

Charred meat contains
cancer-causing substances called
polycyclic aromatic hydrocarbons.
Are these ribs safe to eat?

We hear and read a lot these days about the dangers of “chemicals”—
about pesticide residues on food, unsafe medicines, and so forth. What’s
a person to believe?

Life is not risk-free—we all take many risks each day. We decide to
ride a bike rather than drive, even though there is a ten times greater
likelihood per mile of dying in a bicycling accident than in a car. We may
decide to smoke cigarettes, even though it increases our chance of getting
cancer by 50%. Making judgments that affect our health is something we
do every day without thinking about it.

But what about risks from chemicals? Risk evaluation is carried out
by exposing test animals (usually rats) to a chemical and then monitoring
for signs of harm. To limit the expense and time needed, the amounts
administered are hundreds or thousands of times greater than those a
human might normally encounter. Once the animal data are available, the
interpretation of those data involves many assumptions. If a substance is
harmful to animals, is it necessarily harmful to humans? How can a large
dose for a small animal be translated into a small dose for a large human?
As pointed out by the sixteenth-century Swiss physician Paracelsus, “The
dose makes the poison.” All substances, including water and table salt,
are toxic to some organisms to some extent, and the difference between
help and harm is a matter of degree.

The standard method for evaluating acute chemical toxicity, as
opposed to long-term toxicity, is to report an LDj3, value, the amount of

Table 1.4 Some LDs, Values

Substance LDs, (g/kg) Substance LDs, (g/kg)
Aflatoxin B, 4 x 107 Formaldehyde 2.4
Aspirin 1.7 Sodium cyanide 1.5 x 1072
Chloroform 3.2 Sodium cyclamate 17

Ethyl alcohol 10.6

(continued)»
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a substance per kilogram body weight that is lethal to 50% of the test
animals. The LDs5, values of various substances are shown in Table 1.4.

How we respond to risk is strongly influenced by familiarity. The
presence of chloroform in municipal water supplies—at a barely detect-
able level of 0.000 000 01%—has caused an outcry in many cities, yet
chloroform has a lower acute toxicity than aspirin. Many foods contain
natural ingredients far more toxic than synthetic food additives or pesti-
cide residues, but the ingredients are ignored because the foods are famil-
iar. Peanut butter, for example, contains tiny amounts of aflatoxin, a far
more potent cancer threat than sodium cyclamate, an artificial sweetener
that has been banned because of its “risk.”

All decisions involve tradeoffs. Does the benefit of a pesticide that
will increase the availability of food outweigh the health risk to 1 person
in 1 million who are exposed? Do the beneficial effects of a new drug
outweigh a potentially dangerous side effect to a small number of users?
The answers aren’t always obvious, but it’s the responsibility of legislators
and well-informed citizens to keep their responses on a factual level rather
than an emotional one.

Summary and Key Words
P . R e S S

Organic chemistry is the study of carbon compounds. Although a division
into organic and inorganic chemistry occurred historically, there is no scien-
tific reason for the division.

An atom is composed of a positively charged nucleus surrounded by one
or more negatively charged electrons. The electronic structure of an atom
can be described by the Schrodinger wave equation, in which electrons
are considered to occupy orbitals centered around the nucleus. Different
orbitals have different energy levels and different shapes. For example,
s orbitals are spherical and p orbitals are dumbbell-shaped. The electron
configuration of an atom can be found by assigning electrons to the proper
orbitals, beginning with the lowest-energy orbitals.

There are two kinds of chemical bonds—ionic bonds and covalent
bonds. Ionic bonds are based on the electrostatic attraction of unlike charges
and are commonly found in inorganic salts. Covalent bonds are formed
when an electron pair is shared between atoms. According to valence bond
theory, electron sharing occurs by overlap of two atomic orbitals. According
to molecular orbital theory, bonds result from the combination of atomic
orbitals to give molecular orbitals, which belong to the entire molecule.
Valence bond theory is particularly suitable for describing single bonds,
and molecular orbital theory is particularly suitable for describing multiple
bonds. Bonds that have a circular cross-section and are formed by head-on
overlap are called sigma (o) bonds; bonds formed by sideways overlap of
p orbitals are called pi (7)) bonds.

Carbon uses hybrid orbitals to form bonds in organic molecules. When
forming only single bonds (tetrahedral geometry), carbon is sp®-hybridized
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and has four equivalent sp® hybrid orbitals. When forming a double
bond (planar geometry), carbon is sp?-hybridized, has three equivalent sp?
hybrid orbitals, and has one unhybridized p orbital. A carbon—carbon
double bond results when two sp?-hybridized carbon atoms bond together.
When forming a triple bond (linear geometry), carbon is sp-hybridized, has
two equivalent sp hybrid orbitals, and has two unhybridized p orbitals.
A carbon-carbon triple bond results when two sp-hybridized carbon atoms
bond together.

Other atoms such as nitrogen, oxygen, and boron also hybridize to form
stronger bonds. The nitrogen atom in ammonia and the oxygen atom in water
are sp>-hybridized; the boron atom in boron trifluoride is sp®-hybridized.

Working Problems

There is no surer way to learn organic chemistry than by working problems.
Although careful reading and rereading of this text is important, reading
alone isn’t enough. You must also be able to work with the information
you've read and be able to use your knowledge in new situations. Working
problems gives you practice at doing this.

Each chapter in this book provides many problems of different sorts.
The in-chapter problems are placed for immediate reinforcement of ideas
just learned. The end-of-chapter problems provide additional practice and
are of two types: drill and thought. Early problems are primarily of the drill
type, providing an opportunity for you to practice your command of the
fundamentals. Later problems tend to be more thought-provoking, and many
are challenges to your depth of understanding.

As you study organic chemistry, take the time to work the problems.
Do the ones you can, and ask for help on the ones you can’t. If you're stumped
by a particular exercise, check the accompanying Study Guide and Solutions
Manual for an explanation that will help clarify the difficulty. Working
problems takes effort, but the payoff in knowledge and understanding is
immense.

ADDITIONAL PROBLEMS........ccoiiiiiiiiiiiiiiiiiin,

1.16

1.17

1.18

1.19

How many valence electrons does each of the following atoms have?
(a) Magnesium (b) Sulfur (¢) Bromine

Give the ground-state electron configurations for the following elements. For exam-
ple, carbon is 1s2 252 2p2.
(a) Sodium (b) Aluminum (¢) Silicon (d) Calcium

What are likely formulas for the following molecules?
(a) AICI, (b) CFy.Cl, (¢) NI,

Write Lewis (electron-dot) structures for the following molecules:

(a) H—C=C—H (b) AlH; (c) CH3—S—CH;
(0] (0]

(d) Cl——g—Cl (e) HLC=CH—CH=CH, (f) CH:;_(I_l/—O—H
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1.20

1.21
1.22

1.23

1.24

Write a Lewis structure for acetonitrile, H;C-C=N. How many electrons does the
nitrogen atom have in its outer shell? How many are bonding, and how many are
nonbonding?

What is the hybridization of each carbon atom in acetonitrile (Problem 1.20)?

Draw both a Lewis structure and a line-bond structure for vinyl chloride, CoH;Cl,
the starting material from which PVC [poly(vinyl chloride)] plastic is made.

Fill in any unshared electrons that are missing from the following line-bond
structures:

i
(a) CH3—O—CH3 (b) CHS—C'—CHs
I
(¢) CH3—C—NH, (d) CH.CIF

Convert the following line-bond structures into molecular formulas:

(a) II{ (b) Ili |
H_ _Cy _OH H., Cs O—C—GIf
C C C
l | (ll/ é
C C
H \?/ SH Hi \(I/ “cooH
H H
Phenol Aspirin
© CH,OH (@ H N H
>~ >¢” cH,
H—C—OH | (|% 111 /H
0 _0 H” e’ ¢ Tc=H
yd
H—G \/04 | 5]
C——C—H
C=@ H/ | |
/ \
HO OH H H
Vitamin C Nicotine
') o\\ f) CH,O0H
(IJ—oc1{20HzI(IH(CHZCH?,)2 cr (IJ__O
H /] H
H\C/C\C/H \C/H \C/
fl l / \OH H / \
_C O HO | | OH
NH, H OH '
Glucose

Novocain |




1.25

1.26

1.27

1.28

1.29

1.30

1.31

1.32

1.33

1.34

1.35
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Convert the following molecular formulas into line-bond structures that are consis-
tent with valence rules.

(a) C3Hg (b) CHs5N
(¢) C3HgO (2 possibilities) (d) C3H;Br (2 possibilities)
(e) CoH4O (8 possibilities) (f) C3HoN (4 possibilities)

What kind of hybridization do you expect for each carbon atom in the following
molecules?

(a) Propane, CH;CH,CHj3 (b) 2-Methylpropene, (CH3);C=CH,

(¢) 1-Buten-3-yne, HC=CH—C=CH (d) Cyclobutene, H\ /H

(e) Dimethyl ether, CH;OCHj3 (|:=?
H2C—CH2

What is the overall shape of benzene, and what hybridization do you expect for each
carbon? .

H H
\ /
C=C
\
H—C C—H Benzene
\ 7
—(C
/ \
H H

What bond angles do you expect for the following?

(a) The C-O-C angle in CH;0CH;3 (b) The C-N-C angle in CH;NHCH;3
(¢) The C-N-H angle in CH;NHCH,; (d) The C-B-C angle in (CH3);B
What kind of hybridization do you expect for the following? (See Problem 1.28.)
(a) The oxygen atom CH;0CH;3 (b) The nitrogen in CH;NHCH,3

(¢c) The boron in (CH3);B

What shape do you expect the following species to have?
(a) The ammonium ion, NH,* (b) Trimethylborane, (CH;3):B
(c) Trimethylphosphine (CHj3);P (d) Formaldehyde, H,C=0

Draw a three-dimensional representation of the oxygen-bearing carbon atom in etha-
nol, CH;CH,OH, using the standard convention of solid, wedged, and dashed lines.

Consider the molecules SO, and SO and the ion SO,%~. Write Lewis structures and
predict the shape of each.

Draw line-bond structures for these molecules:
(a) Acrylonitrile, H,C=CHCN (b) Ethanol, CH;CH,OH
(¢) Butane, CH;CH,CH,CHj;

Sodium methoxide, NaOCHj3, contains both covalent and ionic bonds. Which do you
think is which?

What kind of hybridization do you expect for each carbon atom in the following
molecules?
(a) Acetic acid, (b) 3-Buten-2-one,

] ]
H,C—C—OH H,C=CH—C—CH,



36 CHAPTER 1 Structure and Bonding

(c) Acrylonitrile, (d) Benzoic acid,
H,C=CH—C=N
T
\C/ \C e
ll |
C C
H \?/ S
H
1.36 What bond angles do you expect for the following?
(a) The C-N-H angle in aniline, (b) The C-N-C angle in pyridine,
Iil H
. |
H /C\ /NH2 H\C/C\ H
(I: g I [
C
H \(l:/ SH e \N/ g
H

(¢c) The C-Be-C angle in dimethylberyllium, CH;BeCHj;
(d) The C-P-C angle in trimethylphosphine, (CHj3);P

1.37 What kind of hybridization do you expect for each of the following? (See Problem
1.36.)
(a) The nitrogen atom in aniline (b) The nitrogen atom in pyridine
(¢) The beryllium atom in CH;BeCHj; (d) The phosphorus atom in (CHj3)3P

1.38 Identify the bonds in the following compounds as either ionic or covalent.
(a) NaCl (b) CH5Cl (c) Cl, (d) HOCI

1.39 Allene, H,C=C=CHj, is somewhat unusual in that it has two adjacent double bonds.
Draw an orbital picture of allene. Is the central carbon atom sp®- or sp-hybridized?
What about the hybridization of the terminal carbons? What shape do you predict
for allene?

1.40 Allene (see Problem 1.39) is related structurally to carbon dioxide, CO,. Draw an
orbital picture of COy, and identify the hybridization of carbon.

1.41 Complete the Lewis electron-dot structure of caffeine, showing all lone-pair electrons,
and identify the hybridization of the indicated atoms.

o
H3C\N/C\C/N\
| I C—H Caffeine
/C\ /C\N//
(0) } Ii]
b\
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Although almost all stable organic species have tetravalent carbon atoms, species
with trivalent carbon atoms are known to exist. Carbocations are one such class of
compounds.

H—C

A carbocation

m”

(a) What is the relationship between a carbocation and a trivalent boron compound
such as BF3?

(b) How many valence electrons does the positively charged carbon atom have?

(c) What hybridization do you expect this carbon atom to have?

(d) What geometry does the carbocation have?

A carbanion is a species that contains a negatively charged, trivalent carbon.
(a) What is the relationship between a carbanion and a trivalent nitrogen compound
such as NH;3?

s

|
H—C:~ A carbanion

I
H

(b) How many valence electrons does the negatively charged carbon atom have?
(c) What hybridization do you expect this carbon atom to have?
(d) What geometry does the carbanion have?

Divalent species called carbenes are capable of fleeting existence. For example, meth-
ylene, :CH,, is the simplest carbene. The two unshared electrons in methylene can
be either spin-paired in a single orbital or unpaired in different orbitals. Predict the
type of hybridization you expect carbon to adopt in singlet (spin-paired) methylene
and triplet (spin-unpaired) methylene. Draw pictures of each, and identify the types
of carbon orbitals present.

Propose structures for molecules that meet the following descriptions:
(a) Contains two sp2-hybridized carbons and two sp>-hybridized carbons
(b) Contains only four carbons, all of which are sp2-hybridized

(c) Contains two sp-hybridized carbons and two sp?-hybridized carbons

A Look Ahead

1.46

1.47

1.48

There are two different substances with the formula C4H,,. Draw them both, and
tell how they differ.
There are two different substances with the formula C3Hg. Draw them both, and
tell how they differ.
There are two different substances with the formula CoHgO. Draw them both, and
tell how they differ.



Acetic acid transfers a proton
to water in aqueous solution.

Bonding and Molecular Properties

We saw in the last chapter how covalent bonds between atoms are described,
and we looked at the hybrid orbital model used to portray most organic
molecules. Before going on to a systematic study of complex organic sub-
stances, however, we still need to review a few fundamental topics. In partic-
ular, we need to look more closely at how electrons are distributed in covalent
bonds and at some of the consequences that arise when the bonding electrons
are not shared equally between atoms.

2.1 Polar Covalent Bonds:
Electronegativity

Up to this point, we’ve viewed chemical bonding in an either/or manner: A
given bond is either covalent or ionic. It’s more accurate, though, to look at
bonding as a continuum of possibilities, from a perfectly covalent bond with
a symmetrical electron distribution on the one hand, to a perfectly ionic
bond between positive and negative ions on the other (Figure 2.1).

The carbon—carbon bond in ethane is electronically symmetrical and
therefore fully covalent; the two bonding electrons are equally shared by ‘
the two equivalent carbon atoms. The bond in sodium chloride, by contrast,
is largely ionic.! Sodium has transferred an electron to chlorine to give Na*
and Cl~ ions, which are held together in the solid by electrostatic attraction.

!Even the bond in Na* Cl~ is only about 80% ionic rather than 100%.

-
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6+ 8-
x@x @Y X+ Y:-

Symmetrical covalent Polar covalent Ionic bond
bond bonds

Figure 2.1 The continuum in bonding from covalent to ionic
as a result of unsymmetrical electron distribution. The symbol &
(lowercase Greek delta) means partial charge, either partial
positive (6+) or partial negative (6—).

Between these two extremes lie the great majority of chemical bonds, in
which the electrons are attracted somewhat more strongly by one atom
than by the other. We call such bonds in which the electron distribution is
unsymmetrical polar covalent bonds.

Bond polarity is due to differences in electronegativity, the intrinsic
ability of an atom to attract electrons in a covalent bond. Metals on the left
side of the periodic table attract electrons only weakly, whereas the halogens
and other reactive nonmetals on the right side of the periodic table attract
electrons strongly. As shown in Figure 2.2, electronegativity values are given

Figure 2.2 Electronegativity trends in the periodic table.
Elements on the right side of the table are more electronegative
than elements on the left side. The values are on an arbitrary
scale, with H = 2.1 and F = 4.0. Carbon has an electronegativ-
ity value of 2.5. Any element more electronegative than carbon
has a value greater than 2.5, and any element less electronega-
tive than carbon has a value less than 2.5.
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on an arbitrary scale, with H = 2.1 and F = 4.0. Carbon has an electronega-
tivity value of 2.5. Any element more electronegative than carbon has a
value greater than 2.5, and any element less electronegative than carbon
has a value less than 2.5.

As a general rule, bonds between atoms with similar electronegativities
are covalent, bonds between atoms whose electronegativities (EN) differ
by less than 2 units are polar covalent, and bonds between atoms whose
electronegativities differ by more than 2 units are largely ionic. Carbon—
hydrogen bonds, for example, are relatively nonpolar because carbon and
hydrogen have similar electronegativities. Bonds between carbon and more
electronegative elements such as oxygen, fluorine, and chlorine, by contrast,
are polarized so that the bonding electrons are drawn away from carbon
toward the electronegative atom. This leaves carbon with a partial positive
charge, denoted by 6+, and the electronegative atom with a partial negative
charge, 5— (8 is the lowercase Greek letter delta). For example, the C-Cl
bond in chloromethane is polar covalent:

Cl
l’(l_-;“" Chloromethane Chlorine: EN = 3.0
H/ \H Carbon: EN =25
H AEN = 0.5

The arrow +> is used to indicate the direction of bond polarity. By convention,
electrons move in the direction of the arrow. The tail of the arrow (which
looks like a plus sign) is electron-poor (8+), and the head of the arrow is
electron-rich (6—).

Bonds between carbon and less electronegative elements are polarized
so that carbon bears a partial negative charge and the other atom bears a
partial positive charge. Organometallic compounds, such as tetraethyllead,
the “lead” in gasoline, provide good examples of this kind of polar bond.

=
CH,CH,
65— .
CH,CH,—Pb—CH,CH,  Tetraethyllead Carbon: EN =25
5= Lead: EN=19
CH,CH, AEN = 0.6

When speaking of an atom’s ability to polarize a bond, we often use the
term inductive effect. An inductive effect is simply the shifting of electrons
in a bond in response to the electronegativity of nearby atoms. Metals such
as lithium and magnesium inductively donate electrons, whereas electroneg-
ative nonmetals such as oxygen and chlorine inductively withdraw electrons.
Inductive effects play a major role in understanding chemical reactivity, and
we’ll use them many times throughout this text to explain a variety of
chemical phenomena.
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Which element in each of the following pairs is more electronegative?
(a) Lior H (b) Be or Br (c) ClorI (d) Cor H

Use the 6+/86— convention to indicate the direction of expected polarity for each of
the bonds indicated.

(a) H;C-Br (b) H3C-NH, (c) H3C-Li (d) HoN-H

(e) H;C-OH (f) H;C-MgBr (g) H;C-F

Use the electronegativity values shown in Figure 2.2 to rank the following bonds
from least polar to most polar:
(a) H;C-Li (b) H;C-K (c) HyC-F (d) H;C-MgBr (e) H;C-OH

2.2 Polar Covalent Bonds:
Dipole Moment

Since individual bonds are often polar, molecules as a whole are often polar
also. Overall molecular polarity results from the summation of all individual
bond polarities and lone-pair contributions in the molecule. The measure of
this net molecular polarity is a quantity called the dipole moment. As a
practical matter, strongly polar substances are often soluble in polar solvents
such as water, whereas nonpolar substances are insoluble in water.

Dipole moments can be thought of in the following way: Assume that
there is a center of mass of all positive charges (nuclei) in a molecule and
a center of mass of all negative charges (electrons) in the molecule. If these
two centers don’t coincide, then the molecule has a net polarity. The dipole
moment, p (Greek mu), is defined as the magnitude of the charge @ at
either end of the molecular dipole times the distance r between the charges,
i = @ X r. Dipole moments are expressed in debyes? (D), where 1 D =
3.336 X 107%° coulomb meters (C-m) in SI units. For example, the charge
on an electron is 1.60 X 10~ !° C. Thus, if one proton and one electron were
separated by 100 pm (a bit less than the length of an average covalent bond),
the dipole moment would be 1.60 X 10~2° C-m, or 4.80 D.

L=@QXr

1D
3.336 X 107%° C'm

p = (1.60 x 107 C)(100 x 107!2 m)( ) =4.80D

It’s relatively easy to measure dipole moments, and values for some

2Peter Joseph Wilhelm Debye (1884—1966); b. Maastricht, Netherlands; Ph.D. Munich (1910);
professor of physics, Ziirich, Utrecht, Géttingen, Leipzig, Berlin; professor of chemistry, Cornell
University (1936—1966); Nobel Prize (1936).
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common substances are given in Table 2.1. Once the dipole moment is
known, it’s then possible to calculate the amount of charge separation in a
molecule. In chloromethane, for example, the measured dipole moment is
w = 1.87 D. If we assume that the contributions of the nonpolar C—H bonds
are small, then most of the chloromethane dipole moment is due to the C-Cl
bond. Since the C—Cl bond length is 178 pm (1.78 A), the dipole moment of
chloromethane would be 1.78 X 4.8 D = 8.5 D if the C-Cl bond were ionic
(that is, if a full negative charge on chlorine were separated from a full
positive charge on carbon by a distance of 178 pm). But because the actual
dipole moment of chloromethane is only 1.87 D, the C—Cl bond is only about
(1.87/8.54)(100%) = 22% ionic. Thus, the chlorine atom in chloromethane
has an excess of about 0.2 electron, and the carbon atom has a deficiency
of about 0.2 electron.

5—
Cl «——— 0.2 electron excess

-S+C ——— 0.2 electron deficient

A
H/ "H
H
Chloromethane (p= 1.87 D)

Water and ammonia have relatively large dipole moments (Table 2.1)
because oxygen and nitrogen are both more electronegative than hydrogen.
In addition, the lone-pair electrons on the oxygen atom of water and the
nitrogen atom of ammonia make large contributions to overall dipole
moments because they have no atom attached to them to “neutralize” their
negative charge.

Table 2.1 Dipole Moments of Some Compounds

Compound Dipole moment (D) Compound  Dipole moment (D)

NaCl 9.0 NH; 1.47
0 CHy4 0

+/

H;C—N 3.46 CCly 0
(O CH;CH; 0

Nitromethane

CH,C1 1.87 © 0

L@ 1.85 Benzene

CH30H+ 1.70 BF3 0

Hy,C=N=N~ 1.50

Diazomethane

p—— e —
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H Lone palr

e o l

. H

Two lone k &

pairs

H Net

Water, H;O (u = 1.85 D) Ammonia, NH3 (u = 1.47 D)

By contrast with water and ammonia, methane, tetrachloromethane,
and ethane have zero dipole moments. Because of the symmetrical struc-
tures of these molecules, the individual bond polarities exactly cancel.

H *H H
H cl ~c”
¢ ¢ ¢
P PEITRNS oz
H7 OH cr/r al H7 H
H Cl H
Methane Tetrachloromethane Ethane
(p=0D) (n=0D) (p=0D)

s BT Goac co000 0 C 000 oEe 0000 000008 Bo00t 0000 5000000 5 08 00 000

2.4 Account for the observed dipole moments of methanol (CH3;0H, 1.70 D) by using an
arrow to indicate the direction in which electron density is displaced.

BROBLEEME. _. .. e e oo cuoueeeeealteeeenccconscocsnnen

2.5 Carbon dioxide, CO,, has zero dipole moment even though carbon—oxygen bonds
are strongly polarized. Explain.

2.6 Make three-dimensional drawings of the following compounds, and predict whether
each has a dipole moment. If you expect a dipole moment, show its direction.
(a) HyC=CH, (b) CHCI; (¢) CH,Cl, (d) HoC=CCl,

2.3 Formal Charges

Closely related to the ideas of bond polarity and dipole moment is the occa-
sional need to assign formal charges to specific atoms within a molecule.
This is particularly true for atoms that have an apparently “abnormal”
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number of bonds. In nitromethane (CH3NO;), for example, the nitrogen
atom has four bonds rather than the usual three and must be represented
as having a formal positive charge. The singly bonded oxygen atom, by
contrast, has one bond rather than the usual two and must be represented
as having a formal negative charge.

H :0: Formal positive charge
| 7
H—(ﬁ—N{ / Formal negative charge
H O 3
Nitromethane

Formal charges result from a kind of electron “bookkeeping” and can
be thought of in the following way. A typical covalent bond is formed when
each atom donates one electron. Although the bonding electrons are shared
by both atoms, each atom can still be considered to “own” one electron for
bookkeeping purposes. In methane, for example, carbon owns one electron
in each of the four bonds, for a total of four. Since a neutral, isolated carbon
atom has four valence electrons, and since the carbon atom in methane still
owns four, the methane carbon is neutral and has no formal charge.

The same is true for the ammonia nitrogen atom, which has three
covalent N-H bonds. Atomic nitrogen has five valence electrons, and the
ammonia nitrogen also has five—one from each of three shared N-H bonds
plus two in the lone pair. Thus, the nitrogen atom in ammonia is neutral
and has no formal charge.

The situation is different in nitromethane. Atomic nitrogen has five
valence electrons, but the nitromethane nitrogen owns only four—one from
the C-N bond, one from the N-O single bond, and two from the N=0 double
bond. Thus, the nitrogen has formally lost an electron and must therefore
have a positive charge. A similar calculation for the singly bonded oxygen
atom shows that it has formally gained an electron and must have a negative
charge. (Atomic oxygen has six valence electrons, but the singly bonded
oxygen in nitromethane has seven—one from the O—N bond and two from
each of three lone pairs.)

To express the calculations in a general way, we can say that the formal
charge on an atom is equal to the number of valence electrons in a neutral,
isolated atom minus the number of electrons owned by that atom in the
molecule:

Number of Number of
Formal charge = | valence electrons | — | valence electrons
in free atom in bound atom

Number of Half of Number of
=| wvalence | — | bonding | — | nonbonding

electrons electrons electrons
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For the nitromethane nitrogen,

CH;NO, = H:C:N_

H O
Nitrogen valence electrons 5
Nitrogen bonding electrons = 8
Nitrogen nonbonding electrons = 0
Formal charge =5 -5§-0 = +1

For the singly bonded nitromethane oxygen,

Oxygen valence electrons = 6
Oxygen bonding electrons = 2
Oxygen nonbonding electrons = 6
Formal charge =6 —2-6 = -1

A summary of commonly encountered formal charges and the bonding
situations in which they occur is given in Table 2.2.

Table 2.2 A Summary of Formal Charges on Atoms
Atom C N o

. du P | e ma W, .
Structure | - C— —C— —C— —N— —N— —N— —0— —0— —O0:"

| I | | I I .

Number
of bonds 3 4 3 4 3 2 3 2 1
Lone
pairs 0 0 1 0 1 2 1 2 3
Formal
charge - 0 -1 +1 0 1 +1 0 =1

Molecules such as nitromethane, which are neutral overall but have
plus and minus charges on individual atoms, are said to be dipolar. Dipolar
character in molecules often has important chemical consequences, and it’s
helpful to be able to identify and calculate the charges correctly.
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2.7 Dimethyl sulfoxide, a common solvent, has the structure indicated. Show why
dimethyl sulfoxide must have formal charges on S and O.

:6:‘
|

S+
HsC/"\ CH,

Dimethyl sulfoxide

PROBLEM. « . e\ttt eee e e e ee et e e e eaa e aaeeaeaaneenneennaeenns
2.8 Calculate formal charges for the atoms in these molecules:

(a) Diazomethane, HZC=N=I.\-I: (b) Acetonitrile oxide, H:,C—CEN—Q:
(¢) Methyl isocyanide, H3C—N=C:

2.4 Chemical Structures and Resonance
pocas —— - = - - -~ - - — |

Most substances can be represented without difficulty by the Lewis struc-
tures or Kekulé line-bond structures we’ve been using up to this point, but
an interesting problem arises in some cases. Take the acetate ion, CH;COO™,
for example. When we draw a Lewis structure for the acetate ion, we need
to show a double bond to one oxygen and a single bond to the other. But
which oxygen is which? Should we draw a double bond to the “top” oxygen
and a single bond to the “bottom” oxygen, or vice versa?

Double bond to this oxygen? w

H :0: H :6:‘
V4 "
H—C—C «—> H—C—C
I\ |\
H :Q:‘ H HOR

L Or to this oxygen?

Acetate ion

Although the two oxygen atoms in the acetate ion appear different in
Lewis structures, experiments show that they are actually equivalent. Both
carbon-oxygen bonds, for example, are 1.27 A in length, midway between
the length of a typical C-0O single bond (1.35 A) and a typical C=0 double
bond (1.20 A). In other words, neither of the two Lewis structures for the
acetate ion is correct by itself; the true structure is intermediate between
the two. The two individual Lewis structures are called resonance forms,
and their relationship is indicated by the double-headed arrow between
them. The only difference between resonance forms is in the distribution of
valence electrons. The atoms themselves occupy exactly the same place in
both resonance forms.
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The best way to think about resonance forms is to realize that a species
like the acetate ion is no different from any other substance. An acetate ion
doesn’t jump back and forth between two resonance forms, spending part
of its time looking like one and the rest of its time looking like the other.
Rather, the acetate ion has a single unchanging structure that is a hybrid
of the two forms and has characteristics of both.

The difficulty in visualizing the resonance concept is that we can’t draw
an accurate picture of a species like the acetate ion because the familiar
Kekulé structures we typically use to represent organic molecules don’t work
well for resonance hybrids. The difficulty, however, lies with the representa-
tion of the substance, not with the substance itself.

2.5 Drawing and Interpreting
Resonance Forms

Resonance is an extremely useful concept, which we’ll return to on numerous
occasions throughout the rest of this book. We’ll see in Chapter 15, for
example, that the six carbon—carbon bonds in so-called aromatic compounds
such as benzene are equivalent because benzene is a hybrid of two resonance
forms. Though each individual resonance form seems to imply that benzene
has alternating single and double bonds, neither form is correct by itself.
The true benzene structure is a hybrid of the two individual forms, and all
six carbon—carbon bonds are equivalent.

H H
| l
H\C4C\C/H H\ /C\C/H
o i Y
H/ \clz/ \H H/ \(ljé \H
H H

Benzene (two resonance forms)

When first dealing with resonance theory, it’s useful to have a set of
guidelines that describe how to draw and interpret resonance forms. The
following rules should prove helpful:

1. Individual resonance forms are imaginary, not real. Thereal struc-
ture is a composite, or resonance hybrid, of the different forms.
Substances such as the acetate ion and benzene are no different
from any other substance. They have single, unchanging structures,
and they do not switch back and forth between resonance forms.
The only difference between these and other substances is in the
way they must be represented on paper.

2. Resonance forms differ only in the distribution of their m or non-
bonding electrons. Neither the position nor the hybridization of
atoms changes from one resonance form to another. In the acetate
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ion, for example, the carbon atom is sp*-hybridized and the oxygen
atoms remain in exactly the same place in both resonance forms.
Only the positions of the 7 electrons in the double bond and the
nonbonding electrons in a lone pair differ from one form to another:

Double bond (\L(mn pair
H :0: H :6:‘
|7 el
H—-C—C — H—C—C

| i |\
H :0: Hebud O

7

{__ Lone parr Double bond

Similarly in benzene: The 7 electrons in the double bonds move,
but the carbon and hydrogen atoms remain in place.

Double bond

IiI I'll Double bond
H\ c. _H H. _C / H
C

NoZ N Not N
e
H /\\C/ SH H \cf\ SH
| |
H H

3. Different resonance forms of a substance don’t have to be equiva-
lent. For example, we'll see later that compounds like acetone (a
common industrial solvent) are converted into anions by reaction
with a strong base. The resultant acetone anion has two resonance
forms: one contains a carbon—oxygen double bond and the other
contains a carbon—carbon double bond. Even though the two reso-
nance forms aren’t equivalent, they both contribute to the overall
resonance hybrid.

This resonance form has the This resonance form has the
negative charge on carbon. negative charge on oxygen.

:ﬁ): :(|): :(I):
I
H\C/C\C/H “:)+":f“+ H\C/C\E/H H\C/C\C/H
VANVAN AN AN
H HH H H H H H H H
Acetone Acetone anion (two resonance forms)

When two resonance forms are nonequivalent, the actual structure
of the resonance hybrid is closer to the more stable form than to
the less stable form. Thus, we might expect the acetone anion to
look more like the resonance form that places the negative charge
on the electronegative oxygen atom rather than on a carbon atom.
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4. Resonance forms must be valid Lewis structures and obey normal
rules of valency. A resonance form is like any other structure: The
octet rule still applies. For example, one of the following structures
for the acetate ion is not a valid resonance form because the carbon
atom has five bonds and ten electrons:

:0: cO)e— . 10 electrons
| /./O‘ IiI ‘/O' IiI //(‘)/ on carbon
|\ I N\ \

H :0:7 H 303 H 0:
Acetate ion NOT a valid

resonance form

5. The resonance hybrid is more stable than any individual resonance
form. In other words, resonance leads to stability. The greater the
number of resonance forms, the more stable the substance. We'll
see in Chapter 15, for instance, that a benzene ring is much more
stable than might be expected.

PRACTICE PROBLEM. ... ittt it e et ea e
Draw as many resonance forms as you can for the carbonate ion, CO32".

Solution Just as the acetate ion has its negative charge distributed over two oxygen
atoms in two resonance forms, the carbonate ion has its negative charges distributed
over three oxygen atoms in three resonance forms. The difference between the forms
is in the position of the double bond and the lone-pair electrons.

5(0)4 :6:‘ :6:‘
[ | |

- ~

X
’:Q: \O‘ O ~

\0— ‘O/ O

Carbonate ion (three resonance forms)

o s S S S S S S e S

2.9 Draw as many resonance structures as you can for these species:

(a) The nitrate ion, NO3~ (b) H

| ﬁ ortho-Dibromo-
benzene
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2.6 Acids and Bases: The

Brgnsted-Lowry Definition

Yet another important concept related to electronegativity and polarity is
that of acidity and basicity. We’ll soon see that the acid—base behavior of
organic molecules helps explain much of their chemistry. There are two
frequently used definitions of acidity, the Brgnsted—Lowry definition and
the Lewis definition.

A Brgnsted-Lowry acid is a substance that donates a proton (hydro-
gen ion, H*), and a Brensted-Lowry base is a substance that accepts a
proton.? When HCl gas dissolves in water, for example, an acid—base reaction
occurs. A polar hydrogen chloride molecule donates a proton, and a water
molecule accepts the proton, yielding C1~ and H3O*. Chloride ion (Cl17), the
product that results when the acid HCI loses a proton, is called the conju-
gate base of the acid; H30%, the product that results when the base H,O
gains a proton, is called the conjugate acid of the base. Other common
mineral acids such as HySO, and HNO3; behave similarly, as do organic
acids such as acetic acid, CH;COOH.

In a general sense,

H—-A+ :B = A:~ + H-—B*
Acid Base Conjugate Conjugate
base acid

For example,

H*(:‘:lz + :'(")—H =" (l + H—é‘—H
|

H H
Acid Base Conjugate Conjugate
base acid
0 O
H_ ( _H . H L. .
¢” 07 + w0—H = \/(\ ~0:- + :0—H
H H H H H
Acid Base Conjugate Conjugate
base acid

3The name proton is often used as a synonym for the hydrogen ion, H*, because loss of the
valence electron from a neutral hydrogen atom leaves only the hydrogen nucleus—a proton.
Bare protons are far too reactive to exist in solution by themselves, however, and are always
bonded to some other species. In the presence of water, for example, a proton bonds to the
oxygen atom, forming H;O%.
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:0—H + :N—H == —:0—H + H-— N-—H

Acid Base Conjugate Conjugate
base acid

Note in the above examples that water can act either as an acid or as
a base. In its reaction with HCI, water is a base that accepts a proton to
give the hydronium ion, H;O*. In its reaction with amide ion, “"NHjy, how-
ever, water is an acid that donates a proton to give ammonia, NH3, and
hydroxide ion, HO™.

Acids differ in their proton-donating ability. Stronger acids such as HCI
react almost completely with water, whereas weaker acids such as acetic
acid (CH3COOH) react only slightly. The exact strength of a given acid in
water solution is described using the standard expression for the equilibrium
constant, Kq:

HA + H, 0 — A~ + H,0*

K. — [Hs0"NIA7]
¢ [HAIH,O]

where HA represents any acid.*

In the dilute aqueous solution normally used for measuring acidity, the
concentration of water, [HyO], remains nearly constant at approximately
55.6 M. We can therefore rewrite the equilibrium expression using a new
quantity called the acidity constant, K,. The acidity constant for any
generalized acid HA is simply the equilibrium constant multiplied by the
molar concentration of pure water, 55.6 M:

HA + H, O == A~ + H30*

= - [HsO"l[A7]
Ka = Keq[HZO] — [HA]

Stronger acids have their equilibria toward the right and thus have
larger acidity constants, whereas weaker acids have their equilibria toward
the left and have smaller acidity constants. The range of K, values for
different acids is enormous, running from about 10'° for the strongest acids
to about 10~ for the weakest. The common inorganic acids such as HySOy,,
HNOj3, and HCI have K.’s in the range 10°-10° while organic carboxylic
acids have K.’s in the range 107°-107'%, As you gain more experience in
later chapters, you’ll develop a rough feeling for which acids are “strong”
and which are “weak” (always remembering that the terms are relative).

‘Remember that brackets [ ] around a substance mean that the concentration of the enclosed
species is given in moles per liter (mol/L), M.
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Acid strengths are normally expressed using pK, values, where the pK,
is the negative common logarithm of the K,:

pK, = —log K,

A stronger acid (larger K,) has a smaller pK,, and a weaker acid (smaller
K,) has a larger pK,. Table 2.3 lists the pK,’s of some common acids in order
of their strength. A more comprehensive table is given in Appendix B.

Table 2.3 Relative Strengths of Some Common Acids and Their Conjugate Bases
Conjugate
Acid Name pK. base Name
Weaker CH3CH,OH Ethanol 16.00 CH;CH;O~ Ethoxide ion  Stronger
id b
9% w0 Water 15.74 HO" Hydroxideion
HCN Hydrocyanic acid  9.31 CN~™ Cyanide ion
CH3COOH  Acetic acid 476 CH3COO~ Acetate ion
HF Hydrofluoric acid  3.45 F~ Fluoride ion
HNO; Nitric acid -1.3 NO;~ Nitrate ion
Stronger Weaker
acid HCl Hydrochloric acid -7.0 CI1~ Chloride 1on base

Notice in Table 2.3 that there is an inverse relationship between the
acid strength of an acid and the base strength of its conjugate base. To
understand this relationship, think about what is happening to the acidic
proton: A strong acid is one that loses its proton easily, meaning that its
conjugate base has little affinity for the proton and is therefore a weak
base. A weak acid is one that loses its proton with difficulty, meaning that
its conjugate base has a high affinity for the proton and is therefore a
strong base. The fact that HCl is a strong acid, for example, means that C1~
does not hold the proton tightly and is thus a weak base. Water, however,
is a weak acid, meaning that OH™~ holds the proton tightly and is a strong

base.
PROBLEM. .+« . e it eeene e e eneansneneaesesnesessnsuesesnssesnsnnns
2.10 Formic acid, HCOOH, has pK, = 3.75, and picric acid, C¢H3N3;07, has pK, = 0.38.
Which is the stronger acid? l
\
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2.11 Amide ion, H;N7, is a much stronger base than hydroxide ion, HO~. Which would
you expect to be a stronger acid, NH; or H,O? Explain.

2.7 Predicting Acid-Base Reactions from
pK, Values

Compilations of pK, values like those in Table 2.3 are useful for predicting
whether a given acid—base reaction will take place. In general, an acid will
donate a proton to the conjugate base of any acid with a higher pK,. Con-
versely, the conjugate base of an acid will abstract a proton from any acid
with a lower pK,. For example, the data in Table 2.3 indicate that hydroxide
ion will react with acetic acid, CH;COOH, to yield acetate ion, CH;COO™,
and water. Since water (pK, = 15.74) is a weaker acid than acetic acid
(pK, = 4.76), hydroxide ion has a greater affinity for a proton than acetate

ion has.
:0: (018
l |
HABEC . H y H_ _C_.. .
\C\/ \Q/ +:0—H = \/({‘ ~0:- + :0—H
H H H H H
Acetic acid Hydroxide ion Acetate ion Water
(pK,= 4.76) (pK,= 15.74)

An easier way to predict acid—base reactivity is to remember that the
products of an acid—base reaction must be more stable than the reactants
for reaction to occur. In other words, the product acid and base must be
weaker and less reactive than the starting acid and base. In the reaction of
acetic acid with hydroxide ion, for example, the product conjugate base
(acetate ion) is weaker than the starting base (hydroxide ion), and the prod-
uct conjugate acid (water) is weaker than the starting acid (acetic acid).

O O
CH;COH + HO~ = H,0 + CH3;CO~

Stronger Stronger Weaker Weaker
acid base acid base

RAGHICE BROBIEMN. .. . ar oaielelels e shekekets sl oole slon oo

Water has pK, = 15.74, and acetylene has pK, = 25. Which of the two is more acidic?
Does hydroxide ion react with acetylene?

H—C=C—H + H—0~ —» H—C=C: + H—0—H
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Solution In comparing two acids, the one with the lower pK, is stronger. Thus,
water is a stronger acid than acetylene. Since water gives up a proton more easily
than acetylene does, the HO™ ion must have less affinity for a proton than the
HC=C:~ ion has. In other words, the anion of acetylene is a stronger base than
hydroxide ion, and the reaction will not proceed as written.

PRACTICE PROBLEM. ... ..ottt it

According to the data in Table 2.3, acetic acid has pK, = 4.76. What is its K,?

Solution Since pK, is the negative logarithm of K, it’s necessary to use a calculator
with an ANTILOG or INV LOG function. Enter the value of the pK, (4.76), change
the sign (—4.76), and then find the antilog (1.74 X 1073). Thus, K, = 1.74 X 1075.

BRACTICE PROBLEM. . coocoeie oo o 3 -ERREEEE O X - R L L L LCEELEE

PROBLEM. ..

2.12

Use the K, value for acetic acid calculated in the preceding Practice Problem to find
the concentration of H;0* in a 0.100 M solution of acetic acid.

Solution Let the concentration of H;0* be represented by [X]. Then the concentra-
tion of acetate ion is also [X], because there is a 1:1 ratio of H;O* and acetate, and
the concentration of acetic acid is [0.100 — X]. But since acetic acid is a weak acid,
we know that the value of X is small, and we can assume that [0.100 — X] is
approximately 0.100. The equilibrium equation then becomes

K. = [H;0*][Acetate]
2 [Acetic acid]
1.74 X 10-5 = xixy x)? I WP

" [0.100 - X] [0.100 — X] 0.100
SO

XI?=174%x10°® and X=132x10°M

The H3;0* concentration is therefore 1.32 X 10~% M, corresponding to pH = 2.9.

Will either of the following reactions take place as written, according to the pK, data
in Table 2.3?

(a) HCN + CH,COO- Na* —'» Na* ~CN + CH,COOH
(b) CH;CH,OH + Na* “CN —'—» CH,CH,0~ Na* + HCN
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2.13 Ammonia, NHj, has pK, ~ 36 and acetone has pK, ~ 19. Will the following reaction

take place?
0 (0]
y: Na* “:NH, —. y: Na* + NH
+ Na™ —: 2 o= a” +
H,Cc~ CH, H,C~ CHyi :
Acetone

PROBLEM. . ..... ..t it iiiteitneictotecaosnscencscossocosossssonsansaans

2.14 What is the K, of HCN if its pK, is 9.31?

2.8 Acids and Bases: The Lewis
Definition
E - - —— o ke . e ]

The Brgnsted—Lowry definition of acidity discussed in the previous two
sections encompasses all compounds containing hydrogen. Of even more
use, however, is the Lewis definition of acids and bases, which is not limited
to compounds that gain or lose protons. A Lewis acid is a substance that
accepts an electron pair, and a Lewis base is a substance that donates an
electron pair. As a result of this electron donation from a base to an acid, a
covalent bond is formed.

Lewis Acids

The fact that a Lewis acid must be able to accept an electron pair means that
it must have a vacant, low-energy orbital (or a polarized bond to hydrogen so
that H* can be lost). Thus, the Lewis definition of acidity is much broader
than the Brgnsted—Lowry definition and includes many other species in
addition to H*. For example, various metal cations such as Mg?* are Lewis
acids because they accept a pair of electrons when they form a bond to a
base. In the same way, compounds of group 3A elements such as BF3 and
AlCl; are Lewis acids because they have unfilled valence orbitals and can
accept electron pairs from Lewis bases, as shown in Figure 2.3. Similarly,



56 CHAPTER 2 Bonding and Molecular Properties

many transition-metal compounds, such as TiCly, FeCls, ZnCl,, and SnCl,,
are Lewis acids.

N~

Cl—H + :0—H == H—O0>H + CI
G o+ |
H H
Hydrogen Water Hydronium ion
chloride (a Lewis base)
(a Lewis acid)
F|‘ F
F—1|3 + Zil)'—CH;, = F—lla‘—iji—CH3
|
F CH, F CH,
Boron Dimethyl
trifluoride ether

(a Lewis acid)

(a Lewis base)

Cl CH, Cl CH;
Cl—All :IL*—CH,, — 01—A|1‘—1|<*—CH3
a c, a e,
Aluminum Trimethylamine
trichloride (a Lewis base)

(a Lewis acid)

Figure 2.3 The reactions of some Lewis acids with some Lewis
bases. The Lewis acids accept an electron pair; the Lewis bases
donate a pair of nonbonding electrons. Note how the flow of
electrons from the Lewis base to the Lewis acid is indicated by
the curved arrows.

Look closely at the acid—base reactions in Figure 2.3 and note how they
are shown. In the first reaction, the Lewis base water abstracts H* from
the strongly polarized hydrogen chloride molecule. In each of the remaining
two reactions, a Lewis base donates an electron pair to a vacant valence
orbital of a Lewis acidic boron or aluminum atom. In all three reactions, a
curved arrow indicates the direction of electron-pair flow from the electron-
rich Lewis base to the electron-poor Lewis acid. This kind of arrow is used
extensively in organic chemistry and always has the same meaning: A pair
of electrons moves from the atom at the tail of the arrow fo the atom at the
head of the arrow. A curved arrow indicates the movement of electrons, not
the movement of atoms.

Some further examples of Lewis acids are shown on the following page:
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Some neutral proton donors:

H,0 HCl HBr HNO, H,SO,

(0]
II OH
/C\
H,C OH CH;CH,OH
Some

Lewis

acids A carboxylic acid A phenol An alcohol

Some cations:
10,3 Mg2* Br*
Some metal compounds:

AICl; BF, TiCl, FeCl; ZnCl

Lewis Bases

The Lewis definition of a base as a compound with a pair of nonbonding
electrons that it can use to bond to a Lewis acid is similar to the Brgnsted—
Lowry definition. Thus, H,O, with its two pairs of nonbonding electrons on
oxygen, acts as a Lewis base by donating an electron pair to a proton in
forming the hydronium ion, H;O*:

i i
C‘I(lH +:0—H = H—O+—H +:Cl:™

Acid Lewis base Hydronium ion

In a more general sense, most oxygen- and nitrogen-containing organic
compounds are Lewis bases because they have lone pairs of available elec-
trons. Divalent oxygen compounds each have two lone pairs of electrons,
and trivalent nitrogen compounds have one lone pair. Note in the following
examples that some compounds can act as both acids and bases, just as
water can. Alcohols and carboxylic acids, for instance, act as acids when
they donate a proton but as bases when their oxygen atom accepts a proton.

:("): :("):
CH,CH,0H CH,0CHj CH,CH CH;CCH;
An alcohol An ether An aldehyde A ketone

8(the (04 @) :0:

Some I Il.. Il .. I
Lewis CH,CCl CH;COH CH;COCH;  CH;CNH,
BSISSEl B W asid olfleride 4 cseBoxylio Koy ccter S amide

acid
CHg:\I:CHg CH,SCH,

CH;
X An amine A sulfide
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For example:

CH3—Q—H + HBr <= CH3—CI)LH + Br
H
Methyl Hydrogen Methyloxonium bromide
alcohol bromide
(base) (acid)
H
HOH /\ :+0/
ll) H,SO, == (”) HSO,™
== 2 PR —— == 4
H,c~ CH; H,c~ CH,
Acetone Sulfuric
(base) acid

Notice in the list of Lewis bases given above that some compounds, such
as carboxylic acids, esters, and amides, have more than one atom with a
lone pair of electrons and can therefore react at more than one site. Acetic
acid, for example, can be protonated either on the doubly bonded oxygen
atom or on the singly bonded oxygen atom:

H
?O/ :0:
(”3 H g H g H
- + H,S0, = - or = + HSO,~
Hac/ \(_,’/ 2 H3C/ \Q/ Hac/ \(l)*/
H
Acetic acid Sulfuric Protonated acetic acid
(base) acid

Reaction normally occurs only once in such instances, and the more stable of
the two possible protonation products is formed. (For acetic acid, protonation
actually occurs on the doubly bonded oxygen.)

BERACTICE PROBLEEM......... ... B8 PN . . . . v ). SHEE

Show how acetaldehyde can act as a Lewis base.

Solution The oxygen atom of acetaldehyde has two lone pairs of electrons that it
can donate to a Lewis acid such as H*.

TN i

© + H—A = C + A~
H,.Cc” OH H,C H

Acetaldehyde




PROBLEM. ..

2.16

PROBLEM. ..

PROBLEM. ..

2.9 Drawing Chemical Structures 59

Show how the species in part (a) can act as Lewis bases in their reactions with HCI,
and show how the species in part (b) can act as Lewis acids in their reaction with
OH".

(a) CH3CH,OH, HN(CH3),, P(CH3)3 (b) HsC*, B(CHj3)s, MgBr,

Explain by calculating formal charges why the following acid—base complexes have
the charges indicated.

e
) Fsﬁ—(?—CH3 (b) Clszil—lTTLCHg
CH, CH;,

Boron trifluoride reacts with formaldehyde to give an acid—base complex. Which
partner is the acid and which is the base?

BF;
:0: 3 6 -
g |
ar BF 3 = C
H PN H H 7N H
Formaldehyde Boron
trifluoride

2.9 Drawing Chemical Structures
[ i m e e e — e ——

In the Kekulé structures we’ve been drawing up to this point, a line between
atoms represents the two electrons in a covalent bond. Such structures have
been used for many years and comprise a universal chemical language. Two
chemists from different countries may not understand each other’s spoken
words, but a chemical structure means the same to both.

Most organic chemists find themselves drawing many structures each
day, and it would soon become awkward if every bond and atom had to be
indicated. For example, vitamin A, C50H3,0, has 51 different chemical bonds
uniting the 51 atoms. Vitamin A can be drawn showing each bond and atom,
but doing so is a time-consuming process, and the resultant drawing is
difficult to read (see Table 2.4). Chemists have therefore devised several
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shorthand ways for writing structures. In condensed structures, carbon—
hydrogen and carbon—carbon bonds aren’t shown; instead, they’re under-
stood. If a carbon has three hydrogens bonded to it, we write CHjs; if a carbon
has two hydrogens bonded to it, we write CHy; and so on. The compound
called 2-methylbutane, for example, is written as follows:

H
H—('Z—H
H H H CH3; Condensed structures
H— | —(|3~C—(|3—H =  CH3;CH,CHCH; or CH3;CH,CH(CHj),
Ny

2-Methylbutane

Notice that the horizontal bonds between carbons aren’t shown in con-
densed structures—the CH3, CH,, and CH units are simply placed next to
each other—but the vertical carbon—carbon bond in the first condensed
structure above is shown for clarity. Notice also that in the second condensed
structure, the two equivalent CH3 units attached to the CH carbon are
grouped together as (CH3)s.

Simpler still is the use of skeletal structures such as those shown in
Table 2.4. The rules for drawing skeletal structures are straightforward:

1. Carbon atoms aren’t usually shown. Instead, a carbon atom is
assumed to be at each intersection of two lines (bonds) and at the
end of each line. Occasionally, a carbon atom might be indicated for
emphasis or clarity.

2. Hydrogen atoms bonded to carbon aren’t shown. Since carbon
always has a valence of 4, we mentally supply the correct number
of hydrogen atoms for each carbon.

3. Atoms other than carbon and hydrogen are shown.

Table 2.4 gives some examples of how these rules are applied.

050200 6 6 600 oo 10000 OORRIEINI0 C.000C © 5 000500000000 000 B0 005500900

2.19 Convert these skeletal structures into molecular formulas:

(a) @ b) O (c) @j
< |
N N

Pyridine Cyclohexanone Indole

PROBLEM. ... 0.v. e oiaeaisioioissioiaiaie o oial olsiagaialeiare sfsie s sheisie o o ojskaiaielsieiaioln o efeielo

2.20 Propose skeletal structures for compounds that satisfy the following molecular
formulas (there is more than one possibility in each case):
(a) C5H12 (b) CQH','N (C) C3HGO (d) C4H9C1
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2.10 Molecular Models

Organic chemistry is a three-dimensional science, and molecular shape is
often critical in determining the chemistry a compound undergoes. One
particularly helpful technique for learning organic chemistry is to use molec-
uiar models. With practice, you can learn to see many spatial relationships
even when viewing two-dimensional drawings, but there’s no substitute for
building a molecular model and turning it in your hands to get different
perspectives.

Many kinds of models are available, some at relatively modest cost, and
everyone should have access to a set of models while studying this book.
Research chemists generally prefer to use either space-filling models such
as Corey—Pauling—Koltun (CPK®) Molecular Models, or skeletal models
such as Dreiding Stereomodels®. Both are expensive but are precisely made
to reflect accurate bond angles, intramolecular distances, and atomic radii.
Space-filling models are generally better for examining the crowding within
a molecule, while skeletal models let the user measure bond angles and
interatomic distances more easily. For student use, ball-and-stick models
are generally the least expensive and most durable. Figure 2.4 shows two
kinds of models of acetic acid, CH;COOH.

(a) (b)

Figure 2.4 Molecular models of acetic acid, CH;COOH:
(a) space-filling; (b) ball-and-stick.

HROBEEM.y. . . . .. ... qelpgeeloele oo o lfel ol . SRR epay g spe g s yeysy s RN

2.21 Build a molecular model of ethane, H;C—CH3, and sight along the C—C bond to see

the relationships between hydrogens on the different carbons.
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INTERLUDE

Alkaloids: Naturally
Occurring Bases

The characteristic odor of ripe fish is
due to methylamine, CH3;NH;.

Just as ammonia, NHj, is a weak base, there is a large group of nitrogen-
containing organic compounds called amines that behave as weak bases.
In the early days of organic chemistry, basic amines derived from natural
sources were known as “vegetable alkali,” but they are now referred to
as alkaloids. The study of alkaloids provided much of the impetus for
the growth of organic chemistry in the nineteenth century, and it remains
today a fascinating area of research.

Alkaloids vary widely in structure, from the simple to the enormously
complex. The odor of rotting fish, for example, is caused by methylamine,
a simple relative of ammonia in which one of the NH; hydrogens has
been replaced by an organic CHj3 group. (The use of acidic lemon juice to
mask fish odors is, in fact, an acid—base reaction.)

H H

/
H—C—N Methylamine
| \ (found in rotting fish)
H H

Many alkaloids have pronounced biological properties, and many of
the pharmaceutical agents used today are derived from naturally
occurring amines. Morphine and related alkaloids from the opium poppy,
for instance, are used for pain relief; ephedrine from the Chinese plant
Ephedra sinica is used as a bronchodilator and decongestant; and atropine
from the flowering plant Atropa belladonna, commonly called the deadly
nightshade, is used as an antispasmodic agent for the treatment of colitis.

Atropine
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Summary and Key Words

Organic molecules often have polar covalent bonds as a result of unsym-
metrical electron sharing caused by the intrinsic electronegativity of
atoms. For example, a carbon—chlorine bond is polar because chlorine
attracts the shared electrons more strongly than carbon does. Carbon-metal
bonds, by contrast, are usually polarized in the opposite sense because car-
bon attracts electrons more strongly than most metals. Carbon—hydrogen
bonds are relatively nonpolar. Many molecules as a whole are also polar
owing to the cumulative effects of individual polar bonds and electron lone
pairs. The polarity of a molecule is measured by its dipole moment, p.

Plus (+) and minus (—) signs are used to indicate the presence of formal
charges on atoms in molecules. Assigning formal charges to specific atoms
is a bookkeeping technique that makes it possible to keep track of the valence
electrons around an atom.

Formal charge — (Number of valence electrons) - (Number of valence electrons)
owned by free atom owned by bonded atom

Some substances, such as the acetate ion and benzene, can’t be repre-
sented by a single Lewis or line-bond structure and must be considered as
a composite, or resonance hybrid, of two or more structures, neither of
which is correct by itself. The only difference between two resonance forms
is in the location of their = or nonbonding electrons. The nuclei remain in
the same places in both structures.

Acidity and basicity are closely related to polarity and electronegativity.
A Brgnsted-Lowry acid is a compound that can donate a proton (hydro-
gen ion, H*), and a Brgnsted-Lowry base is a compound that can accept
a proton. The exact strength of a Brgnsted—Lowry acid or base is expressed
by its acidity constant, K,, or by the negative logarithm of the acidity
constant, pK,. The higher the pK,, the weaker the acid. More useful is the
Lewis definition of acids and bases. A Lewis acid is a compound that has
a low-energy empty orbital that can accept an electron pair; BF3, AlCl3, and
H™* are examples. A Lewis base is a compound that can donate an unshared
electron pair; NH; and H;O are examples. Most organic molecules that
contain oxygen and nitrogen are Lewis bases.

Organic molecules are usually drawn using either condensed structures
or skeletal structures. In condensed structures, carbon—carbon and car-
bon-hydrogen bonds aren’t shown. In skeletal structures, only the bonds
and not the atoms are shown. A carbon atom is assumed to be at the ends
and at the junctions of lines (bonds), and the correct number of hydrogens
is mentally supplied. For example:

\
H—C C
Cyclohexene | || O
1515=—(0) C
/ ¢ OH
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2.22 Convert the following structures into skeletal drawings.

(a) H H

(b) H H
© H
\C/
/ \
H H H H

1,3-Pentadiene

H H
Naphthalene
(c) H (d) (0]
H H [
H\ /C\C—Cl H\ /C\ /H
H™ — ¢ I I
yZ \ - H/ \C/ \H
H
H I
(0]
1,2-Dichlorocyclopentane
Quinone

2.23 Convert the following skeletal drawings into Kekulé structures that show all carbons

and hydrogens:

(a)

(c)

O/CN
CHO
@/V

(b)

A\
Q
N

(d)

i COOH

2.24 Calculate the formal charges on the atoms indicated in red.

(a) (CH3),;0BF,

(b) H,C—N=N:

(¢) HC=N==N: (d :0=0—0:
(e) (IJH3 GHEPZEN
H,C—P—CHj l =
| N
CH; |
0

2.25 Use the electronegativity table (Figure 2.2) to predict which bond in each of the
following sets is more polar.
(a) H3C-Cl and CI-Cl (b) H3C-H and H-Cl
(¢c) HO-CHj; and (CHj3)3Si—-CHj3 (d) H3C-Li and Li-OH

2.26 Indicate the direction of bond polarity for each compound in Problem 2.25.
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2.27

2.28

2.29

2.30

2.31

2.32

2.33

2.34

Which of the following molecules have dipole moments? Indicate the expected direc-
tion of each.

(@ Cl Cl (b) Cl H (¢) LiH
N\ /
C=C C=C
/ N\
H H H Cl

cis-1,2-Dichloroethylene trans-1,2-Dichloroethylene

(d) F3B—N(CHj3)s (e) ©/Cl (f) @Cl
Cl

Explain the observation that phosgene, Cl,C=0, has a smaller dipole moment than
formaldehyde, H,C=0.

The dipole moment of HCI is 1.08 D, and the H-C] bond length is 1.36 A. What
percent ionic character does the H-Cl bond have?

How can you explain the fact that fluoromethane (CH3F, 1 = 1.81 D) has a smaller
dipole moment than chloromethane (CH3Cl, » = 1.87 D), even though fluorine is
more electronegative than chlorine? (Remember: p = Q X r.)

Identify the most electronegative element in each of these molecules:
(a) CH,FC1 (b) FCH,CH,CH,Br (¢) HOCH,CH,NH, (d) CH30CH,Li

Which of the following pairs of structures represent resonance forms?

» @

Draw as many resonance structures as you can for the following species.

(b)

o
O O

(d)

[o}

an

:|O|:
(a) H,C—C—CH,~ (b)
:NHZ
(¢) HN—C=NH, (d) HC—§—CH,
(e) H,C=CH—CH,* (f) H,C=CH—CH=CH—CH—CHj

Cyclobutadiene is a rectangular molecule with two shorter double bonds and two
longer single bonds. Why do the following structures rot represent resonance forms?

3]
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2.36

2.37

2.38

2.39

2.40

241

2.42

2.43

2.44

2.45

2.46

Additional Problems 67

Alcohols can act either as weak acids or as weak bases, just as water can. Formulate
the reactions of methyl alcohol, CH;0H, with a strong acid such as HC] and with a
strong base such as Na* “NHs.

How can you explain the fact that the O—H hydrogen in acetic acid is more acidic
than any of the C—H hydrogens? (Hint: Consider bond polarity.)

(0 (o) Acetic acid
/ \
H H

Which of the following reagents are likely to act as Lewis acids and which as Lewis
bases?
(a)AlBr; (b) CH3;CH;NH, (¢) BH; (d) HF (e) CH3-S-CH; (f) TiCly

Draw Lewis electron-dot structures for each of the molecules in Problem 2.37. Make
sure that you indicate the unshared electron pairs where present.

Write the products of these acid—base reactions:
(a) CH;0H + H,SO;, == (b) CH;0H + NaNH, —
(c) CH3NH3* CI~ + NaOH =—

Assign formal charges to the atoms in each of the following molecules:
(a) CHj () HiC—N—N=N: (¢) HC—N=N=N:
Hsc—IL—Q:
oH,

Rank the following substances in order of increasing acidity:

0 o O 0
| | OH I
CH;CCH;  CH3;CCH,CCHj CH,;COH

Acetone 2,4-Pentanedione Phenol Acetic acid
(pK, = 19) (pK, = 9) (pK, = 9.9) (pK, = 4.76)

Which, if any, of the four substances in Problem 2.41 are strong enough acids to
react almost completely with NaOH? (The pK, of HyO is 15.7.)

The ammonium ion (NH,*, pK, = 9.25) has a lower pK, than the methylammonium
ion (CH3NH;3*, pK, = 10.66). Which is the stronger base, ammonia (NH3) or methyl-
amine (CH3NH,)? Explain.

Is tert-butoxide anion a strong enough base to react with water? In other words, can
a solution of potassium fert-butoxide in water be prepared? (The pK, of tert-butyl
alcohol is approximately 18.)

CH;
K* " O—C—CH;4 Potassium fert-butoxide
CH;

Calculate K, values from the following pK,’s:
(a) Acetone, pK, = 19.3 (b) Formic acid, pK, = 3.75

Calculate pK, values from the following K,’s:
(a) Nitromethane, K, = 5.0 X 10711 (b) Acrylic acid, K, = 5.6 X 10~°
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2.47 What is the pH of a 0.050 M solution of formic acid (see Problem 2.45)?

248 Sodium bicarbonate, NaHCOj3;, is the sodium salt of carbonic acid (HyCOj),
pK, = 6.37. Which of the substances shown in Problem 2.41 will react with sodium
bicarbonate?

2.49 Assume that you have two unlabeled bottles, one of which contains phenol
(pK, = 9.9) and one of which contains acetic acid (pK, = 4.76). In light of your
answer to Problem 2.48, propose a simple way to determine what is in each bottle.

2.50 Identify the acids and bases in these reactions:
(a) CH;0H + H* ——> CH,0H,
(b) CH;0H + "NH, —— CH30~ + NH;
0 O—Ticl,
(c) CH3("3CH3 + TiCly, — CH3—(|3—CH3

0 Na
H H H _H
d) H H + NaH H + H,
H H BH;
| v/
N N
0 0
<|:H3 BF,-
N N

+
N N
(f) (CH3)30+ BF4— ot @ S e @ Sin CH3OCH3

2.51 Which of the following pairs represent resonance structures?
(a) CH;C=N—0: and CHyC—=N—0:"
:0: 502
(b) CH3<"3—(jz- and :6H2<":—(:):—H

.0 +. /H
i i
N+ ~
(c) ©/ NH, and ©/ NH,
O:- ‘0.
B +// g
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2.52 Draw as many resonance structures as you can for these species:

2.53

BN
o W B o
(a) Nitromethane, H;;C—N\ (b) Ozone, :OIO—Q:'

:Q:‘

(c) Diazomethane, chzﬁzﬁ:

Dimethyl sulfone has dipole moment g = 4.4 D. Calculate the formal charges present
on oxygen and sulfur, and suggest a geometry for the molecule that is consistent
with the observed dipole moment.

:6:
I

CH;—S—CH; Dimethyl sulfone

:Q:

A Look Ahead

2.54

2.55

We'll see in the next chapter that organic molecules can be classified according to
the functional groups they contain, where a functional group is a collection of atoms
with a characteristic chemical reactivity. Use the electronegativity values given in
Figure 2.2 to predict the polarity of the following functional groups.

(0] (0]
(a) g (b) \C/ (c) g (d) —C=N
a [ —C=
P ~ \OH -~ \NH2
Ketone Alcohol Amide Nitrile

Carboxylic acids, which contain the —COOH functional group, are stronger acids
than alcohols, which contain the —OH functional group. Acetic acid (CH;COOH),
for example, is approximately 10'® more acidic than methanol (CH;0H). Draw the
structures of the anions resulting from loss of H* from acetic acid and methanol,

and explain the large difference in acidity.
<



Methane, ethane, and propane
are the three simplest alkanes.

The Nature of Organic
Compounds: Alkanes
and Cycloalkanes

According to Chemical Abstracts, a publication that abstracts and indexes
the chemical literature, there are more than 11 million known organic com-
pounds. Each of these compounds has its own physical properties, such as
melting point and boiling point, and each has its own chemical reactivity.

Chemists have learned through many years of experience that organic
compounds can be classified into families according to their structural fea-
tures and that the members of a given family often have similar chemical
reactivities. Instead of 11 million compounds with random reactivity, there
are a few dozen families of organic compounds whose chemistry is reasonably
predictable. We'll study the chemistry of specific families throughout the
rest of this book, beginning in the present chapter with a look at the simplest
family, the alkanes.

3.1 Functional Groups

The structural features that make it possible to classify compounds by reac-

tivity are called functional groups. A functional group is a part of a larger

molecule; it is composed of an atom or a group of atoms that have a character-
70
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istic chemical behavior. Chemically, a given functional group behaves in
nearly the same way in every molecule it’s a part of. For example, one of
the simplest functional groups is the carbon—carbon double bond. Because
the electronic structure of the carbon—carbon double bond remains essen-
tially the same in all molecules where it occurs, its chemical reactivity also
remains the same. Ethylene, the simplest compound with a double bond,
undergoes reactions that are remarkably similar to those of cholesterol, a
much more complicated molecule that also contains a double bond. Both,
for example, react with bromine to give products in which a bromine atom
has added to each of the double-bond carbons (Figure 3.1).

Double bond
H ﬁ—
\ /

C=C
/
H H HO
Ethylene Cholesterol

/— Bromine added here
Br Br

||
H—(lz—clz—H

H H

Figure 3.1 The reactions of ethylene and cholesterol with
bromine. In both cases, bromine reacts with the C=C double-
bond functional group in exactly the same way. The size and
nature of the remainder of the molecule are unimportant.

The example shown in Figure 3.1 is typical: The chemistry of every
organic molecule, regardless of size and complexity, is determined by the
functional groups it contains. Table 3.1 lists many of the common functional
groups and gives simple examples of their occurrence. Look carefully at this
table to see the many types of functional groups found in organic compounds.
Some functional groups, such as those in alkenes, alkynes, and aromatic
rings, have only carbon—carbon double or triple bonds; others have halogen;
and still others have oxygen, nitrogen, or sulfur. Much of the chemistry
you’ll be studying in the remainder of this book is the chemistry of these
functional groups.



Table 3.1

Structures of Some Common Functional Groups

Family
name

Functional group
structure® Simple example

Name ending

Alkane

Alkene

Alkyne

Arene

Halide

Alcohol

Ether

Amine

Nitrile

Nitro

Sulfide

Sulfoxide

(Contains only C—H and CH,CH,4
C—C single bonds)

\ /
c=cC H,C=CH,
/ \
—C=C— H—C=C—H
C__C/ H\ /H
—c/ \c— /c=c
\\C_C// H-C\ //—H
/ \ \c—c
/ \
H H
[ .

(X =FClLBr, I)

—C—0—H H,C—0—H
—C—0—C— H;C—O0—CH,

. | .
—C—N—H,—C—N—H, H,C—NH,

— C—N—
|
|
—C—C=N H;C—C=N
|
:0: @)
-y +f
—C—N H;C—N
ot 1590
:Q:" O~
| |
_$_S_?_ H;C—S—CHg;
:0: O~
|1, | o
—C— —(l',‘— H;C—S—CHj;

-ane
Ethane

-ene
Ethene (Ethylene)

-yne
Ethyne (Acetylene)

None
Benzene

None
Chloromethane

-ol

Methanol

ether
Dimethyl ether

-amine
Methylamine

-nitrile
Ethanenitrile
(Acetonitrile)

None
Nitromethane

sulfide
Dimethyl sulfide

sulfoxide
Dimethyl sulfoxide
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Family Functional group
name structure® Simple example Name ending
Bl "
Sulfone —C—S*c— H;C—S“CHj sulfone
| | Ly | Dimethyl sulfone
HOH (¢
| .
Thiol —C—S—H H,C—SH -thiol
| Methanethiol
:0:
{
Carbonyl, —C—
2(0)8 (0]
L] [ -al
Aldehyde —C-—C—H H;C—C—H Ethanal
| (Acetaldehyde)
3(0J8 O
| I -one
Ketone —C—C—C— H;C—C—CHj,3 Propanone
| | (Acetone)
5018 (0]
| . I -oic acid
Carboxylic @~—C—C—OH H;C—C—OH Ethanoic acid
acid (Acetic acid)
308 (6]
| | -oate
Ester —O=C=0=C== H;C—C—0O0—CHj3 Methyl ethanoate
| | (Methyl acetate)
Q)8 @)
[ I -amide
Amide —C—C—NH, H,C—C—NH, Ethanamide
| (Acetamide)
2@
| 0 .
—Cll =—C —l\|I —H
:0:
—C—C—N—
| |
Ok (@)
Carboxylic { -0yl chloride
acid —C—C—Cl H3C—G=='Cl Ethanoyl chloride
chloride | (Acetyl chloride)
20 :0: O O
Carboxylic L mnf 10 | II I -oic anhydride
acid —C—C—0—C—C— H3C—-C—0—-C—CH; Ethanoic anhydride
anhydride | (Acetic anhydride)

“The bonds whose connections aren’t specified are assumed to be attached to carbon or hydrogen
atoms in the rest of the molecule.
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It’s a good idea at this point to memorize the structures of the functional
groups shown in Table 3.1 so that they’ll be familiar when you see them
again. They can be grouped into several categories, as described below.

Functional Groups with Carbon-Carbon Multiple
Bonds

Alkenes, alkynes, and arenes (aromatic compounds) all contain carbon-—
carbon multiple bonds. Alkenes have a double bond, alkynes have a triple
bond, and aromatic rings have three alternating double and single bonds in a
six-membered ring of carbon atoms. Because of their structural similarities,
these compounds also have chemical similarities.

\ / \ /
C=0 —C=C— C=C
" \ / \
== L
N\ 7
C—C
/ \
Alkene Alkyne Arene

(aromatic ring)

Functional Groups with Carbon Singly Bonded to
an Electronegative Atom

Alkyl halides, alcohols, ethers, amines, thiols, and sulfides all have a carbon
atom singly bonded to an electronegative atom. Alkyl halides have a carbon
atom bonded to halogen, alcohols have a carbon atom bonded to the oxygen
of a hydroxyl group (~OH), ethers have two carbon atoms bonded to the
same oxygen, amines have a carbon atom bonded to a nitrogen, thiols have
a carbon atom bonded to an —~SH group, and sulfides have two carbon atoms
bonded to the same sulfur. In all cases, the bonds are polar, with the carbon
atom bearing a partial positive charge (6+) and the electronegative atom
bearing a partial negative charge (6—).

-C L - . . ’ - Ce
“/ \X - \OH “/ \O/ < - \ITI/ - \SH - \S/ N
|
Alkyl halide Alcohol Ether Amine Thiol Sulfide

Functional Groups with a Carbon-Oxygen
Double Bond (Carbonyl Groups)

Note particularly in Table 3.1 the different families of compounds that con-
tain the carbonyl group, C=0 (pronounced car-bo-neel). Carbon—oxygen
double bonds are present in some of the most important compounds in
organic chemistry. These compounds are similar in many respects but differ
depending on the identity of the atoms bonded to the carbonyl-group carbon.
Aldehydes have a hydrogen bonded to the C=0, ketones have two carbons
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bonded to the C=0, carboxylic acids have an —OH group bonded to the C=0,
esters have an ether-like oxygen bonded to the C=0, amides have an amine-
like nitrogen bonded to the C=0, acid chlorides have a chlorine bonded to
the C=0, and so on.

(0]
I (Il} Il
7N PN P
~ c H ~ c c - ~ c OH
/™ VAR /™ /™
Aldehyde Ketone Carboxylic
acid
(@) (0] o
l \C/ I Il
C
NN TN
C\ o ~N Q/ N, \C\/ ~ cl
/ N / AN I / N
Ester Amide Acid
chloride

PROBLEM. ... .. ittt iiiittieeeraensasnssososasasasacnssansnns

3.1 Identify the functional groups in each of the following molecules:

T
?013 CH,CHCOOH
(a) CIQCH—Q—CI (b) ©/
DDT Phenylalanine
X
© & >CHO @ ©/\

Acrolein

3.2 Propose structures for simple molecules that contain these functional groups:
(a) Alcohol (b) Aromatic ring (c) Carboxylic acid
(d) Amine (e) Both ketone and amine (f) Two double bonds

3.2 Alkanes and Alkane Isomers
L - i LS S L S L .. B . R

We saw in Section 1.9 that the carbon—carbon single bond in ethane results
from o (head-on) overlap of carbon sp® orbitals. If we imagine joining three,
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four, five, or even more carbon atoms by carbon—carbon single bonds, we
can generate the large family of molecules called alkanes.

H H H HHE SH
HOC—H  H_C—C—H  H—C—C—C—n
i Hoh HOH

Methane Ethane Propane
H H H H H H H H
HoG G- C—H  H_C—C—C- - C—H
NN B on HOR B m
Butane C.Haz, .2

Alkanes are often described as saturated hydrocarbons—hydrocar-
bons because they contain only carbon and hydrogen; saturated because
they have only C-C and C-H single bonds and thus contain the maximum
possible number of hydrogens per carbon. They have the general formula
C,.H;, +2, where n is any integer. Alkanes are also occasionally referred to
as aliphatic compounds, a name derived from the Greek aleiphas, meaning
“fat.” We'll see later that animal fats contain long carbon chains similar to
alkanes.

Think about the ways that carbon and hydrogen might combine to make
alkanes. With one carbon and four hydrogens, only one structure is possible:
methane, CH,. Similarly, there is only one possible combination of two car-
bons with six hydrogens (ethane, CH;CHj3) and only one possible combina-
tion of three carbons with eight hydrogens (propane, CH;CH,CH3). If larger
numbers of carbons and hydrogens combine, however, more than one kind of
molecule can result. For example, there are two molecules with the formula
C4H;o: The four carbons can be in a row (butane), or they can branch (isobu-
tane). Similarly, there are three C;H;; molecules, and so on for larger

alkanes.
CH, C,H; C;Hg
—— ——
i st
H—(II—H H—?—(IJ—H
H H H

Methane Ethane




3.2 Alkanes and Alkane Isomers 77

C,H,,
IiI
H—C—H
H l H
H H H H
[ — H—C—C—C—H
H—C—C—C—C—H |
[ O H H H
H H H H

Isobutane

Butane (2-Methylpropane)
Cs;Hy,

1 i
H—C—H H—C—H
L1010 T 1T

T trrrrs ot

H H H H H H H H H H H
H—(IJ—H

H

Pentane 2-Methylbutane 2,2-Dimethylpropane

Compounds like butane, whose carbons are connected in a row, are
called straight-chain alkanes, or normal alkanes. On the other hand,
compounds like 2-methylpropane (isobutane), whose carbon chains branch,
are called branched-chain alkanes. The difference between the two is
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that you can draw a line connecting all the carbons of a straight-chain
alkane without retracing your path or lifting your pencil from the paper.
For a branched-chain alkane, however, you either have to retrace your path
or lift your pencil from the paper to draw a line connecting all the carbons.

Compounds like the two C4H,( molecules, which have the same formula
but different structures, are called isomers, from Greek isos + meros mean-
ing “made of the same parts.” Isomers are compounds that have the same
numbers and kinds of atoms but differ in the way the atoms are arranged.
Compounds like butane and isobutane, whose atoms are connected differ-
ently, are called constitutional isomers. We'll see shortly that other kinds
of isomerism are also possible, even among compounds whose atoms are
connected in the same order. As Table 3.2 shows, the number of possible
alkane isomers increases dramatically as the number of carbon atoms
increases.

Table 3.2 Number of Alkane Isomers

Formula Number of Isomers Formula Number of Isomers
CeHi4 5 C1oHae 75
C;Hg 9 C5Hso 4,347
CgH,s 18 CsoHao 366,319
CoHy 35 C30Hg2 4,111,846,763

Constitutional isomerism is not limited to alkanes—it occurs widely
throughout organic chemistry. Constitutional isomers may have different
carbon skeletons (as in isobutane and butane), different functional groups
(as in ethyl alcohol and dimethyl ether), or different locations of a functional
group along the chain (as in isopropylamine and propylamine). Regardless
of the reason for the isomerism, constitutional isomers always have the
same formula but a different connection of atoms.

e
Different carbon skeletons: CH3;CHCHj; and CH3;CH,CH,CH3
2-Methylpropane Butane
(Isobutane)
Different functional groups: CH3;CH,OH and CH3;0CH3
Ethyl alcohol Dimethyl ether
9
Different position of CH30HCH3 and CchHchzNHg

functional groups . .
Isopropylamine Propylamine




A given alkane can be arbitrarily drawn in many ways. For example,
the straight-chain, four-carbon alkane called butane can be represented by
any of the structures shown in Figure 3.2. These structures don’t imply any
particular three-dimensional geometry for butane; they only indicate the
connections among its atoms. In practice, we soon tire of drawing all the
bonds in a molecule and usually refer to butane by the condensed structure,
CH3CH,CH,;CHjg, or even more simply as n-C4H,, where n signifies normal,

straight-chain butane.

CH;—CH,—CH,;—CHj3

(|§H2—CH2—CH3

CH,

3.2 Alkanes and Alkane Isomers

I

CH;—CH,;—CH;
CH;(CH,),CHj;

(|3H2—CH3
CH,—CH,
CH,CH,CH,CH;

Figure 3.2 Some representations of butane, C4H;o. The
molecule is the same regardless of how its drawn. These
structures imply only that butane has a continuous chain of four

carbon atoms.

Straight-chain alkanes are named according to the number of carbon
atoms in the chain, as shown in Table 3.3. With the exception of the first
four compounds—methane, ethane, propane, and butane—whose names
have historical roots, the alkanes are named based on Greek numbers
according to how many carbons the molecule has. The suffix -ane is added
to the end of each name to indicate that the molecule identified is an alkane.
Thus, pentane is the five-carbon alkane, hexane is the six-carbon alkane,

and so on. The names of at least the first ten should be memorized.

Table 3.3 Names of Straight-Chain Alkanes

Number of Formula Number of Formula
Carbons (n) Name (C,Hs,+2) Carbons (n) Name (C,Hs,+2)

)L Methane CH,4 9 Nonane CoHjy

2 Ethane CyHg 10 Decane C10Hgzo

3 Propane C3Hg 11 Undecane C11Hay

4 Butane CsHjyp 12 Dodecane Cq12Hgg

5 Pentane CsH,o 13 Tridecane Ci3Hog

6 Hexane CeHis 20 Icosane CgaoHyo

1 Heptane C7Hy4 21 Henicosane Co1Hyy

8 Octane CgHs 30 Triacontane CsoHego




80 CHAPTER 3 The Nature of Organic Compounds: Alkanes and Cycloalkanes

PRACTICE PROBLEM. ...ttt ittt ieeeienneennaennnnns
Propose structures for two isomers with the formula CoHgO. ,

Solution We know that carbon forms four bonds, oxygen forms two, and hydrogen
forms one. Putting the pieces together yields two isomeric structures: '

2—(|3—, 1 =0=="" @ 18=
|
give
H H H H
HoC—G—0—H and H—G—0—C—n
W N

PROBLEM. ...ttt ittt ittt iitteeteanecosnssasasnasacsnsannnanns

3.3 Draw structures of the five isomers of C¢H 4.

ERE UL 6000000000000 0 KR SRR c o B © 000000000000 J00AG6 -6k o - - -

3.4 There are seven constitutional isomers with the formula C;H,,0. Draw as many as
you can.

3.5 Propose structures that meet the following descriptions:
(a) Two isomeric esters with formula CsH;,0,
(b) Two isomeric nitriles with formula C;H;N

PROBLEM. ... ittt it it iiitiiernrassesasossssosssanassasasnas

3.6 How many isomers are there with the following structures?
(a) Alcohols with formula CsHgO
(b) Bromoalkanes with formula C;H¢Br

3.3 Alkyl Groups

If a hydrogen atom is removed from an alkane, the partial structure that
remains is called an alkyl group. Alkyl groups are named by replacing the
-ane ending of the parent alkane with an -yl ending. For example, removal




of a hydrogen from methane, CH4, generates a methyl group, —-CH;, and
removal of a hydrogen from ethane, CH;CHj, generates an ethyl group,
—CH,CHj;. Similarly, removal of a hydrogen atom from the end carbon of
any n-alkane gives the series of straight-chain n-alkyl groups shown in
Table 3.4. Combining an alkyl group with any of the functional groups
listed earlier makes it possible to generate and name many thousands of

3.3 Alkyl Groups

compounds. For example:

H H
HC—n  H—02

H N
Methane A methyl group!

1 i
H— (IJ NH, JEl= (|3 OH

H H
Methylamine Methyl alcohol

Table 3.4 Some Straight-Chain Alkyl Groups

Name
Alkane Name Alkyl group (abbreviation)
CH, Methane -CHj Methyl (Me)
CH3;CH;3 Ethane -CH,CH; Ethyl (Et)
CH3;CH,CH; Propane -CH,CH,CH; Propyl (Pr)
CH3;CH,CH,CH,; Butane —-CH,CH,CH,CH3 Butyl (Bu)
CH;CH,CH,CH,CH;  Pentane -CH,CH,CH,CH;CH;  Pentyl

Just as n-alkyl groups are generated by removing a hydrogen from an
end carbon, branched alkyl groups are generated by removing a hydrogen
atom from an internal carbon. Two 3-carbon alkyl groups and four 4-carbon
alkyl groups are possible (Figure 3.3).

1The symbol - is used throughout this book to indicate that the partial structure shown is#
bonded to another, unspecified group.
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N

v
CH3;CH,CH; CH3CH2CH2-§- and CH3;CHCH;
Propane Propyl Isopropyl

CH;CH,CH,CH, CH;CH,CH,CH,% and CH;CH,CHCH,

C, ! Butane Butyl sec-Butyl

CH, CH,4 CHj,

| | |
CH,CHCH;, CH3;CHCH, %~ and CH3—<|:§-
Isobutane Isobutyl CH;
tert-Butyl

Figure 3.3 Generation of straight-chain and branched-chain
alkyl groups from n-alkanes.

One further word of explanation about naming alkyl groups: The pre- .
fixes sec (for secondary) and tert (for tertiary) used for the C4 alkyl groups
in Figure 3.3 refer to the degree of alkyl substitution at the carbon atom in
question. There are four possible degrees of alkyl substitution for carbon,
denoted 1° (primary), 2° (secondary), 3° (tertiary), and 4° (quaternary):
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i i | ]
R—(lf—H R— | —H R—(ll—H R—?—R
H R R
Primary carbon (1°)  Secondary carbon (2°)  Tertiary carbon (3°) Quaternary carbon (4°)
is bonded to one is bonded to two is bonded to three is bonded to four
other carbon other carbons other carbons other carbons

The symbol R is used to represent a generalized alkyl group. The R
group can be methyl, ethyl, propyl, or any of a multitude of others. You
might think of R as representing the Rest of the molecule, which we aren’t
bothering to specify because it’s not important. The terms primary, second-
ary, tertiary, and quaternary are routinely used in organic chemistry, and
their meanings should become second nature. For example, if we were to
say “The product of the reaction is a primary alcohol,” we would be talking
about the general class of compounds that has an alcohol functional group
(-OH) bonded to a primary carbon atom, RCH,OH:

II{ CH,CH,0H
R—C—OH
| CH,
H |
CH,CHCH,CH,OH

General class of
primary alcohols, RCH,OH

OCHZOH

Some specific examples of
primary alcohols, RCH,OH

In addition, we also speak about hydrogen atoms as being primary,
secondary, or tertiary. Primary hydrogen atoms are attached to primary
carbons (RCHj3), secondary hydrogens are attached to secondary carbons
(R2CH,), and tertiary hydrogens are attached to tertiary carbons (R3CH).

1
Primary hydrogens (CHjz) HES G
3\\
/(f 5 ) T
CH;CH,CHCH; = H—?—?—?—?—H
Secondary hydrogens {'”; l H H H H

A tertiary hydrogen (CH
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3.7 Draw the eight five-carbon alkyl groups (pentyl isomers).

[F1740) 2 Ml 56 0 o0 0 0060000 - 566600 1600000000 000000 0000 cH0 o oo oo &

3.8 Draw structures of alkanes that meet these descriptions:
(a) An alkane with two tertiary carbons
(b) An alkane that contains an isopropyl group
(¢) An alkane that has one quaternary and one secondary carbon

PROBLEM. . . .0t veeiienatosassannonasasesssnsosesssossonessssosssssoss

3.9 Identify the carbon atoms in the following molecules as primary, secondary, tertiary,
or quaternary:

(a) (IDHS (b) CH3CHCH3 (c) (IJHS ?Hs
CH;CHCH,CH,CHj, CH;CH,CHCH,CH;3 CH;;CHCHZ(I'JCH:,
CH;

3.10 Identify the hydrogen atoms on the compounds shown in Problem 3.9 as primary,
secondary, or tertiary.

3.4 Naming Alkanes

In earlier times, when relatively few pure organic chemicals were known,
new compounds were named at the whim of their discoverer. Thus, urea
(CH4N,0) is a crystalline substance isolated from urine; morphine
(C17H19NO3) is an analgesic (painkiller) named after Morpheus, the Greek
god of dreams; and barbituric acid is a tranquilizing agent named by its
discoverer in honor of his friend Barbara.

As the science of organic chemistry slowly grew in the nineteenth cen-
tury, so too did the number of known compounds and the need for a system-
atic method of naming them. The system of nomenclature we'll use in this
book is that devised by the International Union of Pure and Applied Chemis-
try (IUPAC, usually spoken as eye-you-pac).

A chemical name has three parts in the IUPAC system: prefix, parent,
and suffix. The parent selects a main part of the molecule and tells how
many carbon atoms are in that part; the suffix identifies the functional-
group family the molecule belongs to; and the prefix gives the location(s) of
the functional groups and other substituents on the main part.

Prefix—Parent—Suffix
‘ T

Where are substituents? How many What family?
carbons?
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As we cover new functional groups in later chapters, the applicable
IUPAC rules of nomenclature will be given. In addition, Appendix A gives
an overall view of organic nomenclature and shows how compounds that
contain more than one functional group are named. For the present, let’s
see how to name branched-chain alkanes.

All but the most complex branched-chain alkanes can be named by
following four steps. For a very few compounds, a fifth step is needed.

1.

Find the parent hydrocarbon:

(a) Find the longest continuous chain of carbon atoms present in
the molecule, and use the name of that chain as the parent
name. The longest chain may not always be apparent from the
manner of writing; you may have to “turn corners.”

CH,CH;4
CH3;CH,CH,CH—CH; Named as a substituted hexane

CH;—CHCH—CH,CHj4 Named as a substituted heptane
CH,CH,CH;

(b) If two different chains of equal length are present, choose the
one with the larger number of branch points as the parent:

CH;3 CH;
CH3(I3HCHCH20HZCH3 NOT CH,;CH— CHCH,CH,CH;,
CH,CH; CH,CH;

Named as a hexane with as a hexane with
two substituents one substituent

Number the atoms in the main chain:
(a) Beginning at the end nearer the first branch point, number each
carbon atom in the parent chain:

1CH; 7CHjy
2(|3H2 G(I‘H_,
CHS—(;HC}{—CHZCH3 NOT CH3—(1>‘-H(V‘~4H—CHZCH3
CH,CH,CH; CH,CH,CHj;
5 6 1 3 2 1

The first branch occurs at C3 in the proper system of numbering,
not at C4.
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(b) If there is branching an equal distance away from both ends of
the parent chain, begin numbering at the end nearer the second
branch point:

9 8 1 2
CH;CH, CH; CH,CHj; CH;‘(IZH2 CH; CH,CH;,
CH;3;—CHCH,CH;CH —CHCH,CH; NoOoT CH3—CHCH,CH,CH —CHCH,CHj;
7 6 5 4 3 2 1 3 4 5 6 7 8 L,

i

3. Identify and number the substituents:
(a) Assign a number to each substituent according to its point of
attachment to the main chain:

9 8
CH;CH, CH; CH,CHg

CH;—CHCH,CH,CH—CHCH,CH3 Named as a nonane
7 6 5 4 3 2 1

Substituents: On C3, CH,CH; (3-ethyl)
On C4, CH,4 (4-methyl)
On C7, CH; (7-methyl)

(b) If there are two substituents on the same carbon, assign them
both the same number. There must be as many numbers in the
name as there are substituents.

e
CH;CH,—C—CH,CHCH; Named as a hexane
6 5 4 3 .1

(|3H2 CH,
CH;
Substituents: On C2, CH;, (2-methyl)
On C4, CH (4-methyl)

On C4, CH,CH; (4-ethyl)

4. Write the name as a single word, using hyphens to separate the
different prefixes and using commas to separate numbers. If two or
more different substituents are present, cite them in alphabetical
order. If two or more identical substituents are present, use one of
the prefixes di-, tri-, tetra-, and so forth. Don’t use these prefixes

for alphabetizing purposes, however.

Full names for some of the examples we have been using follow.
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2 1

CH,CH,3 1(‘3H3
6 5 4 3
CH;CH,CH,CH—CHj; Z?Hg

3-Methylhexane CH;—CHCH—CH,CH,
3 I 4
CH,CH,CH;
CH, g @ Ty
CH,;CHCHCH,CH,CH,4 4-Ethyl-3-methylheptane
1 23 4 5 6
CH,CH3
CH;

3-Ethyl-2-methylhexane 6 5 4 3 2 1
CH3CH2—(|3 —CHz(llHCH3
9 8 CHZ CH;;
CH;CH, CH; CH,CHj; |
76 5 4 [3 2 1 CH;

CH;—CHCH,CH,CH—CHCH,CH3

4-Ethyl-2,4-dimethylhexane

3-Ethyl-4,7-dimethylnonane

In some particularly complex cases, a fifth step is necessary. It occasion-
ally happens that a substituent of the main chain has sub-branching:

CH,
1 2 3 4 5 6 |
CH3CH—CHCH2CH2CH——CH20H—CH3 Named as a 2,3,6-

| trisubstituted decane
CH; CHj; CH,CH,CH,CHj;
7 8 9 10

In this case, the substituent at C6 is a four-carbon unit with a sub-branch.
To name the compound fully, the sub-branched substituent must first be
named.

5. A complex substituent is named by applying the first four steps
above, just as though the substituent were itself a compound. For
the compound shown above, the complex substituent is a substituted
propyl group:

CH,

i
@ ——cH,—cr—cH,
1 2 3

We begin numbering at the point of attachment to the main chain
and find that the complex substituent is a 2-methylpropyl group.
To avoid confusion, this substituent name is set off in parentheses
when naming the complete molecule:
CH,
2 3 |

1 4 ) 6
CH,CH—CHCH,CH,CH — CH,CH— CH,
| |
CH, CH, CH,CH,CH,CHj
7 8 9 10

2,3-Dimethyl-6-(2-methyl propyl)decane
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As a further example:

CH3 (]:HJ ?H;{ ?HJ
I . .
CH;CH,CH,CH,CH —CH—CHCH; <-CH—CHCH;
9 8 7 6 5 1 2 3
4CH, CH,

5-(1,2-Dimethylpropyl)-
CH,—CH—CH;
3 2 1

2-Methyl-5-(1,2-dimethylpropyl)nonane

For historical reasons, some of the simpler branched-chain alkyl groups
also have nonsystematic, or common, names, as noted earlier in Section 3.3.

1. Three-carbon alkyl group:

.

Al
CH;CHCH;

Isopropyl (i-Pr)

2. Four-carbon alkyl groups:

A | |
CH,CH,CHCH,  CH,CHCH,3- CH3~(|:-%
sec-Butyl Isobutyl CH;

(sec-Bu)
tert-Butyl

(¢-Butyl or ¢-Bu)

3. Five-carbon alkyl groups:

?Hg ?HJ

CH;;(|3HCHZCH2% CH;;—(l?—CHz% CHBCHZ—(E%

CH3 CH;; CHB
Isopentyl, Neopentyl tert-Pentyl,
also called isoamyl also called

(i-amyl) tert-amyl (¢-amyl)

The common names of these simple alkyl groups are so well entrenched
in the chemical literature that IUPAC rules make allowance for them. Thus,
the following compound is properly named either 4-(1-methylethyl)heptane
or 4-isopropylheptane. There is no choice but to memorize these common
names; fortunately, there aren’t many of them.

CH,CHCH,
|
CH,;CH,CH,CHCH,CH,CH,

4-(1-Methylethyl)heptane or 4-Isopropylheptane
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When writing an alkane name, the prefix iso- is considered part of the
alkyl group name for alphabetizing purposes, but the hyphenated prefixes
sec- and tert- are not. Thus, isopropyl and isobutyl are listed alphabetically
under i, but sec-butyl and tert-butyl are listed under b.

BRAGHMEE PROBLEM. ... .......0 . ool S0 L. 0000
What is the IUPAC name of this alkane?
CH,CH; CH;
CH;CHCH,CH,CH,CHCH;,

Solution The molecule has a chain of eight carbons (octane) with two methyl sub-
stituents. Numbering from the end nearer the first methyl substituent indicates
that the methyls are at C2 and C6, giving the name 2,6-dimethyloctane.

PRACTICE PROBLEM. .....oiviiiiiiiiiiiiiiiiiiiiiiiiiiennenes
Draw the structure of 3-isopropyl-2-methylhexane.
Solution First, look at the parent name (hexane) and draw its carbon structure:
c—C—C—C—C—-C Hexane

Next, find the substituents (3-isopropyl and 2-methyl), and place them on the proper
carbons:

CH;;CIJHCHg «—————— An isopropyl group at C3
C—C—C—C—C—-C
1 2| 3 4 5 6

CH,4 A methyl group at C2

Finally, add hydrogens to complete the structure:
CH;CHCH;
CchHéHcHchchg 3-Isopropyl-2-methylhexane
CH;

o CedE L ngn o0 0 MBB00G8008006090 60908000 0G0 00006000 50000800 806000 0

3.11 Give IUPAC names for these compounds:

CH;
(a) The three isomers of CsH;2 (b) CH3CH2CIJHCHCH3
CH,CHj3
CH, CHj
(c) (CHg)zCHCHz(llHCHg (d) (CHa)gcCHZCHz(IJH

CH»CHj3
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PROBLEM. ..

PROBLEM...

3.13

Draw structures corresponding to the following IUPAC names:
(a) 3,4-Dimethylnonane (b) 3-Ethyl-4,4-dimethylheptane
(¢) 2,2-Dimethyl-4-propyloctane (d) 2,2,4-Trimethylpentane

The following names are incorrect. Draw the structures they represent, explain why
the names are incorrect, and give correct names.

(a) 1,1-Dimethylpentane (b) 3-Methyl-2-propylhexane
(c) 4,4-Dimethyl-3-ethylpentane (d) 5-Ethyl-4-methylhexane
(e) 2,3-Methylhexane (f) 3-Dimethylpentane

3.5 Properties of Alkanes

Alkanes are sometimes referred to as paraffins, a word derived from the
Latin parum affinis, meaning “slight affinity.” This term aptly describes
their behavior, for alkanes show little chemical affinity for other substances
and are chemically inert to most laboratory reagents. Alkanes do, however,
react with oxygen, chlorine, and a few other substances under appropriate
conditions.

Reaction with oxygen occurs during combustion in an engine or furnace
when the alkane is used as a fuel. Carbon dioxide and water are formed as
products, and a large amount of heat is released. For example, methane
(natural gas) reacts with oxygen according to the equation

CHy + 20, — CO,; + 2 H,0 + 890 kJ/mol (213 kcal/mol)

The reaction of an alkane with chlorine occurs when a mixture of the
two 1s irradiated with ultraviolet light (denoted Av, where v is the Greek
letter nu). Depending on the relative amounts of the two reactants and on
the time allowed, a sequential substitution of the alkane hydrogen atoms
by chlorine occurs, leading to a mixture of chlorinated products. Methane,
for example, reacts with chlorine to yield a mixture of CH3Cl, CHyCl,
CHCI3, and CCly. We'll explore the details of this reaction in Section 5.3.

CH, +Cl, — CH;Cl + HCl

L . cn,ol +HO
L. cHe, + 1O
[ . ¢, +Ha
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Alkanes show regular increases in both boiling point and melting point
as molecular weight increases (Figure 3.4), an effect that can be explained
by the presence of weak van der Waals forces between molecules. These
intermolecular forces, which operate only over very small distances, result
from induced polarization of the electron clouds in molecules.

300

-+

B Melting point >

200 —J: ] Boiling point 2 f 1

100 i L

Temperature (°C)

|
—
(=
(=]

\

AN

) S () . |

I

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Number of carbons

Figure 3.4 A plot of melting and boiling points versus number
of carbons for the C,—C,4 alkanes. There is a regular increase
with molecular size.

Although the average electron distribution in a nonpolar molecule like
an alkane is uniform over time, the distribution at any given instant is
nonuniform. One side of a molecule may, by chance, have a slight excess of
electrons relative to the opposite side, giving the molecule a temporary dipole
moment. This temporary dipole in one molecule causes a nearby molecule
to adopt a temporarily opposite dipole, with the result that a tiny electrical
attraction is induced between the two (Figure 3.5).

Figure 3.5 Attractive van der Waals forces are caused by
temporary dipoles in molecules, as shown in these space-filling
models of pentane.
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Temporary molecular dipoles have a fleeting existence and are con-
stantly changing, but the cumulative effect of an enormous number of them
produces attractive forces sufficient to cause a substance to be in the liquid
state. Only when sufficient energy is applied to overcome these forces does
the liquid boil. As you might expect, van der Waals forces increase as mole-
cule size increases, accounting for the higher boiling points of larger alkanes.

Another interesting effect seen in alkanes is that increased branching
lowers the alkane’s boiling point. Thus, pentane has no branches and boils
at 36.1°C, isopentane (2-methylbutane) has one branch and boils at 27.85°C,
and neopentane (2,2-dimethylpropane) has two branches and boils at 9.5°C.
Similarly, octane boils at 125.7°C, whereas isooctane (2,2 4-trimethylpen-
tane) boils at 99.3°C. Because they are more nearly spherical than straight-
chain alkanes, branched-chain alkanes have smaller surface areas, smaller
van der Waals forces, and consequently lower boiling points than straight-
chain alkanes.

3.6 Cycloalkanes

We've discussed only open-chain alkanes up to this point, but chemists have
known for over a century that compounds with rings of carbon atoms also
exist. Such compounds are called cycloalkanes or alicyclic compounds
(aliphatic eyelic). Since cycloalkanes consist of rings of —-CH,— units, they
have the general formula (CH,),,, or C,Hs,, and are represented by polygons
in skeletal drawings:

A O O

Cyclopropane Cyclobutane Cyclopentane

o O

Cyclohexane Cycloheptane

Alicyclic compounds with many different ring sizes abound in nature. |
For example, chrysanthemic acid contains a three-membered (cyclopropane) |
ring. Various esters of chrysanthemic acid occur naturally as the active
insecticidal constituents of chrysanthemum flowers.

H,C CH,
\\/

Chrysanthemic acid

/A i :
—< H COOH |
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Prostaglandins, such as PGE,, contain a five-membered (cyclopentane)
ring. Prostaglandins are potent hormones that control a wide variety of
physiological functions in humans, including blood platelet aggregation,
bronchial dilation, and inhibition of gastric secretions.

Prostaglandin E, (PGE,)

Steroids, such as cortisone, contain four rings joined together—three
six-membered (cyclohexane) and one five-membered (cyclopentane) ring:

Cortisone

The melting points and boiling points of some simple unsubstituted
cycloalkanes are shown in Figure 3.6. Melting points are affected irregularly
by increasing molecular weight, probably because the different shapes of the
various cycloalkanes cause differences in the efficiency with which molecules
pack together in crystals. Boiling points, however, show a regular increase
with molecular weight.

_ 200 7T W Melting point

&) Boiling point

< 100 A B

o -

3 1]

= 0

b -

2

£ —-100 |

S ||
—200 B

= L=

Ring size

Figure 3.6 Melting points and boiling points for cycloalkanes,
cyclo-(CH,),.
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3.7 Naming Cycloalkanes

Substituted cycloalkanes are named by rules similar to those given previ-
ously for open-chain alkanes. For most compounds, there are only two rules:

1. Count the number of carbon atoms in the ring and the number in
the largest substituent. If the number of carbon atoms in the ring
is equal to or greater than the number in the largest substituent,
the compound is named as an alkyl-substituted cycloalkane. If the
number of carbons atoms in the largest substituent is greater than
the number in the ring, the compound is named as a cycloalkyl-
substituted alkane. For example:

QvCHR BUT I>-CHQCHZCHZCH3

=
3 carbons 4 carbons

Methylcyclopropane 1-Cyclopropylbutane

2. For alkyl-substituted cycloalkanes, start at a point of attachment
and number the substituents on the ring so as to arrive at the lowest
sum:

CH,
1
2 6
NOT S
3
i CH,
1,3-Dimethylcyclohexane 1,5-Dimethylcyclohexane
(Sum: 1+ 3 =4) (Sum: 1 +5=6)

(a) When two or more different alkyl groups are present, number
them by alphabetical priority:

CH, CH,
{_ CH,CH; - _N_ _CH,CH,
0
. NOT :
4 5 4 3
1-Ethyl-2-methylcyclopentane 2-Ethyl-1-methylcyclopentane

(b) Halogens, if present, are treated exactly like alkyl groups:
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o CHj, .- CHj
T wr [T
“Br “Br
1-Bromo-2-methylcyclobutane 2-Bromo-1-methylcyclobutane

Some additional examples follow:

Br CH.

6 CHCH,CH,

T

CH,CH,

CH4CH, %
1-Bromo-3-ethyl-5-methyl- (1-Methylpropylicyclobutane 1-Chloro-3-ethyl-2-methyl-
cyclohexane (or sec-Butyleyclobutane) cyclopentane
PROBLEM. . ...ttt ettettenensaeeasanenesaeseesennenesnesnennenens
3.15 Give IUPAC names for the following cycloalkanes:
(a) CHj; (b) CH,CH,CH,4 (c)
CH;,
CH;,
(d) CH,CH, (e) C[CH3 (f) Br
CH(CHj),
CH,
B]‘ C(CH3)3
PROBLEM. . . .\t ttete e e ete e eaeaaenseneaneanenanaesnenaenennnn
3.16 Draw structures corresponding to the following IUPAC names:
(a) 1,1-Dimethylcyclooctane (b) 3-Cyclobutylhexane
(¢) 1,2-Dichlorocyclopentane (d) 1,3-Dibromo-5-methylcyclohexane

3.8 Cis-Trans Isomerism in Cycloalkanes
L = A mm e e o e

In many respects, the chemistry of cycloalkanes is similar to that of open-
chain, acyclic alkanes. Both classes of compounds are nonpolar and are
chemically inert to most reagents. There are, however, some important
differences.
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One difference is that cycloalkanes are less flexible than their open-
chain counterparts. To see what this means, think about the nature of
carbon—carbon single bonds. We know from Section 1.7 that ¢ bonds are
cylindrically symmetrical. In other words, the intersection of a plane cutting
through a carbon—carbon single-bond orbital looks like a circle. Because of
this cylindrical symmetry, rotation is possible around carbon—carbon bonds
in open-chain molecules. In ethane, for example, rotation around the C-C
bond occurs freely, interconverting different geometric arrangements of the
hydrogens (Figure 3.7).

Stereo View
l Rotate l Rotate

Stereo View

Figure 3.7 Free rotation occurs around the carbon—-
carbon single bond in ethane because of o bond
cylindrical symmetry.

In contrast to the free rotation around single bonds in open-chain
alkanes, there is much less freedom in cycloalkanes because of their geomet-
ric constraints. Cyclopropane, for example, must be a rigid, planar molecule
(three points define a plane). No bond rotation can take place around a
cyclopropane carbon—carbon bond without breaking open the ring (Figure
3E8)!
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Stereo View

Figure 3.8 The structure of cyclopropane. No rotation is
possible around the carbon-carbon bonds without breaking
open the ring.

Larger cycloalkanes have increasingly more freedom, and the very large
rings (Cs5 and up) are so floppy that they are nearly indistinguishable from
open-chain alkanes. The common ring sizes (C3, C4, Cs, Cg, C;), however,
are severely restricted in their molecular motions.

Because of their cyclic structure, cycloalkanes have two sides, a “top”
side and a “bottom” side, leading to the possibility of isomerism in substi-
tuted cycloalkanes. For example, there are two different 1,2-dimethylcyclo-
propane isomers, one with the two methyls on the same side of the ring,
and one with the methyls on opposite sides (Figure 3.9, p. 98). Both isomers
are stable compounds; neither can be converted into the other without break-
ing and reforming chemical bonds. Make molecular models to prove this to
yourself.

Unlike the constitutional isomers butane and isobutane (see Figure
3.3), which have their atoms connected in a different order, the two 1,2-
dimethylcyclopropanes have the same order of connection but differ in the
spatial orientation of their atoms. Compounds that have their atoms con-
nected in the same order but differ in three-dimensional orientation, are
called stereoisomers.

Constitutional isomers CH;

(different connections
between atoms) CH3;—CH—CHj, and CH;—CH,—CH,— CHj;

Stereoisomers H,C CH, H,C H
(same connections but ) < ' and >v<
different three-dimensional H H H CH;

geometry)
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H,C CH,
H

cis-1,2-Dimethylcyclopropane Stereo View

Do NOT
interconvert

H,C H _
HWCH;(
H i

trans-1,2-Dimethylcyclopropane Stereo View

Figure 3.9 There are two different 1,2-dimethylcyclopropane
isomers, one with the methyl groups on the same side of the
ring and the other with the methyl groups on opposite sides of
the ring.

The 1,2-dimethylcyclopropanes are special kinds of sterecisomers called
cis-trans isomers. The prefixes cis- (Latin, “on the same side”) and trans-
(Latin, “across”) are used to distinguish between them. Cis—trans isomerism
is a common occurrence in substituted cycloalkanes.

H;C 2 CH; Br s ¢ H
H y H H . CH,CHj,

cis-1,3-Dimethylcyclobutane trans-1-Bromo-3-ethylcyclopentane

7€ 31U 05 66506 50 -0n00000388800080 © 00 00000000006000000 800000000000

3.17 Draw the structures of the following molecules:
(a) trans-1-Bromo-3-methylcyclohexane
(b) cis-1,2-Dimethylcyclopentane
(c) trans-1-tert-Butyl-2-ethylcyclohexane
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INTERLUDE

Petroleum

The world’s natural gas and petroleum deposits represent by far the
largest source of alkanes. Laid down eons ago, these deposits are derived
from the decomposition of plant and animal matter, primarily of marine
origin. Natural gas consists chiefly of methane, but also contains ethane,
propane, butane, and isobutane. Petroleum is a complex mixture of hydro-
carbons that must be refined into fractions before it can be used.

Refining begins by distillation of crude oil into three principal cuts:
straight-run gasoline (bp 30-200°C), kerosene (bp 175-300°C), and gas
oil (bp 275-400°C). Finally, distillation under reduced pressure gives
lubricating oils and waxes, and leaves an undistillable tarry residue of
asphalt (Figure 3.10).

-

Gas oil

Asphalt Lubricating oils
Waxes

Natural gas |5
Cy |

Figure 3.10 The products of petroleum refining.

The distillation of crude oil is only the first step in gasoline produc-
tion. Straight-run gasoline turns out to be a poor fuel because of engine
knock. In the typical four-stroke automobile engine, a piston draws a

(continued)»
[ o e e e e e il — T T SR e T — —T T — ]
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mixture of fuel and air into a cylinder on its downward stroke and com-
presses the mixture on its upward stroke. Just before the end of the
compression, a spark plug ignites the mixture and combustion occurs,
driving the piston downward and turning the crankshaft.

Not all fuels burn equally well, though. When poor fuels are used,
combustion can be initiated in an uncontrolled manner by a hot surface
in the cylinder before the spark plug fires. This preignition, detected as
an engine knock, can destroy the engine by putting irregular forces on
the crankshaft and raising engine temperature.

The octane number of a fuel is the measure by which its antiknock
properties are judged. It was recognized long ago that straight-chain
hydrocarbons are far more prone to induce engine knock than are highly
branched compounds. Heptane, a particularly bad fuel, is assigned a base
value of 0 octane number; 2,2,4-trimethylpentane (commonly known as
isooctane) has a rating of 100.

CH; CHj;
CH;CH,CH,CH,CH,CH,CH; CH;CCH,CHCH;
ou,
Heptane 2,2,4-Trimethylpentane
(octane number = 0) (octane number = 100)

Because straight-run gasoline has a high percentage of unbranched
alkanes and is therefore a poor fuel, petroleum chemists have devised
several methods for producing higher-quality fuels. One of these methods,
called catalytic cracking, involves taking the high-boiling kerosene cut
(C11-C14) and “cracking” it into smaller molecules suitable for use in
gasoline. The process takes place on a silica~alumina catalyst at tempera-
tures of 400-500°C, and the major products are light hydrocarbons in the
C3—Csrange. These small hydrocarbons are then catalytically recombined
to yield useful C;—C,¢ alkanes.

Summary and Key Words

A functional group is an atom or group of atoms within a larger molecule
that has a characteristic chemical reactivity. Because functional groups
behave approximately the same way in all molecules where they occur, the
chemical reactions of an organic molecule are largely determined by its
functional groups.

Alkanes are a class of hydrocarbons with the general formula
C,Hs, +2. They contain no functional groups, are relatively inert, and can
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be either straight-chain (normal alkanes) or branched. Alkanes are
named by a series of IUPAC rules of nomenclature. Compounds that have
the same chemical formula but different structures are called isomers.
More specifically, compounds such as butane and isobutane, which differ in
their connections between atoms, are called constitutional isomers.

Cycloalkanes contain rings of carbon atoms and have the general
formula C,Hs,,. Although free rotation is possible around C-C single bonds
in open-chain alkanes, rotation is greatly reduced in cycloalkanes. Disubsti-
tuted cycloalkanes can therefore exist as cis—trans isomers. The cis isomer
has both substituents on the same side of the ring; the trans isomer has
substituents on opposite sides of the ring. Cis—trans isomers are just one
kind of stereoisomers—isomers that have the same connections between
atoms but differ in their three-dimensional arrangements.

H;C CH;3 H;C H
Do NOT
H H H CHj;
interconvert
H H
cis-1,2-Dimethylcyclopropane trans-1,2-Dimethylcyclopropane
(methyl groups on same side of ring) (methyl groups on opposite sides of ring)

ADDITIONAL PROBLEMS .............coiiiiiiiiinn.

3.18 Locate and identify the functional groups in the following molecules:

(a) ©/OH (b) (0]

Phenol

2-Cyclohexenone

(c) ITIHZ (d) NHCOCH;
CH;CHCOOH ©/

Alanine
Acetanilide

(e) () 0}

(0)

Nootkatone (from grapefruit)
grape HO

Estrone
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3.19

3.20
3.21

3.22

3.23

3.24

3.25
3.26
3.27

3.28

3.29

3.30

3.31

(g) OH (h)
" g
o8 :
H
HO

3-Indoleacetic acid
Diethylstilbestrol

Draw structures that meet these descriptions (there are many possibilities):
(a) Three isomers with the formula CgH,g
(b) Two isomers with the formula C,HgO,

Draw structures of the nine isomers of C;H¢.

Propose structures that meet these descriptions:

(a) A ketone with five carbons (b) A four-carbon amide

(c) A five-carbon ester (d) An aromatic aldehyde

(e) A keto ester (f) An amino alcohol

Propose structures for the following:

(a) A ketone, C.HgO (b) A nitrile, C;HgN

(c) A dialdehyde, C;HgO, (d) A bromoalkene, C¢gH,,Br

(e) An alkane, C¢H,4 (f) A cycloalkane, CgH,,

(g) A diene (dialkene), CsHg (h) A keto alkene, C;HgO

Draw as many compounds as you can that fit these descriptions:

(a) Alcohols with formula C,H,,0 (b) Amines with formula CsH;3sN
(c) Ketones with formula CsH;,0 (d) Aldehydes with formula CsH;,0O
(e) Esters with formula C,HgO, (f) Ethers with formula CH,;,0

Draw compounds that contain the following:

(a) A primary alcohol (b) A tertiary nitrile

(c) A secondary bromide

(d) Both primary and secondary alcohols

(e) An isopropyl group (f) A quaternary carbon

Draw and name all monobromo derivatives of pentane, CsH;,Br.
Draw and name all monochloro derivatives of 2,5-dimethylhexane, CgH,;Cl.

Predict the hybridization of the carbon atom in each of the following functional

groups:

(a) Ketone (b) Nitrile (c) Carboxylic acid - (d) Ether
Draw structural formulas for the following:

(a) 2-Methylheptane (b) 4-Ethyl-2,2-dimethylhexane

(c) 4-Ethyl-3,4-dimethyloctane (d) 2,4,4-Trimethylheptane

(e) 3,3-Diethyl-2,5-dimethylnonane (f) 4-Isopropyl-3-methylheptane

Draw a compound that:

(a) Has only primary and tertiary carbons
(b) Has no primary carbons

(c) Has four secondary carbons

Draw a compound that:
(a) Has no primary hydrogens
(b) Has only primary and tertiary hydrogens

For each of the following compounds, draw an isomer with the same functional
groups.
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CH;

|
(a) CH;CHCH,CH,Br (b) Q/OCH3

(¢) CH3CH,CH,C=N (d) O/OH
(e) CH;CH,CHO () ©/CH2000H

3.32 In each of the following sets, which Kekulé structures represent the same compound,
and which represent different compounds?

H
H—(ll—H
H H H H H H H H H
@H_C—G—C—G—H  H0—C—C-H  H-¢—C—C-mH
N R OB ow | w
H—C—H
IL
H
H—(L,—H
H H Br H H Br H H H H
b HC—$— Gt Ho—G—G—bH  H—C—C—C—H
HoBoH N R H B
CH; CH;
(c) CH3CHBr(|3HCH3 CH;,(!‘,HCHBrCH;, (CH3);CHCHBrCH,CHj3
(d) OH OH
OH HO
OH HO©
CH; CH;

| l
(e) HOCH2(|3HCHCH3 CH3CHzCHCH2('3HCH20H HOCH2(|3HCH(CH3 )2
CH; CH; CH;

3.33 Draw structures for these compounds:
(a) trans-1,3-Dibromocyclopentane (b) cis-1,4-Diethylcyclohexane
(¢) trans-1-Isopropyl-3-methylcycloheptane (d) Dicyclohexylmethane
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3.34

3.35

3.36
3.37

3.38

3.39

3.40

Identify the kinds of carbons (1°, 2°, 3°, or 4°) in these molecules:
o

CH,

|
(c) (CH; )3CCH2CH2CIH (d) CH,4
CH3 O/

CH;3
Name the following compounds:
CH;
(a) CH3(|3HCH2CH20H3 (b) CH3CH,C(CH3),CHj;4
CH,CH; CH;

(c) (CH;3);CHC(CH;);CH;CH,CHj; (d) CH3CH,CHCH,CH,;CHCH3

CH; CH,CH;
(e) CH3CH;CH;CHCH,CCH; (f) (CH3)sCC(CH;3);CH,CH2,CHj,

&u,
CH,CH,CH;

(g) CH,CHCH,CCH,CH,
CH,CH, CH,

Name the five isomers of C¢H,4.

The following names are incorrect. Draw the structure each name represents, tell
what is wrong with each name, and give the correct IUPAC name.

(a) 2,2-Dimethyl-6-ethylheptane (b) 4-Ethyl-5,5-dimethylpentane
(c) 3-Ethyl-4,4-dimethylhexane (d) 5,5,6-Trimethyloctane
(e) 2-Isopropyl-4-methylheptane (f) cis-1,5-Dimethylcyclohexane

Propose structures and give the correct IUPAC names for the following:
(a) A dimethylcyclooctane (b) A diethyldimethylhexane
(c) A cyclic alkane with three methyl groups

(d) A (3-methylbutyl)-substituted alkane

Draw 1,3,5-trimethylcyclohexane using a hexagon to represent the ring. How many |
cis—trans stereoisomers are possible?

Tell whether the following pairs of compounds are identical, constitutional isomers,
or stereoisomers.

(a) cis-1,3-Dibromocyclohexane and ¢trans-1,4-dibromocyclohexane

(b) 2,3-Dimethylhexane and 2,5,5-trimethylpentane
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3.44

3.45

3.46

3.47
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(c) Cl
Cl Cl Cl

Q and

Draw two constitutional isomers of cis-1,2-dibromocyclopentane.
Draw a stereoisomer of trans-1,3-dimethylcyclobutane.

Malic acid, C4HgOs5, has been isolated from apples. Since this compound reacts with
2 equivalents (equiv) of base, it is a dicarboxylic acid.

(a) Draw at least five possible structures.

(b) If malic acid is a secondary alcohol, what is its structure?

Cyclopropane was first prepared by reaction of 1,3-dibromopropane with sodium
metal. Formulate the cyclopropane-forming reaction and then predict the product
of the following reaction. What geometry do you expect for the product? (Try building
a molecular model.)

CHQBI‘
BrCH,—C—CH,Br -4Na, 9
CH2BT

Formaldehyde, H,C=0, is known to all biologists because of its usefulness as a tissue
preservative. When pure, formaldehyde trimerizes to give trioxane, C3HgOj3, which,
surprisingly enough, has no carbonyl groups. Only one monobromo derivative
(C3H5BrO3) of trioxane is possible. Propose a structure for trioxane.

Draw the three cis—trans isomers of menthol.

CH,

Menthol

(CH,),CH

Draw the five cycloalkanes with the formula CsH,.

A Look Ahead

3.48

3.49

There are two different substances named ¢rans-1,2-dimethylcyclopentane. Make
molecular models and see if you can find the relationship between them. We'll explore
this kind of isomerism in Chapter 9.

CHg
@ and
CH,
CH;,

We'll see in the next chapter that cyclohexane has a puckered, chair-like shape
rather than a flat shape. Why?

Cyclohexane



This polycyclic alkane is
known by the common name
twistane.

Stereochemistry of Alkanes
and Cycloalkanes

Up to this point, we have mostly viewed molecules in a two-dimensional
way and have given little thought to any chemical consequences that might
arise from the spatial arrangement of atoms in molecules. Now it’s time to
add a third dimension to our study. Stereochemistry is the branch of
chemistry concerned with the three-dimensional aspects of molecules.

4.1 Conformations of Ethane

We know that an sp3-hybridized carbon atom has tetrahedral geometry and |
that the carbon—carbon bonds in alkanes result from o overlap of carbon
sp® orbitals. Let’s now look into the three-dimensional consequences of such
bonding. What are the spatial relationships between the hydrogens on one !
carbon and the hydrogens on a neighboring carbon? |

106
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We saw in Section 3.8 that free rotation can occur around carbon—carbon
single bonds in open-chain molecules such as ethane because of ¢ bond
cylindrical symmetry. Orbital overlap in the C—C single bond is exactly the
same for all geometric arrangements of the atoms (Figure 4.1). The different
arrangements of atoms that result from rotation about a single bond are
called conformations, and a specific conformation is called a conformer
(conformational isomer). Unlike constitutional isomers, different conform-
ers can’t usually be isolated, because they interconvert too rapidly.

Rotate
—_—

Rotate
e

Figure 4.1 Some conformations of ethane. Rapid rotation
around the carbon-carbon single bond interconverts the
different conformers.

Chemists represent conformational isomers in two ways, as shown in
Figure 4.2. Sawhorse representations view the carbon—carbon bond from
an oblique angle and indicate spatial orientation by showing all the C-H
bonds. Newman' projections view the carbon—carbon bond directly end-
on and represent the two carbon atoms by a circle. Bonds attached to the

IMelvin S. Newman (1908-1993); b. New York; Ph.D. (1932), Yale University; professor, Ohio
State University (1936-1973).
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front carbon are represented by lines going to the center of the circle, and
bonds attached to the rear carbon are represented by lines going to the edge
of the circle. The advantages of Newman projections are that they’re easy
to draw and the relationships among substituents on the different carbon
atoms are easy to see.

Sawhorse

representation Stereo View

H

Newman
projection Stereo View

Back carbon

H

H

Front carbon

Figure 4.2 A sawhorse representation and a Newman
projection of ethane. The sawhorse projection views the
molecule from an oblique angle, while the Newman projection
views the molecule end-on.

In spite of what we’ve just said about o bond symmetry, we don’t actually
observe perfectly free rotation in ethane. Experiments show that there is a
slight (12 kJ/mol; 2.9 kcal/mol) barrier to rotation and that some conforma-
tions are more stable than others. The lowest-energy, most stable conforma-
tion is the one in which all six carbon-hydrogen bonds are as far away
from each other as possible (staggered when viewed end-on in a Newman
projection). The highest-energy, least stable conformation is the one in which
the six carbon—hydrogen bonds are as close as possible (eclipsed in a New-
man projection). Between these two limiting conformations are an infinite
number of other possibilities. Since the barrier to rotation is 12 kJ/mol, and




Ethane—staggered
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since the barrier is caused by three equal hydrogen—hydrogen eclipsing
interactions, we can assign a value of approximately 4.0 kJ/mol (1.0 kcal/
mol) to each single interaction.

conformation - Stereo View

Rotate rear
carbon 60°

4.0 kJ/mol

Hy

H é}l

N H
1.0 kJ/ mnl\

Ethane—eclipsed

H 7
/4.(_) kJimol

conformation = Stereo View

The 12 kd/mol of extra energy present in the eclipsed conformation of
ethane is called torsional strain. The barrier to rotation that results from
torsional strain can be represented on a graph of potential energy versus
degree of rotation in which the angle between C—H bonds on front and back
carbons (the dihedral angle) goes full circle from 0° to 360° when seen end-
on. Energy minima occur at staggered conformations, and energy maxima
occur at eclipsed conformations, as shown in Figure 4.3 (p. 110).

To what is torsional strain due? The cause has been the subject of some
controversy, but most chemists now believe that torsional strain is due to
the slight repulsion between electron clouds in the carbon-hydrogen bonds
as they pass by each other at close quarters in the eclipsed conformer.
Calculations indicate that the internuclear hydrogen-hydrogen distance in
the staggered conformer is 2.55 A but that this distance decreases to about
2.29 A in the eclipsed conformer.

Build a molecular model of ethane, and look at the interconversion of staggered and
eclipsed forms.
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Eclipsed conformers

12 kJ/mol

H H H H H H H
H H H H
i H@IH i H H é H H i
H H H H 4 HH Hy H H H 4 H
H | H y H H ! H H " H H

I ] | | ] 1

0° 60° 120° 180° 240° 300° 360°
H H
H O\
H H
( ( Rotate
H 'y H H H H
._—/ H
0°, 120°, 240° 60°, 80°, 300°
Eclipsed Staggered

Figure 4.3 A graph of potential energy versus bond rotation in
ethane. The staggered conformers are 12 kJ/mol lower in
energy than the eclipsed conformers.

4.2 Conformations of Propane
[ E— W Rl SR St B

Propane is the next higher member in the alkane series, and there is again
a torsional barrier that results in slightly hindered rotation around the
carbon—carbon bonds. The barrier is slightly higher in propane than in
ethane—14 kJ/mol (3.4 kcal/mol) versus 12 kd/mol. In the eclipsed con-
former of propane, there are two ethane-type hydrogen—hydrogen interac-
tions and one additional interaction between a carbon—hydrogen bond and
a carbon—carbon bond. Since each eclipsing hydrogen-hydrogen inter-
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action has an energy “cost” of 4.0 kJ/mol, we can assign a value of 14 —
(2 X 4.0) = 6.0 kd/mol (1.4 kcal/mol) to the eclipsing interaction between
the carbon—carbon bond and the carbon-hydrogen bond (Figure 4.4).

H H

H H
H

Staggered propane Stereo View
l Rotate 60° l
Cga} 6.0 kJ/mol

H H H H

\ 4.0 k/mol -/

Eclipsed propane Stereo View

Figure 4.4 Newman projections of propane showing
staggered and eclipsed conformations. The staggered conformer
is lower in energy by 14 kJ/mol.

PROBLEM. . ... it it et iiernannensasuanssonasnsnsnsnanas

4.2 Make a graph of potential energy versus angle of bond rotation for propane, and
assign values to the energy maxima.

4.3 Conformations of Butane
e T . T o RO N e RS W EE

The conformational situation becomes more complex as the alkane becomes
larger. In butane, for instance, a plot of potential energy versus rotation
about the C2—-C3 bond is shown in Figure 4.5.
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19 kJ/mol
16 kJ/mol i
3.8 kJ/mol
CH, CH CH, CH, CH, CH, CH,
H H, H
H H ‘ CH %H i H: i :cu. j)\;& H H
i 3 ' \
H H o 5 H H H H H H
3 CH, H s Hy g H . WH onll o
|
Anti Gauche Gauche Anti
L | 1 ] I ] |
180° 120° 60° 0° 60° 120° 180°

N O
~
~

A’.

Observer

CH,4 H
Anti Gauche Least stable eclipsed

Figure 4.5 A plot of potential energy versus rotation for the C2—-C3 bond in butane. The
energy maximum occurs when the two methyl groups eclipse each other, and the energy
minimum occurs when the two methyl groups are far apart (anti).
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Not all staggered conformations of butane have the same energy, and
not all eclipsed conformations are the same. The lowest-energy arrange-
ment, called the anti conformation, is the one in which the two large
methyl groups are as far apart as possible: 180°. As rotation around the
C2-C3 bond occurs, an eclipsed conformation is reached in which there are
two methyl-hydrogen interactions and one hydrogen—hydrogen interaction.
If we assign the energy values for eclipsing interactions that were previously
derived from ethane and propane, we might predict that this eclipsed confor-
mation should be more strained than the anti conformation by 2 X 6.0 kJ/
mol (two methyl-hydrogen interactions) plus 4.0 kJ/mol (one hydrogen—
hydrogen interaction), or a total of 16 kJ/mol (3.8 kcal/mol). This is exactly
what is found.

/ Cost: 6.0 kJ/mol

H;CH
Total cost: 16 kJ/mol

Cost: 6.0 kJ/mol HCH3 HH Cost: 4.0 kJ/mol

/

As bond rotation continues, an energy minimum is reached at the stag-
gered conformation where the methyl groups are 60° apart. Called the
gauche conformation, it lies 3.8 kJd/mol (0.9 kcal/mol) higher in energy
than the anti conformation even though it has no eclipsing interactions. This
energy difference is due to the fact that the hydrogen atoms of the methyl
groups are near each other in the gauche conformation, resulting in steric
strain. Steric strain is the repulsive interaction that occurs when atoms
are forced closer together than their atomic radii allow. It’s the result of
trying to force two atoms to occupy the same space (Figure 4.6).

Figure 4.6 The interaction between the methyl groups in
gauche butane. Steric strain results because the two methyl
groups are too close together.
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As the dihedral angle between the methyl groups approaches 0°, an
energy maximum is reached. Because the methyl groups are forced even
closer together than in the gauche conformation, substantial amounts of
both torsional strain and steric strain are present. A total strain energy of
19 kJ/mol (4.5 kcal/mol) has been estimated for this conformation, allowing
us to calculate a value of 11 kJd/mol (2.5 kcal/mol) for the methyl-methyl
eclipsing interaction: total strain (19 kJ/mol), less strain of two hydrogen—
hydrogen eclipsing interactions (2 X 4.0 kcal/mol), equals 11 kJ/mol.

/ Cost: 11 kd/mol

H;CCcH
3
Total cost: 19 kd/mol

Cost: 4.0 kJ mol' HH HH Cost: 4.0 kd/mol

—

After 0°, the rotation becomes a mirror image of what we’ve already
seen. Another gauche conformation is reached, another eclipsed conforma-
tion, and finally a return to the anti conformation occurs.

The notion of assigning definite energy values to specific interactions
within a molecule is a very useful one that we’ll return to later in this
chapter. A summary of what we’ve seen thus far is given in Table 4.1.

Table 4.1 Energy Costs for Interactions in Alkane Conformers

Energy cost
Interaction Cause (kJ /mol)  (kcal /mol)
H < H eclipsed Torsional strain 4.0 1.0
H < CHj eclipsed Mostly torsional strain 6.0 1.4
CH; <> CH; eclipsed  Torsional plus steric strain 11 2.6
CH; <> CH; gauche Steric strain 3.8 0.9

The same principles just developed for butane apply to pentane, hexane,
and all higher alkanes. The most favorable conformation for any alkane is
the one in which the carbon—carbon bonds have staggered arrangements
and in which large substituents are arranged anti to each other. A general-
ized alkane structure is shown in Figure 4.7.

One final point: It’s important to realize that when we speak of a particu-
lar conformer as being “more stable” than another, we don’t mean the mole-
cule adopts and maintains only the more stable conformation. At room
temperature, enough thermal energy is present to cause rotation around o
bonds to occur rapidly so that all conformers are in equilibrium. At any
given instant, however, a larger percentage of molecules will be found in a
more stable conformation than in a less stable one. ‘

.
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Figure 4.7 The most stable alkane conformation is the one in
which all substituents are staggered and the carbon-carbon
bonds are arranged anti, as shown in this structure of decane.

Sight along the C2-C3 bond of 2,3-dimethylbutane, and draw a Newman projection
of the most stable conformation.

Consider 2-methylpropane (isobutane). Sighting along the C2—C1 bond:

(a) Draw a Newman projection of the most stable conformation.

(b) Draw a Newman projection of the least stable conformation.

(c) Make a graph of energy versus angle of rotation around the C2—C1 bond.

(d) Since a hydrogen—hydrogen eclipsing interaction “costs” 4.0 kJ/mol and a hydro-
gen—methyl eclipsing interaction costs 6.0 kJ/mol, assign relative values to the
maxima and minima in your graph.

4.4 Conformation and Stability of
Cycloalkanes: The Baeyer
Strain Theory

Chemists in the late 1800s knew that cyclic molecules existed, but the
limitations on ring sizes were unclear. Numerous compounds containing
five-membered and six-membered rings were known, but smaller and larger
ring sizes had not been prepared. For example, no cyclopropanes or cyclobu-
tanes were known, despite many efforts to prepare them.

A theoretical interpretation of this observation was proposed in 1885
by Adolf von Baeyer.? Baeyer suggested that, since carbon prefers to have
tetrahedral geometry with bond angles of approximately 109°, ring sizes
other than five and six may be too strained to exist. Baeyer based his hypoth-
esis on the simple geometric notion that a three-membered ring (cyclopro-
pane) should be an equilateral triangle with bond angles of 60°, a four-
membered ring (cyclobutane) should be a square with bond angles of 90°, a

2Adolf von Baeyer (1835-1917); b. Berlin; Ph.D. Berlin (1858); professor, Berlin, Strasbourg
(1872-1875), Munich (1875-1917); Nobel Prize (1905).
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five-membered ring (cyclopentane) should be a regular pentagon with bond
angles of 108°, and so on.

According to Baeyer’s analysis, cyclopropane, with a bond-angle
compression of 109° — 60° = 49°, should have a large amount of angle strain
and must therefore be highly reactive. Cyclobutane (109° — 90° = 19° angle
strain) must be similarly reactive, but cyclopentane (109° — 108° = 1°
angle strain) must be nearly strain-free. Cyclohexane (109° — 120° = —11°
angle strain) must be somewhat strained, but cycloheptane (109° — 128° =
—19° angle strain) and higher cycloalkanes must have bond angles that are
forced to be too large. Carrying this line of reasoning further, Baeyer sug-
gested that very large rings should be impossibly strained and incapable of

existence.
. 1:‘\9—\
— i
- 109" (tetrahedral) . / \
! N\ + 19
495, Nl
X\ A R 1
Cyclopropane Cyclobutane Cyclopentane

Although there is some truth to Baeyer’s suggestion about angle strain
in small rings, he was wrong in believing that small and large rings are too
strained to exist. Rings of all sizes from 3 through 30 and beyond can now
be prepared. Nevertheless, the concept of angle strain—the strain induced
in a molecule when a bond angle deviates from the ideal tetrahedral
value—is a very useful one. Let’s look at the facts.

4.5 Heats of Combustion of

Cycloalkanes
[ Eeemweees - ________________________________ ]|

To measure the amount of strain in a compound, we must first measure the
total energy of the compound and then subtract the energy of a strain-free
reference compound. The difference between the two values should represent
the amount of extra energy in the molecule due to strain.

The simplest way to determine cycloalkane strain energies is to measure
their heats of combustion, the amount of heat (energy) released when a
compound burns completely with oxygen:

—(CHp),— + n(30;) — n CO, + n HyO + Heat

The more energy (strain) a compound contains, the more energy (heat) is
released on combustion. If we compare the heats of combustion of two iso-
meric substances, more energy is released during combustion of the more
strained substance because that substance has more energy to begin with.

Because the heat of combustion of a hydrocarbon depends on its molecu-
lar formula, it’s more useful to look at heats of combustion per CH, unit
(Figure 4.8). In this way, the size of the hydrocarbon is not a factor, and we




4.5 Heats of Combustion of Cycloalkanes 117

700 —/L7 167.3

690 11 164.9
» A
68011 [ [ | 162.5 5
H - >E
3
67011 [ | | 160.1 50

Heat of combustion per CH,
(kJ/mol)

650 — 155.4
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Ring size

Figure 4.8 Heats of combustion per CH for cycloalkanes as a function of ring size. By
convention, the amount of energy released in an exothermic reaction has a negative sign.
Thus, these heats of combustion are negative values.

can compare cycloalkane rings of different sizes to a standard, strain-free,
acyclic alkane. Figure 4.9 shows the results of this comparison. Total strain
energies are calculated by taking the difference between sample heat of
combustion per CH, and reference heat of combustion per CHy and multi-
plying by the number of carbons, rn, in the ring.

The data in Figure 4.9 show clearly that Baeyer’s theory is incorrect.
Cyclopropane and cyclobutane are indeed quite strained, just as predicted,

120 ] 28.7
-+
100 1 | 23.9
3 8o | [ 191
g . | ..6
2 U 143 £
60 <
M= :
5 40 | [ o
E 41 il
£ = 48
& 207 :
4 ]
0 ] —I lj-—- 0
3 4 5 6 7 8 9 10 11 12 13 14
Ring size

Figure 4.9 Cycloalkane strain energy as a function of ring size. Note that cyclohexane rings are
strain-free.
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but cyclopentane is more strained than predicted, and cyclohexane is strain-
free. For cycloalkanes of larger size, there is no regular increase in strain,
and rings of more than 14 carbons are strain-free. Why is Baeyer’s theory
wrong?

Which is the more efficient fuel on a per-gram basis, cyclopropane or cyclohexane?
Explain.

4.6 The Nature of Ring Strain

Baeyer was wrong for a very simple reason: He assumed that rings are flat.
In fact, though, most cycloalkanes aren’t flat; they adopt puckered three-
dimensional conformations that allow bond angles to be nearly tetrahedral.
Only for three- and four-membered rings is the concept of angle strain
important.

Several factors in addition to angle strain are involved in determining
the shape and total strain energy of cycloalkanes. One such factor is the
barrier to bond rotation (torsional strain) encountered earlier in the discus-
sion of alkane conformations (Section 4.1). We said at that time that open-
chain alkanes are most stable in a staggered conformation and least stable
in an eclipsed conformation. A similar conclusion holds for cycloalkanes:
Torsional strain is present in cycloalkanes if any neighboring C—H bonds
eclipse each other. For example, cyclopropane must have considerable tor-
sional strain (in addition to angle strain), because C—H bonds on neighboring
carbon atoms are eclipsed (Figure 4.10). Larger cycloalkanes minimize tor-
sional strain by adopting puckered, nonplanar conformations.

In addition to angle strain and torsional strain, steric strain is yet a
third factor that contributes to the overall strain energy of cycloalkanes. As
in gauche butane (Section 4.3), two nonbonded groups repel each other
if they approach too closely and attempt to occupy the same space. Such
nonbonded steric interactions are particularly important in determining the
minimum-energy conformations of medium-ring (C;—Cj;) cycloalkanes.

In summary, cycloalkanes adopt their minimum-energy conformations
for a combination of three reasons:

1. Angle strain, the strain due to expansion or compression of bond
angles

2. Torsional strain, the strain due to eclipsing of bonds on neigh-
boring atoms

3. Steric strain, the strain due to repulsive interactions when atoms
approach each other too closely
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O

Stereo View

(a)

H H} Eclipsed

\
/C
H 3\
H H} Eclipsed

(b)

Figure 4.10 The conformation of cyclopropane. Part (b} is a Newman projection along a C—-C
bond, showing the eclipsing of neighboring C—H bonds.
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4.6 Each hydrogen—hydrogen eclipsing interaction in ethane costs about 4.0 kJ/mol.
How many such interactions are present in cyclopropane? What fraction of the overall
115 kd/mol (27.6 kcal/mol) strain energy of cyclopropane is due to torsional strain?

PROBLEM. . ... ittt iieitnrierenesasesnsnsananencennenns

4.7 cis-1,2-Dimethylcyclopropane has a larger negative heat of combustion than ¢rans-
1,2-dimethylcyclopropane. How can you account for this difference? Which of the
two compounds is more stable?

4.7 Cyclopropane: An Orbital View

Cyclopropane, a colorless gas (bp = —33°C), was first prepared by reaction
of sodium with 1,3-dibromopropane:
CH, CH,
N 9 Na S :
BrH,C CH,Br == H,C——CH, + 2 NaBr

1,3-Dibromopropane Cyclopropane




120

CHAPTER 4 Stereochemistry of Alkanes and Cycloalkanes

Because three points (the carbon atoms) define a plane, cyclopropane
must be flat and, assuming it’s symmetrical, must have C-C-C bond angles
of 60°. How can we account for this large distortion of bond angles from the
normal 109° tetrahedral value? The answer is that cyclopropane has bent
bonds. In an unstrained alkane, maximum bonding is achieved when two
atoms are located so that their overlapping orbitals point directly toward
one another. In cyclopropane, though, the orbitals can’t point directly toward
each other; rather, they overlap at a slight angle. The result is that cyclopro-
pane bonds are weaker and more reactive than typical alkane bonds.

(a) A typical alkane C—C bond (b) A bent cyclopropane C—C bond

Physical evidence for the presence of bent bonds in cyclopropanes has
been provided by careful, low-temperature X-ray studies, which are able to
map the electron density of bonds. As shown in Figure 4.11, the electron

Bent bond
H,Cc® “CH, H,C* [“CH,
I 3 3C=C3
2 %
2 2 C2.2
Observer 1 |
O C1
I
(0]

0

Figure 4.11 An electron-density map provided by low-
temperature X-ray studies shows how the electron density in the
C3-C3’ cyclopropane bond of the sample compound is bent
away from the internuclear axis.
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density in the C3-C3’ cyclopropane bond of the substance examined is
strongly displaced outward from the internuclear axis. In contrast, the elec-
tron densities in the “normal” C—C bonds attaching the methyl groups to
the ring are perfectly centered on their internuclear axes.

4.8 Conformations of Cyclobutane and
Cyclopentane

Cyclobutane has less angle strain than cyclopropane but has more torsional
strain because of its larger number of ring hydrogens. As a result, the total
strain for the two compounds is nearly the same—110.4 kJ/mol (26.4 kcal/
mol) for cyclobutane versus 114.9 kdJ/mol (27.5 kecal/mol) for cyclopropane.
Studies show that cyclobutane is not quite flat but is slightly bent so that
one carbon atom lies about 25° above the plane of the other three (Figure
4.12). The effect of this slight bend is to increase angle strain but to decrease
torsional strain, until a minimum-energy balance between the two opposing
effects is achieved.

Stereo View

(a) Not quite
uclipscd/H H

H

H
H
~ _H
Not quite ™~
eclipsed
(b) (c)

Figure 4.12 The conformation of cyclobutane. Part (a) shows
computer-generated molecular models. Part (c) is a Newman
projection along the C1-C2 bond, showing that neighboring
C-H bonds are not quite eclipsed.
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Cyclopentane was predicted by Baeyer to be nearly strain-free, but
combustion data indicate a total strain energy of 26.0 kJ/mol (6.2 kcal/
mol). Although cyclopentane has practically no angle strain, the 10 pairs of
neighboring hydrogens introduce considerable torsional strain into a planar
conformation. As a result, cyclopentane adopts a puckered, out-of-plane con-
formation that strikes a balance between increased angle strain and
decreased torsional strain. Four of the cyclopentane carbon atoms are in
approximately the same plane, with the fifth carbon atom bent out-of-plane.
Most of the hydrogens are nearly staggered with respect to their neighbors
(Figure 4.13).

(@) Stereo View

(b) (c)

Figure 4.13 The conformation of cyclopentane. Carbons 1, 2, 3, and 4 are nearly planar, but
carbon 5 is out of the plane. Part (c} is a Newman projection along the C1-C2 bond showing
that neighboring C—H bonds are nearly staggered.

PROBLEM. . .

4.8

PROBLEM. ..

4.9

PROBLEM. ..

4.10

cis-1,2-Dimethylcyclobutane is less stable than its trans isomer, but cis-1,3-dimethyl-
cyclobutane is more stable than its trans isomer. Explain.

Draw the most favorable conformation of cis-1,3-dimethylcyclobutane (see Prob-
lem 4.8).

How many hydrogen—hydrogen eclipsing interactions would be present if cyclopen-
tane were planar? Assuming an energy cost of 4.0 kJ/mol for each eclipsing inter-
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action, how much torsional strain would planar cyclopentane have? How much of
this strain is relieved by puckering if the measured total strain of cyclopentane is
26.0 kJ/mol?

4.9 Conformations of Cyclohexane

Substituted cyclohexanes are the most common cycloalkanes because of their
wide occurrence in nature. A large number of compounds, including many
important pharmaceutical agents, contain cyclohexane rings.

Combustion data show that cyclohexane is strain-free, with neither
angle strain nor torsional strain. How can this be? The answer was first
suggested in 1890 by Hermann Sachse® and later expanded on by Ernst
Mohr.* Cyclohexane is not flat as Baeyer assumed; instead, it is puckered
into a three-dimensional conformation that relieves all strain. The C-C-C
angles of cyclohexane can reach the strain-free tetrahedral value if the ring
adopts a chair conformation, so-called because of its similarity to a lounge
chair—a back, a seat, and a foot-rest (see Figure 4.14). Furthermore,

e

Stereo View
(a)

Observer

(b) (c)

Figure 4.14 The strain-free chair conformation of cyclohexane. All C-C-C bond angles are 111.5°
(close to the ideal 109.5° tetrahedral angle}, and all neighboring C~H bonds are staggered.

3Hermann Sachse (1862—1893); b. Berlin; Ph.D. Berlin (1889); assistant, Technische
Hochschule Charlottenburg-Berlin.

4Ernst Mohr (1873-1926); b. Dresden; Ph.D. Kiel (1897); professor, University of Heidelberg.
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sighting along any one of the carbon—carbon bonds in a Newman projection
shows that chair cyclohexane has no torsional strain; all neighboring C-H
bonds are staggered.

The easiest way to visualize chair cyclohexane is to build your own
molecular model. Two-dimensional drawings such as Figure 4.14 are use-
ful, but there is no substitute for holding, twisting, and turning a three-
dimensional model in your hands. The chair conformation of cyclohexane
can be drawn by following the three steps shown in Figure 4.15.

1. Draw two parallel lines, slanted e
downward and slightly offset from S
each other. This means that four of — .
the cyclohexane carbon atoms lie
in a plane. l

2. Locate the topmost carbon atom ‘\/

above and to the right of the plane
of the other four and connect the
bonds. l

3. Locate the bottommost carbon m
atom below and to the left of the

plane of the middle four and Ii
connect the bonds. Note that the

bonds to the bottommost carbon
atom are parallel to the bonds to
the topmost carbon.

Figure 4.15 How to draw the cyclohexane chair conformation.

It’s important to remember when viewing chair cyclohexane that the
lower bond is in front and the upper bond is in back. If this convention is
not defined, an optical illusion can make the reverse appear true. For clarity,
the cyclohexane rings drawn in this book will have the front (lower) bond
heavily shaded to indicate its nearness to the viewer.

m/-\ﬂlis bond is in back.

vThis bond is in front.

4.10 Axial and Equatorial Bonds in

Cyclohexane

The chair conformation of cyclohexane leads to many consequences. For
example, welll see in Section 11.12 that the chemical behavior of many
substituted cyclohexanes is directly controlled by their conformation.
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Another consequence of the chair conformation is that there are two kinds
of positions for hydrogen atoms on the ring: axial positions and equatorial
positions (Figure 4.16). Chair cyclohexane has six axial hydrogens that
are perpendicular to the ring (parallel to the ring axis) and six equatorial
hydrogens that are in the rough plane of the ring (around the ring equator).

Ring axis

|
|
|
|
|
|
|
|
1
|

(c) Chair cyclohexane with all hydrogen atoms

Figure 4.16 Axial and equatorial hydrogen atoms in chair cyclohexane. The six
axial hydrogens are parallel to the ring axis, and the six equatorial hydrogens are in a
band around the ring equator.
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Look carefully at the disposition of the axial and equatorial hydrogens
in Figure 4.16. Each carbon atom in cyclohexane has one axial and one
equatorial hydrogen. Furthermore, each side of the ring has both axial and
equatorial hydrogens in an alternating arrangement. For example, if the
top side of the cyclohexane ring shown in Figure 4.17 has axial hydro-
gens on carbons 1, 3, and 5, then it has equatorial hydrogens on carbons
2, 4, and 6. Exactly the reverse is true for the bottom side: Carbons 1, 3,
and 5 have equatorial hydrogens, but carbons 2, 4, and 6 have axial
hydrogens.

Equatorial —_

Axial—

e e
s Top view
a a

(a)

a a
g Bottom view
e e

(b) (c)

Figure 4.17 Alternating axial and equatorial
positions in chair cyclohexane. Each carbon atom has
one axial and one equatorial position, and each side
has alternating axial/equatorial positions. Part

(c) is a picture of a cyclohexane ring viewed

from the bottom.

Note that we haven’t used the words cis and ¢rans in this discussion of
cyclohexane geometry. Two hydrogens on the same side of the ring are always
cis, regardless of whether they’re axial or equatorial and regardless of
whether they’re adjacent. Similarly, two hydrogens on opposite sides of the
ring are always trans, regardless of whether they’re axial or equatorial.

Axial and equatorial bonds can be drawn following the procedure out-
lined in Figure 4.18. (Look at a molecular model as you practice.)
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Axial bonds: The six axial bonds,
one on each carbon, are parallel and
alternate up—down.

b

Axial bonds

Equatorial bonds: The six
equatorial bonds, one on each carbon,
come in three sets of two parallel
lines. Each set is also parallel to two
ring bonds. Equatorial bonds
alternate between sides around the
ring.

[ U]

\\
\

Completed cyclohexane

I

Equatorial bonds

Figure 4.18 A procedure for drawing axial and equatorial
bonds in chair cyclohexane.

4.11 Conformational Mobility of
Cyclohexane

Because chair cyclohexane has two kinds of positions, axial and equatorial,
we might expect to find two isomeric forms of a monosubstituted cyclo-
hexane. In fact, though, there is only ene methylcyclohexane, one bromo-
cyclohexane, one cyclohexanol, and so on, because cyclohexane rings are
conformationally mobile at room temperature. The two chair conformations
readily interconvert, resulting in the exchange of axial and equatorial posi-
tions. This interconversion of chair conformations, usually referred to as a
ring-flip, is shown in Figure 4.19. Molecular models show the process more
clearly, and you should practice ring-flipping with models.
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Movu this
carbon down

Move this
carbon up

Stereo View

” Ring-flip “ Ring-flip

Stereo View

Figure 4.19 A ring-flip in chair cyclohexane interconverts axial
and equatorial positions.

A chair cyclohexane can be ring-flipped by keeping the middle four
carbon atoms in place while folding the two ends in opposite directions. The
net result of a ring-flip is that axial and equatorial positions interconvert.
An axial substituent in one chair form becomes an equatorial substituent
in the ring-flipped chair form, and vice versa. For example, axial methyl-
cyclohexane becomes equatorial methylcyclohexane after ring-flip. Since the
energy barrier to chair—chair interconversion is only about 45 kJ/mol (10.8
kcal/mol), the process is extremely rapid at room temperature. We therefore
see only what appears to be a single structure, rather than distinct axial
and equatorial isomers.

272 (@ T C PR CH eI o 6000600000 0000000000000006000600660606090000

Draw 1,1-dimethylcyclohexane, indicating whether each methyl group is axial or
equatorial.

Solution First draw a chair cyclohexane ring, and then put two methyl groups on
the same carbon. The methyl group in the rough plane of the ring is equatorial, and
the other (above or below the ring) is axial.

Axial methyl grou
/“ yl group
CH,

CH,

Equatorial methyl group
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Draw two different chair conformations of bromocyclohexane, showing all hydrogen
atoms. Identify each substituent as axial or equatorial.

Why must a cis-1,2-disubstituted cyclohexane, such as cis-1,2-dichlorocyclohexane,
have one group axial and one group equatorial?

Why must a ¢rans-1,2-disubstituted cyclohexane have either both groups axial or
both groups equatorial?

Draw two different chair conformations of ¢trans-1,4-dimethylcyclohexane, and label
all positions as axial or equatorial.

Conformations of Monosubstituted
Cyclohexanes

Although cyclohexane rings rapidly flip between conformations at room
temperature, the two conformers of a monosubstituted cyclohexane aren’t
equally stable. In methylcyclohexane, for example, the equatorial conformer
is more stable than the axial conformer by 8.0 kJ/mol (1.8 kecal/mol). Simi-
larly for other monosubstituted cyclohexanes: A substituent is almost always
more stable in an equatorial position than in an axial position.

It’s possible to calculate the percentages of two isomers at equilibrium
using the equation K = e “E/ED where K is the equilibrium constant
between isomers, e = 2.718 (the base of natural logarithms), AE is the
energy difference between isomers, 7 is the kelvin temperature, and R =
8.314 J/(K-mol), as shown in Figure 4.20 (p. 130). For example, an energy
difference of 7.3 kJ/mol (1.7 kcal/mol) means that about 95% of methylcyclo-
hexane molecules have the methyl group equatorial at any given instant,
and only 5% have the methyl group axial.

The energy difference between axial and equatorial conformers is due
to steric strain caused by so-called 1,3-diaxial interactions. That is, the
axial methyl group on C1 is too close to the axial hydrogens three carbons
away on C3 and C5, resulting in 7.6 kJ (1.8 kcal/mol) of steric strain (Fig-
ure 4.21).
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Energy difference (kcal/mol)

100 | ] . |

/., More stable isomer
80

60

Percent

40 <\ T
20 \

\\\ Less stable isomer
0 T T T 1 T T 1 ﬁ T T T T ]

5 10 15
Energy difference (kJ/mol)

Figure 4.20 A plot of the percentages of two isomers at
equilibrium versus the energy difference between them. The
curves are calculated from the equation K = e~ &®7 \where K is
the equilibrium constant between isomers, e = 2.718 (the base
of natural logarithms), AE is the energy difference between
isomers, T is the kelvin temperature, and R = 8.314 J/(K-mol).

1,3-Diaxial steric strain is already familiar—we’ve seen it before as the
steric strain between methyl groups in gauche butane (Section 4.3). Recall
that gauche butane is less stable than anti butane by 3.8 kdJ/mol (0.9 kecal/
mol) because of steric interference between hydrogen atoms on the two
methyl groups. Comparing a four-carbon fragment of axial methylcyclohex-
ane with gauche butane shows that the steric interaction is the same in
both cases (Figure 4.22, p. 132). Because methylcyclohexane has two such
interactions, though, it has 2 X 3.8 = 7.6 kdJ/mol of steric strain.

Sighting along the C1-C2 bond of axial methylcyclohexane shows that
the axial hydrogen at C3 has a gauche butane interaction with the axial
methyl group at C1. Sighting similarly along the C1-C6 bond shows that
the axial hydrogen at C5 also has a gauche butane interaction with the
axial methyl group at C1. Both of these interactions are absent in equatorial
methylcyclohexane, and we therefore find an energy difference of 7.6 kd/
mol (1.8 kcal/mol) between the two forms.

What is true for methylcyclohexane is also true for other monosubsti-
tuted cyclohexanes: A substituent is almost always more stable in an equato-
rial position than in an axial position. The exact amount of 1,3-diaxial steric
strain in a specific compound depends, of course, on the nature and size of
the axial group; Table 4.2 (p. 132) lists strain values for some common
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Ring-flip

Figure 4.21 Interconversion of axial and equatorial
methyicyclohexane, as represented in several formats. The
equatorial conformer is more stable than the axial conformer
by 7.6 kJ/mol.

substituents. As you might expect, the amount of steric strain increases
through the series H;C— < CH3CH3— < (CHj3),CH—- << (CH3)3C—in parallel

~ with the increasing bulk of the successively larger alkyl groups. Note that
the values in Table 4.2 refer to 1,3-diaxial interactions of the indicated group
with a single hydrogen atom. These values must be doubled to arrive at the
amount of strain in a monosubstituted cyclohexane.
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CH,4 H H LH,
H,C H
H H
H HH H
Gauche butane Axial
(3.8 kJ/mol strain) methylcyclohexane

(7.6 kd/mol strain)

H H H H
H,C H H H
H CH, H CH,
H H H H
Anti butane Equatorial
(no steric strain) methylcyclohexane

(no steric strain)

Figure 4.22 Origin of 1,3-diaxial cyclohexane interactions in methylcyclohexane. The steric
strain between an axial methyl group and axial hydrogen atoms three carbons away is identical
to the steric strain in gauche butane. (Note that the CH3 group in methylcyclohexane is
displaced slightly away from a true axial position to minimize strain.)

Table 4.2 Steric Strain in Monosubstituted Cyclohexanes
H—"Y
Str(‘zin'of one H—S‘( . 1
1,3-diaxial interaction
Y (kd /mol) (keal /mol)
—F 0.5 0.12
—Cl 1.0 0.25
— 1857 1.0 0.25
—OH 2.1 0.5
—CH; 3.8 0.9
—CH,CH3 4.0 0.95
—CH(CH3), 4.6 1.1
—C(CHjs)s 11.4 2.7
—CgH; 6.3 1.5
—COOH 2.9 0.7
—CN 0.4 0.1
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How can you account for the fact (see Table 4.2) that an axial tert-butyl substituent
has much larger 1,3-diaxial interactions than isopropyl, but isopropyl is fairly similar
to ethyl and methyl? Use molecular models to help with your answer.

Why do you suppose an axial cyano substituent causes practically no 1,3-diaxial
steric strain (0.4 kJ/mol)?

Look at Figure 4.20 and estimate the percentages of axial and equatorial conformers
present at equilibrium in bromocyclohexane.

Conformational Analysis of
Disubstituted Cyclohexanes

Monosubstituted cyclohexanes usually have the substituent in an equatorial
position. In disubstituted cyclohexanes, however, the situation is more com-
plex because the steric effects of both substituents must be taken into
account. All steric interactions in both possible chair conformations must
be analyzed before deciding which conformation is favored.

Let’s look at 1,2-dimethylcyclohexane. There are two isomers, cis-1,2-
dimethylcyclohexane and trans-1,2-dimethylcyclohexane, which must be
considered separately. In the cis isomer, both methyl groups are on the same
side of the ring, and the compound can exist in either of the two chair
conformations shown in Figure 4.23 (p. 134). (It’s often easier to see whether
a compound is cis- or trans-disubstituted by first drawing the ring as a flat
representation and then converting to a chair conformation.)

Both chair conformations of cis-1,2-dimethylcyclohexane shown in Fig-
ure 4.23 have one methyl group axial and one methyl group equatorial. The
conformation on the left has an axial methyl group at C2, which has 1,3-
diaxial interactions with hydrogens on C4 and C6. The ring-flipped confor-
mation on the right has an axial methyl group at C1, which has 1,3-diaxial
interactions with hydrogens on C3 and C5. In addition, both conformations
have gauche butane interactions between the two methyl groups. The two
conformations are exactly equal in energy, with a total steric strain of
3 X 3.8 kd/mol = 11.4 kJ/mol (2.7 kcal/mol).

In trans-1,2-dimethylcyclohexane, the two methyl groups are on oppo-
site sides of the ring, and the compound can exist in either of the two chair
conformations shown in Figure 4.23. The situation here is quite different
from that of the cis isomer. The trans conformation on the left in Figure
4.23 has both methyl groups equatorial and therefore has only a gauche
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CH,

cis-1,2-Dimethyl-

loh One gauche One gauche
Cocpaexane interaction (3.8 kJ/mol) interaction (3.8 kJ'mol) |
Two CH3;-H diaxial Two CH3~H diaxial
interactions (7.6 kd/mol) interactions (7.6 kJ/mol)
Total strain: 3.8 + 7.6 = 11.4 kJ/mol Total strain: 3.8 + 7.6 = 11.4 kJ/mol
CH, =) . OHs
= —
H
CH H
. H
trans-1,2-Dimethyl- One gauche Four CH3~H diaxial
cyclohexane mteraction (3.8 k.J/mol) interactions (15.2 kJ/mol)

Figure 4.23 Conformations of cis- and trans-1,2-dimethyl-
cyclohexane. In the cis isomer, the two chair conformations are
equal in energy because each has one axial methyl group and
one equatorial methyl group. In the trans isomer, the confor-
mation with both methyl groups equatorial is favored by 11.4
kJ/mol (2.7 kcal/mol) over the conformation with both methy!
groups axial.

butane interaction between methyls (3.8 kJ/mol) but no 1,3-diaxial interac- !
tions. The conformation on the right, however, has both methyl groups axial. \
The axial methyl group at C1 interacts with axial hydrogens at C3 and CS5,
and the axial methyl group at C2 interacts with axial hydrogens at C4 and
C6. These four 1,3-diaxial interactions produce a steric strain of 4 X 3.8
kd/mol = 15.2 kd/mol and make the diaxial conformation 15.2 — 3.8 = 11.4
kd/mol (2.7 kcal/mol) less favorable than the diequatorial conformation.
We therefore predict that ¢rans-1,2-dimethylcyclohexane will exist almost
exclusively (>99%) in the diequatorial conformation.

The same kind of conformational analysis just carried out for cis- and
trans-1,2-dimethylcyclohexane can be done for any substituted cyclohexane,
such as cis-1-tert-butyl-4-chlorocyclohexane in the following practice prob-
lem. It turns out that the large amount of steric strain caused by an axial tert-
butyl group effectively holds the cyclohexane ring in a single conformation.
Chemists sometimes take advantage of this steric locking to study the chemi-
cal reactivity of an immobile cyclohexane ring.
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What is the most stable conformation of cis-1-tert-butyl-4-chlorocyclohexane, and by
how much is it favored?

Solution First draw the two chair conformations of the molecule. cis-1-tert-Butyl-
4-chlorocyclohexane can exist in either of the two chair conformations indicated:

H»")C\ CH3
HC—Cc~ ~H

('DH3 Ring-flip
.C
H,C~ /
2 %X 1.0 = 2.0 kJ/mol steric strain 2 x 11.4 = 22.8 kJ/mol steric strain

In the left-hand conformation, the tert-butyl group is equatorial and the chlorine
is axial. In the right-hand conformation, the tert-butyl group is axial and the chlorine
is equatorial. These conformations aren’t of equal energy because an axial tert-
butyl substituent and an axial chloro substituent produce different amounts of steric
strain. Table 4.2 shows that the 1,3-diaxial interaction between a hydrogen and a
tert-butyl group costs 11.4 kd/mol (2.7 kcal/mol), whereas the interaction between
a hydrogen and a chlorine costs only 1.0 kJ/mol (0.25 kcal/mol). An axial tert-butyl
group therefore produces (2 X 11.4 kJ/mol) — (2 X 1.0 kJ/mol) = 20.8 kJ/mol (4.9 kcal/
mol) more steric strain than does an axial chlorine, and the compound preferentially
adopts the conformation with the chlorine axial and the tert-butyl equatorial.

b 580000000000000a8Gaa00 398 0 aadBons o o EBOS T SEBOBEEE

4.18 Draw the most stable chair conformation of the following molecules, and estimate
the amount of 1,3-diaxial strain in each.
(a) trans-1-Chloro-3-methylcyclohexane
(b) cis-1-Ethyl-2-methylcyclohexane
(c¢) cis-1-Bromo-4-ethylcyclohexane
(d) cis-1-tert-Butyl-4-ethylcyclohexane

4.14 Boat Cyclohexane

In addition to chair cyclohexane, a second conformation called boat cyclo-
hexane is also free of angle strain. We haven’t paid it any attention thus
far, however, because boat cyclohexane is less stable than chair cyclohexane
(Figure 4.24).

R N e T
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Steric strain of hydrogens
at C1 and C4

H
H CH, H Torsional
strain

HH HH

H H Observer

Figure 4.24 The boat conformation of cyclohexane. There is steric strain and
torsional strain in this conformation but no angle strain.

There are two “kinds” of carbon atoms in boat cyclohexane. Carbons 2,
3, 5, and 6 lie in a plane, with carbons 1 and 4 above the plane. The inside
hydrogen atoms on carbons 1 and 4 approach each other closely enough to
produce considerable steric strain, and the four pairs of hydrogens on car-
bons 2, 3, 5, and 6 are eclipsed. Thus, boat cyclohexane has both steric strain

Stereo View

(a) Boat cyclohexane
(29 kdJ/mol strain)

|

Stereo View

(b) Twist-boat cyclohexane
(23 kd/mol strain)

Figure 4.25 Boat and twist-boat conformations of cyclohexane. The twist-boat conformation is
lower in energy than the boat conformation by 6 kJ/mol. Both conformations are much more
strained than chair cyclohexane.
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and torsional strain. The Newman projection in Figure 4.24, obtained by
sighting along the C2—-C3 and C5-C6 bonds, shows this eclipsing clearly.

Boat cyclohexane is approximately 29 kJ/mol (7.0 kcal/mol) less stable
than chair cyclohexane, although this value is reduced to about 23 kJ/mol
(5.5 kcal/mol) by twisting slightly, thereby relieving some torsional strain
(Figure 4.25). Even the twist-boat conformation is still much more
strained than the chair conformation, though, and molecules adopt this
geometry only under special circumstances.

4.19 trans-1,3-Di-tert-butylcyclohexane is one of the few molecules that exists largely in

4.15

a twist-boat conformation. Why? Draw the likely twist-boat conformation.

Conformations of Polycyclic
Molecules

The last point we’ll consider about cycloalkane stereochemistry is to see
what happens when two or more cycloalkane rings are fused together to
construct a polycyclic molecule—for example, decalin:

|
CH,| CH, ol 9
HzC\ /C ~ /CH2 8 5 4
CH,| “ci, 75
H

Decalin (two fused cyclohexane rings)

Decalin consists of two cyclohexane rings joined to share two carbon
atoms (the bridgehead carbons, C1 and C6) and a common bond. Decalin
can exist in either of two isomeric forms, depending on whether the rings
are trans fused or cis fused. In trans-decalin, the hydrogen atoms at the
bridgehead carbons are on opposite sides of the rings; in cis-decalin, the
bridgehead hydrogens are on the same side. Figure 4.26 shows how both
compounds can be represented using chair cyclohexane conformations. Note
that trans- and cis-decalin are not interconvertible by ring-flips or other
rotations. They are cis—trans stereoisomers (Section 3.8) and have the same
relationship to each other that cis- and trans-1,2-dimethylcyclohexane
have.
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trans-Decalin

Stereo View

Sigin

cis-Decalin

Stereo View

Figure 4.26 Representations of trans- and cis-decalin. The
hydrogen atoms at the bridgehead carbons are on the same
side in the rings in the cis isomer but on opposite sides in the
trans isomer.

Polycyclic compounds are common, and many valuable substances have
fused-ring structures. For example, the steroids—such as cholesterol—
have four rings fused together—three six-membered and one five-
membered. Though steroids look complicated compared with cyclohexane
or decalin, they consist simply of chair cyclohexane rings locked together.
The same principles that apply to the conformational analysis of simple
cyclohexane rings apply equally well (and often better) to steroids.
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—_—

Cholesterol (a steroid)

Another common fused-ring system is the norbornane, or bicyclo[2.2.1]-
heptane, structure. Like decalin, norbornane is a bicycloalkane, so-called
because fwo rings would have to be broken open to generate an acyclic
structure. Its systematic name, bicyclo[2.2.1]heptane, reflects the fact that
the molecule has seven carbons, is bicyclic, and has three bridges of 2, 2,
and 1 carbon atoms connecting the two bridgehead carbons.

A 1-carbon bridge

A 2-carbon bridge ——

\Q/Bﬁdgehead carbons

Norbornane
(Bicyclo[2.2.1]heptane)

o P

Stereo View

Norbornane has a conformationally locked boat cyclohexane ring in
which carbons 1 and 4 are joined by an extra ~CH,— group. Note how, in
drawing this structure, the bond crossing in front of another is indicated by
a break in the rear bond. Making a molecular model is particularly helpful
when trying to see the three-dimensionality of norbornane.

Substituted norbornanes, such as camphor (shown at the top of the
next page), are found widely in nature, and many have been important
historically in developing organic structural theories.
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Camphor

Stéreo‘ﬁew
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4,20 Which isomer is more stable, trans-decalin or cis-decalin? Explain.

INTERLUDE

Molecular Mechanics

All the structural models of molecules portrayed in this book are com-
puter-drawn. To make sure they accurately portray bond angles, bond
lengths, torsional interactions, and steric interactions, the geometry of
each molecule has been optimized using a commercially available molecu-
lar mechanics program developed by N. L. Allinger of the University of
Georgia.

The idea behind molecular mechanics is to input a rough geometry
for a molecule and then calculate a total strain energy for that starting
geometry, using mathematical equations that assign energy values to
specific kinds of molecular interactions. Bond angles that are too large
or too small cause angle strain; bond lengths that are too short or too
long cause stretching strain; unfavorable eclipsing interactions around
single bonds cause torsional strain; and nonbonded atoms that approach
each other too closely cause steric, or van der Waals, strain. With a total
strain energy calculated for the starting structure, a small change is
automatically made to the geometry, and a new strain energy is calcu-
lated. Successive iterations of geometry change and energy calculation
ultimately converge on a minimum-energy geometry corresponding to the
most favorable conformation of the molecule.

Molecular mechanics calculations have proven to be enormously use-
ful in organic chemistry, particularly in pharmaceutical research where
the complementary fit between a drug molecule and a receptor mole-
cule in the body is often a key to designing new pharmaceutical agents.
Morphine and other opium alkaloids, for instance, have a certain three-
dimensional shape (Figure 4.27) that allows them to nestle into comple-
mentary shaped cavities on opiate receptor proteins in the brain. With

fcontinued)»
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this shape known, other molecules calculated to have similar shapes can
be designed, leading to the possibility of enhanced biological activity.

'StereaVievA\}

Figure 4.27 The structure of morphine and a stereoview of its minimum-energy
conformation, as calculated by molecular mechanics.

Summary and Key Words

Carbon-carbon single bonds in alkanes are formed by o overlap of carbon
sp2 hybrid orbitals. Rotation is possible around o bonds because of their
cylindrical symmetry, and alkanes therefore have a large number of rapidly
interconverting conformations. Newman projections make it possible
to visualize the spatial consequences of bond rotation by sighting directly
along a carbon—carbon bond axis. The staggered conformation of ethane
is 12 kJ/mol (2.9 kcal/mol) more stable than the eclipsed conformation
because of torsional strain. In generzl, any alkane is most stable when
all its bonds are staggered.

H H
H H ﬂ
Rotation
. H H
H ! i H H
H

Staggered ethane Eclipsed ethane
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Cycloalkanes have special characteristics that affect their properties.
Combustion studies indicate, for example, that not all cycloalkanes are
equally stable. Three kinds of strain contribute to the overall energy of a
cycloalkane: (1) angle strain, the resistance of a bond angle to compression
or expansion from the normal 109° tetrahedral value; (2) torsional strain,
the energy cost of having neighboring C—H bonds eclipsed rather than stag-
gered; and (3) steric strain, the result of the repulsive van der Waals
interactions that arise when two groups try to occupy the same space.

Cyclopropane (114.9 kJ/mol; 27.5 kcal/mol) and cyclobutane (110.4 kJ/
mol; 26.4 kcal/mol) are highly strained because of both angle strain and
torsional strain. Cyclopentane is free of angle strain but has a large number
of eclipsing interactions. Both cyclobutane and cyclopentane pucker slightly
away from planarity to relieve torsional strain.

Cyclohexane rings are the most common of all ring sizes. Cyclohexane
is strain-free because of its puckered chair conformation, in which all
bond angles are near 109° and all neighboring C—H bonds are staggered.
Chair cyclohexane has two kinds of hydrogens: axial and equatorial. Axial
hydrogens are oriented up and down, parallel to the ring axis, whereas
equatorial hydrogens lie in a belt around the equator of the ring. Each
carbon atom has one axial and one equatorial hydrogen.

Chair cyclohexanes are conformationally mobile and can undergo a
ring-flip, which interconverts axial and equatorial positions:

Substituents on the ring are more stable in the equatorial position, because
axial substituents cause 1,3-diaxial steric strain. The amount of 1,3-
diaxial strain caused by an axial substituent depends on its bulk.

ADDITIONAL PROBLEMS ..ot

4.21

4.22

4.23

Define the following terms:

(a) Angle strain (b) Steric strain (c) Torsional strain
(d) Heat of combustion (e) Conformation (f) Staggered
(g) Eclipsed (h) Gauche butane

Consider 2-methylbutane (isopentane). Sighting along the C2-C3 bond:

(a) Draw a Newman projection of the most stable conformation.

(b) Draw a Newman projection of the least stable conformation.

(¢c) If a CH; <> CHj eclipsing interaction costs 11 kJ/mol (2.5 kcal/mol) and a
CH; < CHj3 gauche interaction costs 3.8 kd/mol (0.9 keal/mol), make a quantita-
tive plot of energy versus rotation about the C2—C3 bond.

What are the relative energies of the three possible staggered conformations around
the C2-C3 bond in 2,3-dimethylbutane?
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Construct a qualitative potential-energy diagram for rotation about the C-C bond
of 1,2-dibromoethane. Which conformation would you expect to be more stable? Label
the anti and gauche conformations of 1,2-dibromoethane.

Which conformation of 1,2-dibromoethane (Problem 4.24) would you expect to have
the larger dipole moment? The observed dipole moment is & = 1.0 D. What does
this tell you about the actual structure of the molecule?

The barrier to rotation about the C—C bond in bromoethane is 15 kJ/mol (3.6 kcal/

mol).

(a) What energy value can you assign to an H-Br eclipsing interaction?

(b) Construct a quantitative diagram of potential energy versus amount of bond
rotation for bromoethane.

Define the following terms:
(a) Axial bond (b) Equatorial bond
(¢) Chair conformation (d) 1,3-Diaxial interaction

Draw a chair cyclohexane ring and label all positions as axial or equatorial.

Why is a 1,3-cis disubstituted cyclohexane more stable than its trans isomer?
Why is a 1,2-trans disubstituted cyclohexane more stable than its cis isomer?
Which is more stable, a 1,4-trans disubstituted cyclohexane or its cis isomer?

N-Methylpiperidine has the conformation shown. What does this tell you about the
relative steric requirements of a methyl group versus an electron lone pair?

9

N

N-Methylpiperidine

Draw the two chair conformations of cis-1-chloro-2-methylcyclohexane. Which is
more stable, and by how much?

Draw the two chair conformations of trans-1-chloro-2-methylcyclohexane. Which is
more stable, and by how much?

B-Glucose contains a six-membered ring in which all the substituents are equatorial.
Draw B-glucose in its more stable chair conformation.

HO. _O.__ _CH,0H

HO OH
OH

Glucose

From the data in Figure 4.20 and Table 4.2, estimate the percentages of molecules
that have their substituents in an axial orientation for these compounds:

(a) Isopropylcyclohexane (b) Fluorocyclohexane

(c) Cyclohexanecarbonitrile, C¢H,;CN (d) Cyclohexanol, C¢H,;OH

Assume that you have a variety of cyclohexanes substituted in the positions indi-
cated. Identify the substituents as either axial or equatorial. For example, a 1,2-cis
relationship means that one substituent must be axial and one equatorial, whereas a
1,2-trans relationship means that both substituents are axial or both are equatorial.
(a) 1,3-Trans disubstituted (b) 1,4-Cis disubstituted
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4.38

4.39

4.40

4.41

4.42

4.43

4.44

4.45

4.46

4.47

4.48

4.49

(¢) 1,3-Cis disubstituted (d) 1,5-Trans disubstituted
(e) 1,5-Cis disubstituted (f) 1,6-Trans disubstituted

The diaxial conformation of cis-1,3-dimethylcyclohexane is approximately 23 kJ/mol
(5.4 keal/mol) less stable than the diequatorial conformation. Draw the two possible
chair conformations, and suggest a reason for the large energy difference.

Approximately how much steric strain does the 1,3-diaxial interaction between the
two methyl groups introduce into the diaxial conformation (see Problem 4.38)?

In light of your answer to Problem 4.39, draw the two chair conformations of 1,1,3-
trimethylcyclohexane and estimate the amount of strain energy in each. Which
conformation is favored?

Draw 1,3,5-trimethylcyclohexane using a hexagon to represent the ring. How many
cis—trans stereoisomers are there?

Which of the 1,3,5-trimethylcyclohexane stereoisomers you drew in Problem 4.41 is
the most stable?

We saw in Problem 4.20 that cis-decalin is less stable than ¢{rans-decalin. Assume
that the 1,3-diaxial interactions in ¢{rans-decalin are similar to those in axial methyl-
cyclohexane (one CH3 < H interaction costs 3.8 kJ/mol; 0.9 kecal/mol), and calculate
the magnitude of the energy difference between cis- and ¢trans-decalin.

Using molecular models as well as structural drawings, explain why ¢rans-decalin
is rigid and cannot ring-flip, whereas cis-decalin can easily ring-flip.

How many cis—trans stereoisomers of 1,2,3,4,5,6-hexachlorocyclohexane are there?
Draw the structure of the most stable isomer.

Increased substitution around a bond leads to increased strain. Take the four substi-
tuted butanes listed below, for example. For each compound, sight along the C2-C3
bond and draw Newman projections of the most stable and least stable conforma-
tions. Use the data in Table 4.1 to assign strain energy values to each conformation.
Which of the eight conformations is most stable? Which is least stable?

(a) 2-Methylbutane (b) 2,2-Dimethylbutane

(c) 2,3-Dimethylbutane (d) 2,2,3-Trimethylbutane

One of the two chair structures of cis-1-chloro-3-methylcyclohexane is more stable
than the other by 15.5 kJ/mol (3.7 kcal/mol). Which is it? What is the energy cost
of a 1,3-diaxial interaction between a chlorine and a methyl group?

The German chemist J. Bredt proposed in 1935 that bicycloalkenes such as
1-norbornene, which have a double bond to the bridgehead carbon, are too strained
to exist. Make a molecular model of 1-norbornene and explain Bredt’s proposal.

1-Norbornene

Tell whether each of the following substituents on a steroid is axial or equatorial.
(A substituent that is “up” is on the top side of the molecule as drawn, and a substitu-
ent that is “down” is on the bottom side.)

(a) Substituent up at C3 (b) Substituent down at C7
(c) Substituent down at C11
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CH,4

3 /

4.50 Amantadine is an antiviral agent that is active against influenza A infection. Draw
a three-dimensional representation of amantadine showing the chair cyclohexane

rings.
@» NH, Amantadine

4.51 We'll see in Chapter 11 that alkyl halides undergo an elimination reaction to yield
alkenes on treatment with strong base. For example, chlorocyclohexane gives cyclo-
hexene on reaction with NaNH,:

<___>—01 _NaNH, | Q + NaCl + NH,

If axial chlorocyclohexanes are generally more reactive than their equatorial isomers,
which do you think would react faster, cis-1-tert-butyl-2-chlorocyclohexane or trans-
1-tert-butyl-2-chlorocyclohexane? Explain.

4.52 We'll see in Chapter 19 that ketones react with alcohols to yield products called
acetals. Why does the all-cis isomer of 4-tert-butylcyclohexane-1,3-diol react readily
with acetone and an acid catalyst to form an acetal, but other stereoisomers do not
react?

A Look Ahead

0 H.__C(CHy),

An acetal

In formulating your answer, draw the more stable chair conformations of all four
stereoisomers and the product acetal. Use molecular models for help.



Ethylene is protonated by
reaction with HBr, yielding
a carbocation intermediate.

An Overview of
Organic Reactions

When first approached, organic chemistry can seem like a bewildering collec-
tion of millions of compounds, dozens of functional groups, and a huge num-
ber of reactions. With study, though, it becomes evident that there are only
a few fundamental ideas that underlie all organic reactions.

Far from being a collection of isolated facts, organic chemistry is a
beautifully logical subject that is unified by a few broad themes. When these
themes are understood, learning organic chemistry becomes much easier
and rote memorization can be minimized. The aim of this book is to describe
the themes and clarify the patterns that unify organic chemistry. We’ll begin
by taking an overview of the fundamental kinds of organic reactions that
take place and seeing how reactions can be described.

5.1 Kinds of Organic Reactions

Organic chemical reactions can be organized in two ways: by what kinds of
reactions occur and by how reactions occur. Let’s look first at the kinds of
reactions that take place. There are four general types of organic reactions:
additions, eliminations, substitutions, and rearrangements.

146
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Addition reactions occur when two reactants add together to form
a single new product with no atoms “left over.” We can generalize the pro-
cess as

These reactants ., -..togive this
add together . . . fhar & - single product.

An example of an addition reaction that we’ll be studying soon is the reaction
of an alkene, such as ethylene, with HBr to yield an alkyl bromide:

18[==18}7
+
i, i am B
reaciants . . . \ / ... add to give
C:C\ H_(Ij_(IJ_H this product.
H H H H
Ethylene Bromoethane
(an alkene) (an alkyl halide)

Elimination reactions are, in a sense, the opposite of addition reac-
tions. Eliminations occur when a single reactant splits into two products:

This one . . . splits apart to give
reactant . . . & iR, these two products.

An example of an elimination reaction is the reaction of an alkyl halide with
base to yield an acid and an alkene:

H Bir H H
: N :
This one H—C._ C—pg _Base C—C +H—Br ' gives these
reactant . . . | | / \ two products.
H H H H
Bromoethane Ethylene
(an alkyl halide) (an alkene)

Substitution reactions occur when two reactants exchange parts to
give two new products:

These two reactants A—B + C—D A—C 4+ B—D " to give these
exchange parts . . . two new products.

An example of a substitution reaction is the reaction of an alkane with
chlorine gas in the presence of ultraviolet light to yield an alkyl chloride. A
—C1 group from chlorine substitutes for an —H group of the alkane, and two
new products result:
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I i
These tWo g C_H+cl—Cl —H2, H_C—Cl+ H—(] &6 these
reactants . . . | | two products.
H H
Methane Chloromethane
(an alkane) (an alkyl halide)

Rearrangement reactions occur when a single reactant undergoes a
reorganization of bonds and atoms to yield an isomeric product:

This single reactant ... A —— B ... gives this isomeric product.

An example of a rearrangement reaction is the conversion of the alkene
1-butene into its constitutional isomer 2-butene by treatment with an acid

catalyst:
CH,CH, H H,C H
\ Acid catalyst \
C=C — C=C
/ \ /
H H H CH;
1-Butene 2-Butene

PROBLEM. . .......ccc0viseancoosccaiovecosotacseesthedoceecescecnsanas

5.1 Classify these reactions as additions, eliminations, substitutions, or rearrangements:
(a) CHsBr + KOH —— CH3;0H + KBr
(b) CH;CH,OH —— H,C=CH, + H,0
(C) H20=CH2 ar H2 m CchHg

5.2 How Organic Reactions Occur:

Mechanisms

Having looked at the kinds of reactions that take place, let’s now see how
reactions occur. An overall description of how a reaction occurs is called a
reaction mechanism. A mechanism describes in detail exactly what takes
place at each stage of a chemical transformation. It describes which bonds
are broken and in what order, which bonds are formed and in what order,
and what the relative rate of each step is. A complete mechanism must also
account for all reactants used, all products formed, and the amount of each.

All chemical reactions involve bond breaking and bond making. When
two reactants come together, react, and yield products, specific bonds in
the reactants are broken, and specific bonds in the products are formed.
Fundamentally, there are two ways in which a covalent two-electron bond
can break: A bond can break in an electronically symmetrical way so that
one electron remains with each product fragment, or a bond can break in
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an electronically unsymmetrical way so that both bonding electrons remain
with one product fragment, leaving the other fragment with a vacant orbital.
The symmetrical cleavage is said to be homolytic, and the unsymmetrical
cleavage is said to be heterolytic.’

A/) B A + B Homolytic bond breaking (radical)
U (one electron stays with each fragment)
r Heterolytic bond breaking (polar)
A:B A* + B eterolytic bond breaking (polar

(two electrons stay with one fragment)

Conversely, there are two ways in which a covalent two-electron bond
can form: A bond can form in an electronically symmetrical (homogenic)
way when one electron is donated to the new bond by each reactant, or a
bond can form in an electronically unsymmetrical (heterogenic) way when
both bonding electrons are donated to the new bond by one reactant.

Va) o : : .aly
A[\+ 'B A:B Homogenic bond making (radical)
(one electron donated by each fragment)

E . Heterogenic bond making (polar)

SRR (two electrons donated by one fragment)

Processes that involve symmetrical bond breaking and bond making
are called radical reactions. A radical (sometimes called a “free radical”)
is a chemical species that contains an odd number of valence electrons and
thus has a single, unpaired electron in one of its orbitals. Processes that
involve unsymmetrical bond breaking and bond making are called polar
reactions. Polar reactions involve species that have an even number of
valence electrons and thus have only electron pairs in their orbitals. Polar
processes are the more common reaction type in organic chemistry, and a
large part of this book is devoted to their description.

In addition to polar and radical reactions, there is a third, less commonly
encountered type called pericyclic reactions. Rather than explain pericyclic
reactions now, though, we’ll study them in more detail in Chapter 31.

5.3 Radical Reactions and How They
Occur
L — - e o e e e

Radical reactions are not as common as polar reactions, but they’re neverthe-
less important in organic chemistry, particularly in certain industrial pro-
cesses. Let’s see how they occur.

1We'll develop this point in more detail later, but you might notice that the movement of one
electron in a homolytic process is indicated using a half-headed arrow, or “fishhook” ("),
whereas the movement of fwo electrons in a heterolytic process is indicated using a full-headed
curved arrow (/).
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Although most radicals are electrically neutral, they are highly reactive
because they contain an atom with an odd number of electrons (usually
seven) in its valence shell, rather than a stable noble-gas octet. They can
achieve a valence-shell octet in several ways. For example, a radical might
abstract an atom from another molecule, leaving behind a new radical. The
net result is a radical substitution reaction:

gUnpaired electron Unpaired electron
v\ g

Rad: + A k/}} — Rad:A + ‘B

Reactant Substitution Product

radical product radical

Alternatively, a reactant radical might add to an alkene, taking one
electron from the alkene double bond and yielding a new radical. The net
result is a radical addition reaction:

Unpaired electron Unpaired electron
Rad
\ / \ /
Rad* + C=C — —C—C
/ \ / \
Reactant Alkene Addition product
radical radical

Let’s look at a specific example of a radical reaction—the chlorination
of methane—to see its characteristics. A more detailed discussion of this
radical substitution reaction is given in Chapter 10. For the present, it’s
only necessary to know that methane chlorination is a multistep process
involving radicals.

H H

I ! |
H—(IJ—H + Pl—@] _Lishi H—<|3—01 +H—Cl
H H

Methane Chlorine Chloromethane

Radical substitution reactions normally require three kinds of steps:
initiation, propagation, and termination.

1. Initiation The initiation step starts off the reaction by producing
reactive radicals. In the present case, the relatively weak Cl-Cl
bond is homolytically broken by irradiation with ultraviolet light.
Two reactive chlorine radicals are produced, and further chemistry
ensues.

:C1:C1: Lght, o.C].
a0 )
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Propagation steps Once a small number of chlorine radicals have
been produced, propagation steps take place. When a reactive chlo-
rine radical collides with a methane molecule, it abstracts a hydro-
gen atom to produce HC] and a methyl radical (- CH3). This methyl
radical reacts further with Cl; in a second propagation step to give
the product chloromethane and a new chlorine radical, which cycles
back into the first propagation step. Once the sequence has been
initiated, it becomes a self-sustaining cycle of repeating steps (a)
and (b), making the overall process a chain reaction.

(a) :Cl- + H:CH; —> H:Cl: + -CHjy
(b) -CH; + ClCl S :(;:l:CH,.—‘ + Cl
(c) Repeat steps (a) and (b) over and over.

Termination steps Occasionally, two radicals might collide and
combine to form a stable product. When this happens, the reaction
cycle is broken and the chain is ended. Such termination steps occur
infrequently, however, because the concentration of radicals in the
reaction at any given moment is very small. Thus, the likelihood
that two radicals will collide is also small.

C1+Cl _ ClC]

:Cl- + -CH; — :Cl 5 751 Possible termination steps

H,’;C' + 'C}{;; B — H;;C:CH;;

The radical substitution reaction just discussed is only one of several
different processes that radicals can undergo. The fundamental principle
behind all radical reactions is the same, however: All bonds are broken and
formed by reaction of odd-electron species.

Alkane chlorination is not a generally useful reaction, because most alkanes have
several different kinds of hydrogens, causing mixtures of chlorinated products to
result. Draw and name all monochloro products you might obtain from reaction of
2-methylpentane with chlorine.

Radical chlorination of pentane is a poor way to prepare 1-chloropentane,
CH;CH,CH,CH,CH,CI, but radical chlorination of neopentane, (CH;3),C, is a good
way to prepare neopentyl chloride, (CH3);CCH,Cl. Explain.

5.4 Polar Reactions and How They

Occur

Polar reactions occur because of the attraction between positive and negative
charges on molecules. To see how these reactions take place, we first need



152 CHAPTER 5 An Overview of Organic Reactions

to recall the discussion of polar covalent bonds in Section 2.1 and then
we need to look more deeply into the effects of bond polarity on organic
molecules.

Most organic molecules are electrically neutral; they have no net charge,
either positive or negative. We saw in Section 2.1, however, that certain
bonds within a molecule, particularly the bonds in functional groups, are
polar. Bond polarity is a consequence of an unsymmetrical electron distribu-
tion in a bond and is due to the difference in electronegativity of the bonded
atoms. (See Table 5.1, which repeats part of Figure 2.2 for convenience.)

Table 5.1 Electronegativity of Some Common Elements

Elements such as oxygen, nitrogen, fluorine, chlorine, and bromine are
more electronegative than carbon. Thus, a carbon atom bonded to one of
these electronegative elements has a partial positive charge (6+), and the
electronegative atom has a slight negative charge (6—). Conversely, metals
are less electronegative than carbon. A carbon atom bonded to a metal there-
fore has a partial negative charge, and the metal has a partial positive
charge.

Yé- 1\15-0»
// ~ // S

where Y = O, N, Cl, Br, I where M = a metal such as Mg or Li

The polarity patterns of some common functional groups are shown in
Table 5.2.

This discussion of bond polarity is oversimplified in that we’ve consid-
ered only bonds that are inherently polar due to differences in electronega-
tivity. Polar bonds can also result from the interaction of functional groups
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Table 5.2 Polarity Patterns in Some Common Functional Groups
Functional group Functional group
Compound type structure Compound type structure
\5+ 55— \a+ 5—
Alcohol — C—OH Carbonyl C=0
e /
\ / 0;-
Alkene =19 s+/f
/ N\ Carboxylic acid = C\
-
Symmetrical, nonpolar OH
\o+ 54— (O
Alky! halide —Cc—X - 1 Y4
/ Carboxylic acid —C
chloride \Cl
\5+ §— i
Amine — C —NH, O,
/ os/
Aldehyde —C
\s+ 55— 6+/ \\
Ether —C—0—C— H
/ \
O ;-
o 8+ - 5+//
Nitrile —C=N Ester —C
\ s-
85— S5+ O—C
Grignard — C —MgBr .
eagent / 5=
reagen W, 5
\6-  ss Ketone —C
Alkyllithium —C—Li \
/ C

with solvents and with Lewis acids or bases. For example, the polarity of
the carbon—oxygen bond in methanol is greatly enhanced by protonation of
the oxygen atom:

e
H . H - /H

O: TN O

| NIA |

C - C + A”
H/ “H H7/ H
H H

Methanol Protonated methanol

(weakly polar C—0O bond) (strongly polar C—0 bond)

In neutral methanol, the carbon atom is somewhat electron-poor
because the electronegative oxygen attracts the electrons in the carbon—
oxygen bond. In the protonated methanol cation, however, a full positive
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charge on oxygen strongly attracts the electrons in the carbon—oxygen bond
and makes the carbon much more electron-poor.

Yet a further consideration is the polarizability (as opposed to polarity)
of an atom. As the electric field around a given atom changes because of
changing interactions with solvent or with other polar reagents, the electron
distribution around that atom also changes. The measure of this response
to an external influence is called the polarizability of the atom. Larger
atoms with more loosely held electrons are more polarizable than smaller
atoms with tightly held electrons. Thus, iodine is much more polarizable
than fluorine. The effect of iodine’s high polarizability is that the carbon—
iodine bond, although electronically symmetrical according to the electroneg-
ativity table (Table 5.1), can nevertheless react as if it were polar.

What does functional-group polarity mean with respect to chemical
reactivity? Because unlike charges attract each other, the fundamental char-
acteristic of all polar organic reactions is that electron-rich sites in one mole-
cule react with electron-poor sites in another molecule. Bonds are made when
the electron-rich reagent donates a pair of electrons to the electron-poor
reagent, and bonds are broken when one of the two product fragments leaves
with the electron pair.

As we saw in Section 2.8, chemists normally indicate the movement of
an electron pair during a polar reaction by using a curved arrow. A curved
arrow shows where electrons move when reactant bonds are broken and
product bonds are formed. It means that an electron pair moves from the
atom at the tail of the arrow to the atom at the head of the arrow during
the reaction.

This curved arrow shows that electrons are
moving from :B~ (electron-rich) to A* (electron-poor)

T~
At e ‘B~ e A:B
P
Electrophile Nucleophile The electrons that moved from :B~
(electron-poor) (electron-rich) end up here in this new bond.

In referring to the species involved in a polar reaction, chemists have
coined the words nucleophile and electrophile. Anucleophile is a substance
that is “nucleus-loving”; a nucleophile has an electron-rich atom and can
form a bond by donating a pair of electrons to an electron-poor atom. Nucleo-
philes are often, though not always, negatively charged. An electrophile,
by contrast, is “electron-loving”; an electrophile has an electron-poor atom
and can form a bond by accepting a pair of electrons from a nucleophile.
Electrophiles are often, though not always, positively charged.

Ifthe definitions of nucleophiles and electrophiles sound similar to those
given in Section 2.8 for Lewis acids and Lewis bases, that’s because there
is indeed a correlation between electrophilicity/nucleophilicity and Lewis
acidity/basicity. Lewis bases are electron donors and behave as nucleophiles,
whereas Lewis acids are electron acceptors and behave as electrophiles. The |
main difference is that the terms electrophile and nucleophile are normally |
used when bonds to carbon are involved. We’ll explore these ideas in more
detail in Chapter 10.

o
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BROBLEM: . .. ... deeriiiiiiiiitrecciiisiieedecsectniitccansnssenss

5.4 Identify the functional groups in the following molecules, and show the direction of
polarity in each.

(0) (0)

Il |
(a) Acetone, CH3CCHj; (b) Ethyl propenoate, H,C=CHCOCH,CHj;
(¢) Chloroethylene, H,C=CHCI
(d) Tetraethyllead, (CH3CH;)4Pb (the “lead” in gasoline)

PROBLEM. . . .o cocenoosoosoootsocseososossonsoteoesacnsassassnsssonsas

5.5 Which of the following species would you expect to behave as electrophiles, and
which as nucleophiles?

(a) H* (b) OH™ (c) NH; (d) Mg?*

5.5 An Example of a Polar Reaction:
Addition of HBr to Ethylene

Let’s look at a typical polar process—the addition reaction of ethylene with
HBr. When ethylene is treated with hydrogen bromide at room temperature,
bromoethane is produced. Overall, the reaction can be formulated as

H H H Br
/ |
O=LC, 3F H—Br = H——(l_",——-(l_",——H
H H H H
Ethylene Hydrogen bromide Bromoethane
(nucleophile) (electrophile)

This reaction, an example of a polar reaction type known as an electrophilic
addition, can be understood using the general concepts discussed in the
previous section. We’ll begin by looking at the nature of the two reactants.

What do we know about ethylene? We know from Section 1.10 that a
carbon—carbon double bond results from orbital overlap of two sp%-hybrid-
ized carbon atoms. The o part of the double bond results from an sp?-sp?
overlap, and the 7 part results from a p—p overlap.

What kind of chemical reactivity might we expect of a carbon-carbon
double bond? We know that alkanes, such as ethane, are relatively inert
because all valence electrons are tied up in strong, nonpolar C-C and C-H
bonds. Furthermore, the bonding electrons in alkanes are relatively inacces-
sible to approaching reagents because they are sheltered in o bonds between
nuclei. The electronic situation in alkenes is quite different, however. For one
thing, double bonds have a greater electron density than single bonds—four
electrons in a double bond versus only two electrons in a single bond. Equally
important, the electrons in the 7bond are accessible to approaching reagents
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because they are located above and below the plane of the double bond
rather than being sheltered between the nuclei (Figure 5.1).

~ =
Carbon-carbon o bond. Carbon—carbon 7 bond:
stronger; less accessible bonding electrons weaker; more accessible electrons

Figure 5.1 A comparison of carbon—carbon single and double
bonds. A double bond is both more electron-rich {nucleophilic)
and more accessible to attack by approaching reagents than a
single bond.

Both electron richness and electron accessibility lead to the prediction
that carbon—carbon double bonds should behave as nucleophiles. That is,
the chemistry of alkenes should be dominated by reaction of the electron-
rich double bond with electron-poor reagents. This is exactly what we find:
The most important reaction of alkenes is their reaction with electrophiles.

What about HBr? As a strong mineral acid, HBr is a powerful proton
(H*) donor. Since a proton is positively charged and electron-poor, it is a
good electrophile. Thus, the reaction between H* and ethylene is a typical
electrophile—nucleophile combination, characteristic of all polar reactions.
(Although chemists often talk about “H*” when referring to acids, remember
that there’s really no such species. As pointed out in Section 2.6, protons
are always associated with another molecule for stability—for example, with
water in H;O%.)

We’ll see more details about alkene electrophilic addition reactions
shortly, but for the present we can imagine the reaction as taking place by
the pathway shown in Figure 5.2. The reaction begins when the alkene
donates a pair of electrons from its C=C double bond to form a new single
bond to H*, as indicated by tracing the path of the curved arrow in the first
step of Figure 5.2. One of the alkene carbon atoms bonds to the incoming
hydrogen, but the other carbon atom, having lost its share of the double-
bond electrons, now has only six valence electrons and is left with a positive
charge. This positively charged species, a carbon cation or carbocation, is
itself an electrophile that can accept an electron pair from nucleophilic
bromide anion to form a C—Br bond, yielding the neutral addition product.
Once again, a curved arrow in Figure 5.2 shows the electron-pair movement
from bromide anion to carbon.

f

l
|
|
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H* Br
S H-.c= o H
The electrophile H* is attacked by H™ ~H
the 7 electrons of the double bond,
and a new C—H o bond is formed. l
This leaves the other carbon atom
with a + charge and a vacant .
p orbital. “Br: ‘ H
N /
=0T
\"H
H
Carbocation
Br~ donates an electron pair to the intermediate
positively charged carbon atom,
forming a C—Br o bond and yielding J
the neutral addition product.
B H
\ /
oy C _ C‘\
H’ ‘H
H

© 1984 JOHN MCMURRY

Figure 5.2 The electrophilic addition reaction of HBr and ethylene. The reaction
takes place in two steps, both of which involve electrophile-nucleophile interactions.

The electrophilic addition of HBr to ethylene is only one example of a
polar process; there are many other types that we’ll study in detail in later
chapters. Regardless of the details of individual reactions, all polar reactions
take place between an electron-poor site and an electron-rich site and involve
the sharing of an electron pair from a nucleophile with an electrophile.

PROBLEM. .. ..t titiieeieneeneasesaeseeesasssassessronasassnsnsennns

5.6 What product would you expect from reaction of HBr with cyclohexene?

5.6 Describing a Reaction: Rates and
Equilibria

Every chemical reaction can go in two directions. Reactants can give prod-
ucts, and products can revert to reactants. The position of the resulting



158 CHAPTER 5 An Overview of Organic. Reactions

chemical equilibrium is expressed by an equation in which K., the equilib-
rium constant, is equal to the product concentrations multiplied together,
divided by the reactant concentrations multiplied together, with each con-
centration raised to the power of its coefficient in the balanced equation.
For the generalized reaction

aA+bB == ¢C + dD
we have

_ [Products] _ [CI[D}¥
[Reactants] [AJ[B}°

K,

The value of the equilibrium constant tells which side of the reaction
arrow is energetically favored. If K., is larger than 1, then the product
concentration term [CI[D]¢ is larger than the reactant concentration term
[A]°[B]®, and the reaction proceeds as written from left to right. If K. is
smaller than 1, the reaction does not take place as written but instead goes
from right to left.

In the reaction of ethylene with HBr, for example, we can write the
following equilibrium expression, and we can determine experimentally that
the equilibrium constant at room temperature is approximately 7.5 X 107

H,C—CH, + HBr = CH;CH,Br

[CH3;CH,Brl]

=175 x 107
[HBr][H,C=CH,] &

K, =

Since K., is relatively large, the reaction proceeds as written, and greater
than 99.999 99% of the ethylene is converted into bromoethane. Although
we often speak of such reactions as “going to completion,” this is imprecise
terminology because in almost no reaction does every molecule react. For
practical purposes, though, equilibrium constants greater than 10® can be
considered to indicate “complete” reaction, because the amount of reactant
left will be barely detectable (less than 0.1%).

What determines whether a reaction proceeds? For a reaction to have
a favorable equilibrium constant and proceed as written, the energy level of
the products must be lower than the energy level of the reactants. In other
words, energy must be given off. The situation is analogous to that of a rock
poised near the top of a hill. The rock is in a high-energy position because
energy was required to raise it to the top. When it rolls downhill, it releases
energy until it reaches a more stable low-energy position at the bottom.

The total energy change during a reaction is called the Gibbs free-
energy change, AG.? (The Greek letter delta, A, is the mathematical sym-
bol for the difference between two numbers, in this case the difference

°The free-energy change usually reported for a reaction is the standard free-energy change,
symbolized AG°, where the superscript ° means that the reaction is carried out with all sub-
stances in their standard states. For gases, the standard state is 1 atm pressure; for solutions,
the standard state is 1 M concentration. The superscript is dropped and the free energy change
is AG if a reaction is carried out under other than standard-state conditions.

L IEE——
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between the free energy of the products and the free energy of the reactants.)
For a favorable reaction, AG has a negative value, meaning that energy is
released fo the surroundings. For an unfavorable reaction, AG has a positive
value, meaning that energy is absorbed from the surroundings.

&} Keq > 1; energy out: AG® negative

Keq < 1; energy in: AG® positive

Because the equilibrium constant, K., and the standard free-energy
change, AG®°, both measure whether a reaction is favored, they are mathe-
matically related:

o o o
AG° = Gproduct.s — Greactants

AG°= -RTInK,, or K, =e *¢/RT
where

R = 8.315 J/(K-mol) = 1.987 cal/(K-mol)
T = Temperature in kelvins
e =21718

In K., = Natural logarithm of K,

As an example of how this relationship can be used, the reaction of ethylene
with HBr has K.q = 7.5 X 107. We can therefore calculate that AG® = —44.8
kJ/mol (—10.7 kcal/mol) at room temperature (298 K):

Keq = 7.5 X 107 and In K., = 18.1
AG° = —RT In K., = —[8.315 J/AK-mol)] X (298 K) X (18.1)
= —44,800 J/mol = —44.8 kJ/mol

To what is the free-energy change during a reaction due? The Gibbs
free-energy change is made up of two terms, an enthalpy term, AH, and a
temperature-dependent entropy term, TAS, where T is the temperature
in kelvins:

AG° = AH®° — TAS®
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For the reaction of ethylene with HBr at room temperature (298 K), the
values are AG° = —44.8 kJ/mol, AH® = —84.1 kJ/mol, and AS° = —132
J/(K-mol).

AG° = —44.8 kJ/mol

AH® = —84.1 kJ/mol

AS° = —0.132 kJ(K-mol)
T = 298 K

H2C=CH2 + HBr = CH3CH2BI'

The enthalpy change, AH®, is called the heat of reaction and is a
measure of the change in total bonding energy during a reaction. If AH® is
negative, as in the reaction of HBr with ethylene, the bonds in the products
are stronger (more stable) than the bonds in the reactants, heat is evolved,
and the reaction is said to be exothermiec. If AH® is positive, the bonds in
the products are weaker (less stable) than the bonds in the reactants, heat
is absorbed, and the reaction is said to be endothermic. For example, if a
certain reaction breaks reactant bonds with a total strength of 380 kJ/mol
and forms product bonds with a total strength of 400 kJ/mol, then AH®°
for the reaction is —20 kJ/mol and the reaction is exothermic. (Remember:
Breaking bonds takes energy, and making bonds releases energy.)

Energy absorbed in breaking reactant bonds: AH®° = 380 kJ/mol
Energy released in making product bonds: AH® = —400 kJ/mol
Net change: AH® = 20 kdJ/mol

The entropy change, AS®, is a measure of the change in the amount of
molecular disorder, or freedom of motion, that accompanies a reaction. To
illustrate with an elimination reaction of the type

A — B+C

there is more freedom of movement (disorder) in the products than in the
reactant because one molecule has split into two. Thus, there is a net gain
in entropy during the reaction, and AS° has a positive value.

On the other hand, for an addition reaction of the type

A+B — C

the opposite is true. Because such reactions restrict the freedom of move-
ment of two molecules by joining them together, the product has less disorder
than the reactants, and AS° has a negative value. The reaction of ethylene
and HBr to yield bromoethane is an example [AS° = —132 J/(K-mol)].
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Of the two terms that make up AG®, the enthalpy term (AH°®) is usually
larger than the entropy term (T'AS°) at typical reaction temperatures. Fur-
thermore, enthalpy changes during reactions are easily measured, and large
compilations of data are available. For both reasons, the entropy contribu-
tion is sometimes ignored when making thermodynamic arguments, and
chemists often make the simplifying assumption that AG® ~ AH®. Table 5.3
describes the thermodynamic terms more fully.

Table 5.3 Explanation of Thermodynamic Quantities: AG® = AH° — TAS®

Term

Name Explanation

AG®

AH°

Y

Gibbs free-energy change Overall energy difference between reactants

(kd/mol) and products. When AG® is negative, a reac-
tion can occur spontaneously. AG® is related to
the equilibrium constant by the equation

AG° = ~RT InK,,

Enthalpy change Heat of reaction; the energy difference be-
(kJ/mol) tween strengths of bonds broken in a reaction
and bonds formed

Entropy change Overall change in freedom of motion or “disor-
(J/K-mol) der” resulting from reaction; usually much
smaller than AH®

PROBLEM

Knowing the value of K., for a reaction is extremely useful, but it’s
important to realize the limitations. An equilibrium constant tells only the
position of the equilibrium, or how much product is ultimately formed. It
does not tell the rate of reaction, or how fast the equilibrium is established.
Some reactions are extremely slow even though they have favorable equilib-
rium constants. Gasoline is stable at room temperature, for example,
because the rate of its reaction with oxygen is slow at 298 K. At higher
temperatures, however, such as occur in contact with a lighted match, gaso-
line reacts rapidly with oxygen and undergoes complete conversion to the
equilibrium products water and carbon dioxide. Rates (how fast a reaction
occurs) and equilibria (how much a reaction occurs) are entirely different.

Rate > Is the reaction fast or slow?

Equilibrium —— In what direction does the reaction proceed?

5.7 Which reaction is more favored, one with AG = —44 kJ/mol or one with AG = +44

kd/mol?
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5.8 Which reaction is more exothermic, one with K., = 1000 or one with K., = 0.001?

PROBLEM. . ..... 0 . L. 0, USRSy, Ny, . e ey

5.9 What is the value of AG® at 298 K for reactions where K., = 1000, K., = 1, and
K., = 0.001? What is the value of K., for reactions where AG® = —40 kJ/mol, AG® =
0 kdJ/mol, and AG® = +40 kJ/mol?

5.7 Describing a Reaction: Bond
Dissociation Energies
[———— —___— . ————____—__————— ]

We've just seen that energy is released (negative AH®) when a bond is made
and is absorbed (positive AH°) when a bond is broken. The measure of the
energy change that occurs on bond breaking is a quantity called the bond
dissociation energy (D). Bond dissociation energy is defined as the
amount of energy required to break a given bond to produce two radical
fragments when the molecule is in the gas phase at 25°C.

A:B Bond dissociation A- + ‘B
energy

Each specific bond has its own characteristic strength, and extensive
tables of data are available. For example, a C—H bond in methane has a
bond dissociation energy D = 438.4 kJ/mol (104.8 kcal/mol), meaning that
438.4 kJ/mol is required to break a C—H bond of methane to give the two
radical fragments -CH3 and -H. Conversely, 438.4 kdJ/mol of energy is
released when a methyl radical and a hydrogen atom combine to form meth-
ane. Table 5.4 lists some other bond-strength data.

If enough bond dissociation energies were known, it would seem possible
to calculate AH® for any reaction of interest, thereby avoiding a lot of time-
consuming work in the laboratory. Unfortunately, there are two problems
with this approach. First, the calculation says nothing about the rate of
reaction, since a reaction may have a favorable AH* and still not take place
on any reasonable time scale. Second, bond dissociation energies refer to
molecules in the gas phase and aren’t directly relevant to solution chemistry.

In practice, most organic reactions are carried out in solution, where
solvent molecules can surround and interact with dissolved reactants, a
phenomenon called solvation. Solvation can weaken bonds and cause large
deviations from the gas-phase value of AH® for a reaction. In addition, the
entropy term, AS°, can also be different in solution because the solvation
of a polar reactant by a polar solvent causes a certain amount of orientation
in the solvent and thereby reduces the amount of disorder. Although we can
often use bond-strength data to get a rough idea of how thermodynamically
favorable a given reaction might be, we have to keep in mind that the answer
is only approximate.
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Table 5.4 Bond Dissociation Energies

D D D
Bond (kJ [ mol) || Bond (kJ /mol) || Bond (keJ [ mol)
H—H 436  ||(CH,),C—Br 263 ||CH;—CH, 376
H—F 570 ||(CH3)sC—I 209 || C,H;—CH, 355
H—Cl 432 ||H,C=CH—H 444  ||(CHy),CH —~CH, 351
H—Br 366 ||H,C=CH—CI 368 |[(CH,),C—CHj 339
H—I 298 ||H,C=CHCH,—H | 361 ||H,C=CH-—CH, 406
51— C1 243 ||H,C=CHCH,—Cl | 289 ||H,C=CHCH,—CH,| 310
Br—Br 193 H H,C=CH, 611
X 151 ©/ y o CH,

CH, —H 438 ©/ el
CH,—Cl 351 @/Cl e

CH; —Br 293 @/CHZ —CH, 255
CH,—I 234 CH,—H

CH; —OH 380 ©/ 368 o

CHo—NH, 3 cm,g —H 368
C,H; —H 420 CH,—Cl v |[HO—H 4.
CzH; —Cl St O/ HO—OH 213
s —Br 289 . CH,0—H 437
Catls —1 222 ©/ 337 || CH,S—H 371
Cotl;—OH 560 C.H;0—H 436
(CH3),CH —H | 401 ok o

(CH):CH—C1 | 339 A CH3<”: = -
(CHa),CH—Br | 274 CH,CH,0—CH, 339
(CH3);C—H 390 ({HC=C—H o8 NH,H D
(CHz)sC—Cl 330 T 18

To take a familiar example, what do bond-dissociation data look like

for the reaction of gaseous HBr with gaseous ethylene? By subtracting the
dissociation energies of the bonds formed in the products from the dissocia-
tion energies of the bonds broken in the reactants, we can calculate an
approximate AH® for the overall reaction.
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H H H Br
\ / ||
Cc=C +HBr — H—C—C—H
/ 0\ ||

H H H H

Bonds formed Bonds broken
H D = 420 kJ/mol H—DBr D = 366 kJ/mol
© D = 376 kJ/mol =0 D = 611 kJ/mol
Br D = 285 kJ/mol
Total D = 1081 kJ/mol Total D = 977 kJ/mol

C=
=
C—

AH?®: = 977 kdJ/mol — 1081 kd/mol = —104 kJ/mol

Because the bonds formed in the gas-phase reaction of HBr with ethyl-
ene are stronger than the bonds broken, we calculate that the reaction is
favorable by about —104 kJ/mol (—25 kcal/mol), in reasonable agreement
with the experimental value of —84.1 kJ/mol.

5.10 Calculate AH” for each step in the gas-phase radical substitution reaction of chlorine

with methane (Section 5.3):

(a) Cl — 2CI- (b) CHy + CI- — -CHj3 + HCI

(¢) -CH3 + Cl;, — CH;C1 + Cl-

(d) What is the overall AH® for the reaction? Consider only the propagation steps
(b) and (c¢) in deciding your answer.

5.11 Calculate AH® for these reactions:

5.8

(a) CHgCHgOCH3 + HI — CchHQOH + CH;;I
(b) CH,Cl + NH; —> CH,NH, + HCl

Describing a Reaction: Energy
Diagrams and Transition States

For a reaction to take place, reactant molecules must collide, and reorganiza-
tion of atoms and bonds must occur. Let’s again look at the addition reaction
of HBr with ethylene:

H ﬁ-l\\ - H H H H
\ /N |~ | i -
[ i ey e
H H H H H

Carbocation
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As the reaction proceeds, ethylene and HBr must approach each other, the
ethylene 7 bond and H-Br bond must break, a new C—H bond must form
in the first step, and a new C—Br bond must form in the second step.

Over the years, chemists have developed a method for graphically
depicting the energy changes that occur during a reaction by using reaction
energy diagrams as shown in Figure 5.3. The vertical axis represents the
total energy of all reactants, and the horizontal axis, called the reaction
coordinate, represents the progress of the reaction from beginning (left) to
end (right). Let’s see how the addition of HBr to ethylene can be described
in a reaction energy diagram.

/Transition state

Carbfcation product
/ CHzCHz Br~

Activation
energy

Reactants
H,C==CH, + HBr

Reaction progress ————

Figure 5.3 A reaction energy diagram for the first step in the
reaction of ethylene with HBr. The energy difference between
reactants and transition state, A G*, controls the reaction rate.
The energy difference between reactants and carbocation
product, AG®°, controls the position of the equilibrium.

At the beginning of their reaction, ethylene and HBr have the total
amount of energy indicated by the reactant level on the left side of the
diagram in Figure 5.3. As the two molecules collide and reaction commences,
their electron clouds repel each other, causing the energy level to rise. If
the collision has occurred with sufficient force and proper orientation, the
reactants continue to approach each other despite the rising repulsion until
the new C-H bond starts to form. At some point, a structure of maximum
energy is reached, a structure we call the transition state.

The transition state represents the highest-energy structure involved
in the step. It is unstable and can’t be isolated, but we can nevertheless
imagine it to be an activated complex of the two reactants in which the
carbon—carbon 7 bond is partially broken and the new carbon—hydrogen
bond is partially formed (Figure 5.4, p. 166).
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Figure 5.4 A hypothetical transition-state structure for the first
step of the reaction of ethylene with HBr. The C-C 7 bond is
just beginning to break, and the C—H bond is just beginning to
form.

The energy difference between reactants and transition state, called
the activation energy, AG*, determines how rapidly the reaction occurs
at a given temperature. (The double dagger superscript, ¥, refers to the
transition state.) A large activation energy results in a slow reaction because
few collisions occur with enough energy for the reacting molecules to reach
the transition state. A small activation energy results in a rapid reaction
because almost all collisions occur with enough energy for the reacting mole-
cules to reach the transition state.

The situation of reactants needing enough energy to climb the activation
barrier from reactant to transition state is similar to the situation of hikers
who need enough energy to climb over a mountain pass. If the pass is a
high one, the hikers need a lot of energy and surmount the barrier slowly.
If the pass is low, however, the hikers need less energy and reach the top
quickly.

Although it’s difficult to generalize, most organic reactions have activa-
tion energies in the range 40-150 kd/mol (10-35 kcal/mol). The reaction of
ethylene with HBr, for example, has an activation energy of approximately
140 kdJ/mol (34 kcal/mol). Reactions with activation energies less than 80
kJ/mol take place at or below room temperature, whereas reactions with
higher activation energies normally require a higher temperature. Heat
provides the energy necessary for the reactants to climb the activation
barrier.

Once the transition state is reached, the reaction can either continue
on to give the carbocation product or revert back to reactants. Since both
choices are energetically downhill from the high point of the transition state,
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both are equally likely. When reversion to reactants occurs, the transition-
state structure comes apart and an amount of energy corresponding to —AG*
is released. When the reaction continues on to give carbocation, the new
C-H bond forms fully and an amount of energy corresponding to the differ-
ence between transition state and carbocation product is released. The net
change in energy for the step, AG®, is represented in the energy diagram as
the difference in level between reactant and product. Since the carbocation is
higher in energy than the starting alkene, the step is endothermic, AG° has
a positive value, and energy is absorbed.

Not all reaction energy diagrams are like the one shown for the reaction
of ethylene and HBr. As illustrated in Figure 5.5, each specific reaction has

Reaction progress ——— Reaction progress ———

(a) (b)

Ve e

/\%

Reaction progress ——— Reaction progress —

(c) (d)

Figure 5.5 Some hypothetical reaction energy diagrams:

(a) a fast exothermic reaction (small AG*, negative A G°);

(b) a slow exothermic reaction (large AG*, negative A G°);

(c) a fast endothermic reaction (small AG*, small positive A G°);
(d) a slow endothermic reaction (large A G*, positive A G°).
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its own specific energy profile. Some reactions are fast (small AG¥) and some
are slow (large AG*); some have a negative AG° and some have a positive
AG®. Figure 5.5 illustrates some different possibilities for energy profiles.
Note the use of the words exothermic and endothermic in this figure to refer
to reactions in which AG® is negative and positive, respectively. This usage
is not strictly correct because these words refer to AH®, not to AG°. As
mentioned earlier, though, chemists often make the simplifying assumption
that AG° and AH® are approximately equal.

5.12 Which reaction is faster, one with AG* = 45 kJ/mol or one with AG* = 70 kJ/mol?
Which of the two has the larger K. ?

5.9 Describing a Reaction:

Intermediates

How can we describe the carbocation formed in the first step of the reaction
of ethylene with HBr? The carbocation is clearly different from the reactants,
yet it isn’t a transition state and it isn’t a final product.

H H H H H H
\ / H (\I'% I l :Bri- | |
/C:C\ —_ H—C—(l_“,+ —_— H—?_ ?-—Br
H H 1800 I8l H H

Reaction intermediate

We call the carbocation, which is formed briefly during the course of
the multistep reaction, a reaction intermediate. As soon as the intermedi-
ate is formed in the first step by reaction of ethylene with H*, it reacts
further with bromide ion in a second step to give the final product, bromo-
ethane. This second step has its own activation energy (AG¥), its own transi-
tion state, and its own energy change (AG®°). We can picture the second
transition state as an activated complex between the electrophilic carbocat-
ion intermediate and the nucleophilic bromide anion, in which the bromide
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ion is donating a pair of electrons to the positively charged carbon atom and
the new C—Br bond is just starting to form.

A complete energy diagram for the overall reaction of ethylene with
HBr is shown in Figure 5.6. In essence, we draw a diagram for each of the
individual steps and then join them in the middle so that the carbocation
product of step 1 serves as the reactant for step 2. As indicated in Figure
5.6, the reaction intermediate lies at an energy minimum between steps 1
and 2. Since the energy level of this intermediate is higher than the level
of either the initial reactants (ethylene + HBr) or the final product (bromo-
ethane), the intermediate is reactive and can’t be isolated. It is, however,
more stable than either of the two transition states that neighbor it.

First transition state Carbocation intermediate

Second transition state

AGY

CH,CH,Br

Reaction progress ———

Figure 5.6 A reaction energy diagram for the overall
reaction of ethylene with HBr. Two separate steps are involved,
each with its own transition state. The energy minimum
between the two steps represents the carbocation reaction
intermediate.

Each step in a multistep process can always be considered separately.
Each step has its own AG* and its own AG°. The overall AG® of the reaction,
however, is the energy difference between initial reactants (far left) and
final products (far right). Figure 5.7 (p. 170) illustrates some different possi-
ble cases.
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Reaction progress —— Reaction progress —————

(a) (b)

Figure 5.7 Hypothetical reaction energy diagrams for some
two-step reactions. The overall AG® for any reaction, regardless
of complexity, is the energy difference between initial reactants
and final products. Note that reaction (a) is exothermic, whereas
reaction (b) is endothermic.

PRACTICE PROBLEM. ...ttt ittt ieiieieanennes
Sketch a reaction energy diagram for a one-step reaction that is fast and highly

exothermic.

Solution A fast reaction has a small AG*, and a highly exothermic reaction has a
large negative AG°. Thus, the diagram will look like this:

PROBLEM

5.13 Sketch a reaction energy diagram for a two-step reaction with an endothermic first
step and an exothermic second step. Label the parts of the diagram corresponding
to reactant, product, and intermediate.
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5.14 Sketch a reaction energy diagram showing both propagation steps in the radical
reaction of chlorine with methane. Is the overall AG® for this reaction positive or
negative? Label the parts of your diagram corresponding to AG® and AG*.

CH, + Cl, 4", CcH,Cl + HC

INTERLUDE

Explosives

Demolition of the Alfred P. Murrah
Federal Building in Oklahoma City,
damaged by a car-bomb attack
April 19, 1995

Most chemical reactions take place in one or more discrete steps, each of
which has a rate, an equilibrium constant, and a well-defined mechanism.
The steps can usually be studied, the rates and equilibrium constants
can be measured, and the mechanism can be elucidated until the reaction
is well understood. Explosions, however, are different. Their rates are so
fast, and their mechanisms are so complex, that the details by which
explosions occur defy a complete understanding.

Chemical explosions are characterized by the spontaneous break-
down of molecules into fragments that recombine to give the final products
—usually stable gases such as Ny, HyO, and CO,. The result is a nearly
instantaneous release of large quantities of hot gases, which set up a
devastating shock wave as they expand. The shock wave can travel at
speeds of up to 9000 m/s (approximately 20,000 mi/h) and generate a
pressure of up to 700,000 atm, causing enormous physical devastation to
the surroundings.

Explosives are categorized as either primary or secondary, depending
on their sensitivity to shock. Primary explosives, such as lead azide,
Pb(N3),, are the most sensitive to heat and shock. They are used in
detonators, blasting caps, and military fuses to initiate the explosion
of a less sensitive, secondary explosive. Secondary explosives, or high
explosives, are less sensitive to heat and shock than primary explosives

(continued)»™

m
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and are therefore safer to manufacture and transport. Most secondary
explosives simply burn rather than explode when ignited in air, and most
can be detonated only by the nearby explosion of a primary initiator.

The first commercially important high explosive was nitroglycerin,
prepared in 1847 by reaction of glycerin with nitric acid in the presence
of sulfuric acid:

i i
H—C—OH H—?—ONOZ
H—C—OH + 3 HNO, —28%, H—C—ONO, + 3 H,0

H—(I}—OH H—(IJ—ONOQ
H H
Glycerin Nitroglycerin

As you might expect, the reaction is extremely hazardous to carry out,
and it was not until 1865 that the Swedish chemist Alfred Nobel succeeded
in finding a reliable method of producing nitroglycerin and incorporating
it into the commercial blasting product called dynamite. Modern indus-
trial dynamite used for quarrying stone and blasting roadbeds is a mix-
ture of ammonium nitrate and nitroglycerin absorbed onto diatomaceous
earth.

The military explosives used as fillings for bombs or shells must have
a low sensitivity to impact shock on firing, and must have good stability
for long-term storage. TNT (trinitrotoluene), HMX (His Majesty’s explo-
sive), and RDX (research department explosive) are the most commonly
used military high explousives. RDX is also compounded with waxes or
synthetic polymers to make so-called plastic explosives frequently used
by terrorist groups.

O,N NO, NN (Nj
N N ~ ~ ~N
7/ >~ \ 0,N NO,
NO, O,N NO,
TNT HMX RDX

(Trinitrotoluene)

Summary and Key Words

There are four main kinds of reactions: additions, eliminations, substitu-
tions, and rearrangements. Addition reactions take place when two
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reactants add together to give a single product; elimination reactions
take place when one reactant splits apart to give two products; substitution
reactions take place when two reactants exchange parts to give two new
products; and rearrangement reactions take place when one reactant
undergoes a reorganization of bonds and atoms to give an isomeric product.

Addition A+B — C
Elimination A — B+C
Substitution A-B+C-D —— A-C + B-D

Rearrangement A — B

A full description of how a reaction occurs is called its mechanism.
There are two kinds of mechanisms by which reactions take place: radical
mechanisms and polar mechanisms. Polar reactions, the most common
type, occur because of an attractive interaction between an electron-rich
(nucleophilic) site in one molecule and an electron-poor (electrophilic)
site in another molecule. A bond is formed in a polar reaction when the
nucleophile donates an electron pair to the electrophile. This movement of
electrons is indicated by a curved arrow showing the direction of electron
travel from the nucleophile to the electrophile. Radical reactions involve odd-
electron species; a bond is formed when each reactant donates one electron.

Polar B~ + A* — AB
Nucleophile Electrophile

Radical B - +.A — A:B

The energy change that takes place during a reaction can be described
by considering both rates (how fast reaction occurs) and equilibria (how
much reaction occurs). The position of a chemical equilibrium is determined
by the value of the Gibbs free-energy change (AG°) that takes place
during reaction. The free-energy change is composed of two parts, AG° =
AH° — TAS°®. The enthalpy term (AH°) corresponds to the net change in
strength of chemical bonds broken and formed during reaction. The entropy
term (AS°) corresponds to the change in the amount of disorder during
reaction. Since the enthalpy term is usually larger and more important than
the entropy term, chemists often make the assumption that AG® =~ AH®.

A reaction can be described pictorially using a reaction energy dia-
gram, which follows the reaction course from reactant through transition
state to product. The transition state is an activated complex occurring
at the highest-energy point of a reaction. The amount of energy needed by
reactants to reach this high point is the activation energy, AG*. The higher
the activation energy, the slower the reaction.

Many reactions take place in more than one step and involve the forma-
tion of a reaction intermediate. An intermediate is a species that lies at
an energy minimum between steps on the reaction curve and is formed
briefly during the course of a reaction.
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ADDITIONAL PROBLEMS ...

5.15

5.16
5.17

5.18

5.19

5.20

5.21

5.22

5.23

Identify the functional groups in the following molecules:

(a) CH;CH,C=N (b) O/OCH;; (c) (”) (”)
CH;CCH,COCHj;

(d) O (e) /\)?\ (f) ﬁ
C
LT~ g

Predict the polarity of the functional groups you identified in Problem 5.15.

Identify these reactions as additions, eliminations, substitutions, or rearrangements:

(a) CH;CH,Br + NaCN —— CH;CH,CN (+ NaBr)

(b) <:>—0H —Add ®(+ H,0)
catalyst

(0]

(0]

NO,
(d) O + O,N—NO, —ZEht, O/ (+ HNO,)

Explain the differences between addition, elimination, substitution, and rearrange-
ment reactions.

Define the following:

(a) Polar reaction (b) Heterolytic bond breakage
(¢) Homolytic bond breakage (d) Radical reaction

(e) Functional group (f) Polarization

Give an example of each of the following:

(a) A nucleophile (b) An electrophile

(c) A polar reaction (d) A substitution reaction

(e) A heterolytic bond breakage (f) A homolytic bond breakage
Classify each of the following as either nucleophiles or electrophiles:

(a) Cl~- (b) BF3 (c) CH3NH2

Draw a reaction energy diagram for a one-step endothermic reaction. Label the parts
of the diagram corresponding to reactants, products, transition state, AG°, and AG*.
Is AG® positive or negative?

Draw a reaction energy diagram for a two-step exothermic reaction. Label the overall
AG°®, transition states, and intermediate. Is AG® positive or negative?




5.24
5.25

5.26

5.27

5.28

5.29

5.30

5.31

5.32

5.33
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What is the difference between a transition state and an intermediate?

Draw a reaction energy diagram for a two-step exothermic reaction whose second
step is faster than its first step.

Draw a reaction energy diagram for a reaction with K., = 1. What is the value of
AG? in this reaction?

Look at the reaction energy diagram shown here and answer the following questions:

Reaction progress

(a) Is AG® for the reaction positive or negative? Label it.
(b) How many steps are involved in the reaction?

(¢) Which step is faster?

(d) How many transition states are there? Label them.

Use the information in Table 5.4 to calculate AH® for these reactions:
(a) CH;0H + HBr —— CH3Br + H,0
(b) CH;CH,OH + CH;Cl — CH;CH,OCH; + HCIl

Use the information in Table 5.4 to calculate AH® for the reaction of ethane with
chlorine, bromine, and iodine:

(a) CH30H3 s C12 — CH3CH2C1 + HCI

(b) CH;CH; + Br,, — CH3;CH,Br + HBr

(¢) CH;CH3 + I, — CH3CH,I + HI

What can you conclude about the relative energetics of chlorination, bromination,
and iodination?

An alternative course for the reaction of bromine with ethane could result in the
formation of bromomethane:

H3C—CH3 ar Bl'z — 2 CH3BI‘

Calculate AH” for this reaction, and comment on how it compares with the value
you calculated in Problem 5.29 for the formation of bromoethane.

When a mixture of methane and chlorine is irradiated, reaction commences immedi-
ately. When irradiation is stopped, the reaction gradually slows down but does not
stop immediately. How can you account for this behavior?

Radical chlorination of alkanes is not generally useful because mixtures of products
often result when more than one kind of C-H bond is present in the substrate.
Calculate approximate AH® values for the possible monochlorination reactions of
2-methylbutane. Use the bond dissociation energies measured for CH3;CH,-H,
H-CH(CH;),, and H-C(CHj3); as representative of typical primary, secondary, and
tertiary C—H bonds.

Name each of the products formed in Problem 5.32.
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5.34 Despite the limitations of radical chlorination of alkanes, the reaction is still useful
for synthesizing certain halogenated compounds. For which of the following com-
pounds does radical chlorination give a single monochloro product?

(a) CyHg (b) CH,CH,CHj ) O
CH, (f) CH,C=CCH,

5.35 We've said that the chlorination of methane proceeds by the following steps:

(d) (CH3);CCH,CHj (e)

(a) Cl, M, 2C1-

(b) Cl- + CHy — HCIl + -CH;
(c) -:CH3 + Cl;, — CH,Cl + Cl- )
Alternatively, one might propose a different series of steps:

(d Cly — 2CI-

(e) ClI- + CH; — CH;CI + H-

(fy H- + Cl;, — HCI1 + Cl-

Calculate AH” for each step in both routes. What insight does this provide into the
relative merits of each route?

5.36 When isopropylidenecyclohexane is treated with strong acid at room temperature,
isomerization occurs by the mechanism shown below to yield 1-isopropylcyclohexene:

Isopropylidenecyclohexane 1-Isopropylcyclohexene

At equilibrium, the product mixture contains about 30% isopropylidenecyclohexane
and about 70% 1-isopropylcyclohexene.
(a) What kind of reaction is occurring? Is the mechanism polar or radical?
(b) Draw curved arrows to indicate electron movement in each step.
(c) Calculate K., for the reaction.
(d) Sin;::e the reaction occurs slowly at room temperature, what is its approximate
AG*??

(e) Draw a quantitative reaction energy diagram for the reaction.

5.37 2-Chloro-2-methylpropane reacts with water in a two-step process to yield 2-methyl-
2-propanol. The first step is slower than the second, the reaction takes place slowly
at room temperature, and the equilibrium constant is near 1.

CH; CH;, CH,3
CHg——(Ij—Cl — CHa—é*’ ’(I—:I-—g CH3—(|3——OH + HCI
(|3H3 (|3H3 C|7H3
2-Chloro-2-methylpropane 2-Methyl-2-propanol

{a) Give approximate values for AG* and AG® that are consistent with the above
information.
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(b) Draw a reaction energy diagram, labeling all points of interest and making sure
that the relative energy levels on the diagram correspond to the data.

The reaction of hydroxide ion with chloromethane to yield methanol and chloride ion
is an example of a general reaction type called a nucleophilic substitution reaction:

HO™ + CH3C1 <= CH3;0H + CI~

The value of AH® for the reaction is —75 kJ/mol, and the value of AS® is +54
J/(K-mol). What is the value of AG®° (in kJ/mol) at 25°C (298 K)? Is the reaction
exothermic or endothermic?

Use the value of AG° you calculated in Problem 5.38 to find the equilibrium constant
K., for the reaction of hydroxide ion with chloromethane.

A Look Ahead

5.40

5.41

5.42

Reaction of 2-methylpropene with HBr might, in principle, lead to a mixture of two
bromoalkane addition products. Name them, and draw their structures.

Draw the structures of the two carbocation intermediates that might form during
the reaction of 2-methylpropene with HBr (Problem 5.40). We'll see in the next
chapter that the stability of carbocations depends on the number of alkyl substituents
attached to the positively charged carbon—the more alkyl substituents there are,
the more stable the cation. Which of the two carbocation intermediates you drew is
more stable?

We'll see in Chapter 7 that alkenes can be converted into alcohols by acid-catalyzed
addition of water. Review the mechanism of the addition of HBr to ethylene (Figure
5.2), and propose a mechanism for the corresponding addition of H,O:

H,C=CH, + H,0 B catalyst . op CH,OH



The isopropyl cation has a
planar, trivalent carbon atom
with a vacant p orbital.

Alkenes: Structure and Reactivity
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Alkenes are hydrocarbons that contain a carbon—carbon double bond. The
word olefin is often used as a synonym, but alkene is the generally preferred
term. Alkenes occur abundantly in nature, and many have important biologi-
cal roles. For example, ethylene is a plant hormone that induces ripening
in fruit, and a-pinene is the major component of turpentine.

H,C_ CH,
H H
\
C=C
H H CHj;
Ethylene a-Pinene

Life itself would be impossible without such alkenes as B-carotene, a
compound that contains 11 double bonds. B-Carotene, the orange pigment
responsible for the color of carrots, serves as a valuable dietary source of

vitamin A and is thought to offer some protection against certain types of
cancer.




6.1

Industrial Preparation and Use of Alkenes

179

ANV VNV \ VN

6.1
Alkenes

p-Carotene

(orange pigment and vitamin A precursor)

Industrial Preparation and Use of

Ethylene (ethene) and propylene (propene), the simplest alkenes, are the
two most important organic chemicals produced industrially. More than 48
billion pounds of ethylene and 28 billion pounds of propylene are produced
each year in the United States for use in the synthesis of polyethylene,
polypropylene, ethylene glycol, acetic acid, acetaldehyde, and a host of other

substances (Figure 6.1).

Ethanol
Acetaldehyde
Acetic acid

Ethylene oxide
Ethylene glycol
Ethylene dichloride
Vinyl chloride

Vinyl acetate
Polyethylene
Isopropyl alcohol

Propylene oxide

Cumene

Polypropylene

CH;3;CH,OH
CH;CHO
CH;COOH
A1
CH,CH;
H,C=CH, — HOCH,CH;OH
e CICH,CH,Cl
thylene —
(48.5 billion Ib/yr) H;C=CHCI 5
|
H,C=CH—O0O—CCHj;
—}CHchZCHZCHZ%
CH;CH(OH)CH;
0}
CH;CH—CH,
CH(CHj;),
CH,CH=CH, — { ©/
Propylene !
(28.8 billion lb/yr)
(|3H3 CH;
< CHCH,CHCH;,—5
Figure 6.1 Compounds derived industrially from ethylene

(ethene) and propylene (propene).
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Ethylene, propylene, and butene are synthesized industrially by ther-
mal cracking of natural gas (C;—C, alkanes) and straight-run gasoline
(C4—Cg alkanes):

CHy(CHy),CHy —22%¥C, H, + CH, + H;C=CH,

Steam

n = 0-6 + CH,CH=—CH, + CH;CH;CH=CH,

Thermal cracking, introduced in 1912, takes place in the absence of
catalysts at temperatures up to 900°C. The exact processes are complex,
although they undoubtedly involve radical reactions. The high-temperature
reaction conditions cause spontaneous homolysis of C—C and C-H bonds,
with resultant formation of smaller fragments. We might imagine, for
instance, that a molecule of butane could split into two ethyl radicals, which
could then each lose a hydrogen atom to generate two molecules of ethylene
and H,:

H
. |
CH,CH,— CH,CH; —22°“, 2 (CH,—CH- —> 2H,C=CH, + H,

Thermal cracking is an example of a reaction whose energetics are
dominated by entropy (AS°) rather than by enthalpy (AH®) in the free-
energy equation AG° = AH® — TAS°. Although the bond dissociation energy
D for a carbon—carbon single bond is relatively high (about 375 kJ/mol), the
large positive entropy change resulting from the fragmentation of one large
molecule into several smaller pieces, together with the extremely high tem-
perature, T, makes the TAS® term larger than the AH° term. As a result,
the cracking reaction is favored.

6.2 Calculating a Molecule’s Degree of
Unsaturation

Because of its double bond, an alkene has fewer hydrogens than an alkane
with the same number of carbons—C,Hs, for an alkene versus C,Hs, .5
for an alkane—and is therefore referred to as unsaturated. Ethylene, for
example, has the formula C;H,, whereas ethane has the formula C;Hs.

H H H H
/ | |
C=C H —(ll—(ll —H
H H H H
Ethylene: C,H, Ethane: C;Hg

(fewer hydrogens—unsaturated) (more hydrogens—saturated)
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In general, each ring or double bond in a molecule corresponds to a loss
of two hydrogens from the alkane formula C,Hg, 2. Knowing this relation-
ship, it’s possible to work backwards from a molecular formula to calculate
a molecule’s degree of unsaturation—the number of rings and/or multiple
bonds present in the molecule.

Let’s assume that we want to find the structure of an unknown hydrocar-
bon. A molecular weight determination on the unknown yields a value of
82, which corresponds to a molecular formula of CgH, (. Since the saturated
Cs alkane (hexane) has the formula C¢H,4, the unknown compound has two
fewer pairs of hydrogens (Hy; — Hyo = Hy = 2 Hy), and its degree of unsatura-
tion is two. The unknown therefore contains two double bonds, one ring and
one double bond, two rings, or one triple bond. There’s still a long way to
go to establish structure, but the simple calculation has told us a lot about
the molecule.

4-Methyl-1,3-pentadiene Cyclohexene Bicyclo[3.1.0]hexane 4-Methyl-2-pentyne
(two double bonds) (one ring, one (two rings) (one triple bond)
double bond)

CeH1o

Similar calculations can be carried out for compounds containing ele-
ments other than just carbon and hydrogen.

1. Organohalogen compounds, containing C, H, X, where X = F, Cl,
Br, or I. Because a halogen substituent is simply a replacement
for hydrogen in an organic molecule (both are monovalent), we can
add the number of halogens and hydrogens to arrive at an equiva-
lent hydrocarbon formula from which the number of double bonds
and/or rings can be found. For example, the alkyl halide formula
C4HgBr; is equivalent to the hydrocarbon formula C4Hg and thus
has one degree of unsaturation:

Replace 2 Br by 2 H
BrCH,;CH=—-CHCH,;Br = HCH,CH-—=CHCH,H

C4HgBr; = “C4Hy” One unsaturation:

. one double bond
Add

2. Organooxygen compounds, containing C, H, O. Because oxygen is
divalent, it doesn’t affect the formula of an equivalent hydrocarbon
and can be ignored when calculating the degree of unsaturation.
The easiest way to convince yourself of this is to see what happens
when an oxygen atom is inserted into an alkane C-C or C—H bond:
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PROBLEM. ..

6.1

PROBLEM. ..

There’s no change in the number of hydrogen atoms. For example,
the formula C;HgO is equivalent to the hydrocarbon formula CsHg
and thus has two degrees of unsaturation:

O removed from here

H,C—CHCH—CHCH,0H = H,C—=CHCH =CHCH2LH
Cs;HzO = “CsHy” Two unsaturations:
two double bonds

3. Organonitrogen compounds, containing C, H, N. Because nitrogen
is trivalent, an organonitrogen compound has one more hydrogen
than a related hydrocarbon has, and we therefore subtract the num-
ber of nitrogens from the number of hydrogens to arrive at the
equivalent hydrocarbon formula. Again, the best way to convince
yourself of this is to see what happens when a nitrogen atom is
inserted into an alkane bond: Another hydrogen atom is required
to fill the third valency on nitrogen, and we must therefore subtract
this extra hydrogen atom to arrive at the equivalent hydrocarbon
formula. For example, the formula C;HgN is equivalent to CsHg and
thus has two degrees of unsaturation:

H CH;, H H CH, H
NA 2 SO AR
Cc” N\ c” N\ /
AL T A
C C
H/ \CHZ N—H H/ \CHze
| N
H | Removed
H
CsHoN = “CsHg” Two unsaturations: one ring

and one double bond

To summarize:

Add the number of halogens to the number of hydrogens.
Ignore the number of oxygens.
Subtract the number of nitrogens from the number of hydrogens.

Calculate the degree of unsaturation in these hydrocarbons:
(a) CsHy4 (b) CsHg (c) Cy2Hy
(d) CZOHSZ (e) C40H56, B-carotene

Calculate the degree of unsaturation in the following formulas, and then draw as
many structures as you can for each.

(a) C4Hg (b) CsHg (c) C3Hy
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6.3 Calculate the degree of unsaturation in these formulas:
(a) CeHsN (b) C¢H5NO, (c) CgHoCl,
(d) CgH;¢Br, (e) C1oH12N,03 (f) CyoHj520,

6.3 Naming Alkenes

Alkenes are named using a series of rules similar to those developed for
alkanes, with the suffix -ene used instead of -ane to identify the family.
There are three steps:

1. Name the parent hydrocarbon. Find the longest carbon chain con-
taining the double bond and name the compound accordingly, using
the suffix -ene:

CH3CH, H CH;CH, H
il 4 Nl 4
C=C C=C
Ji— A B
CH;CH,CH. H CH;CH.CH, H

Named as a pentene NOT as a hexene, since the double bond is
not contained in the six-carbon chain

2. Number the carbon atoms in the chain beginning at the end nearer
the double bond. If the double bond is equidistant from the two ends,
begin at the end nearer the first branch point. This rule ensures that
the double-bond carbons receive the lowest possible numbers:

T
CH3;CH,CH,CH—CHCHj3 CH;CHCH—=—CHCH,CH3;
6 5 4 3 9 -l 1 3 6

2 3 4 5

3. Write the full name, numbering the substituents according to their
position in the chain and listing them alphabetically. Indicate the
position of the double bond by giving the number of the first alkene
carbon. If more than one double bond is present, indicate the posi-
tion of each and use one of the suffixes -diene, -triene, and so on.

CH:;
CH3;CH,;CH,CH—CHCH; CH;CHCH—CHCH,CHj4
6 5 4 3 2 1 1 2 i3 4 5 6
2-Hexene 2-Methyl-3-hexene
CH,;CH, H
\ /
2 C=0ju CH;
/ |
CH;CH,CH, H H,C=C—CH=—CH,
5 4 3 1 iz i3 4

2-Ethyl-1-pentene 2-Methyl-1,3-butadiene
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Cycloalkenes are named in a similar way, but because there is no chain
end to begin from, we number the cycloalkene so that the double bond is
between C1 and C2 and so that the first substituent has as low a number
as possible. Note that it’s not necessary to include the position of the double
bond in the name because it is always between C1 and C2.

. CH;
6
Y 5)
] | CH, ; . . 1
CH,4
4 2 4 2 3
3 3 4
1-Methylcyclohexene 1,4-Cyclohexadiene 1,5-Dimethyl cyclopentene

For historical reasons, there are a few alkenes whose names are firmly
entrenched in common usage and don’t conform to the rules. For example,
the alkene derived from ethane should be called ethene, but the name ethyl-
ene has been used so long that it is accepted by IUPAC. Table 6.1 lists
several other common names that are often used and are recognized by
IUPAC. Note also that a =CH, substituent is called a methylene group,
a H,C=CH- substituent is called a vinyl group, and a H,C=CHCH,-
substituent is called an allyl group:

H,C% H,C=CH % H,C=CH—CH, %

A methylene group A vinyl group An allyl group

Table 6.1 Common Names of Some Alkenes?
Compound Systematic name Common name
H,C=CH, Ethene Ethylene
CH3;CH=—=CH, Propene Propylene

CH;3
CH3;C=CH, 2-Methylpropene Isobutylene

CH;

HZC=(il——CH=CH2 2-Methyl-1,3-butadiene Isoprene
CH;CH=CHCH==CH, 1,3-Pentadiene Piperylene
“Both common and systematic names are recognized by IUPAC.
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6.4 Give IUPAC names for these compounds:

H,C CH,
(a) H20=CHCH(|3CH3
CH,

T
(b) CH;CH,CH=CCH,CH3

=
(c) CHsCH=CHCHCH=CHCHCH;

PROBLEM. ... .cc0cteeeiocercoccosssososstsorssossssssossssossocsssnoss

6.5 Draw structures corresponding to the following IUPAC names:
(a) 2-Methyl-1,5-hexadiene
(b) 3-Ethyl-2,2-dimethyl-3-heptene
(c) 2,3,3-Trimethyl-1,4,6-octatriene
(d) 3,4-Diisopropyl-2,5-dimethyl-3-hexene
(e) 4-tert-Butyl-2-methylheptane

BROBLEM. . .. . ., ... ot B teee ettt s o coonoaaasanns

; 6.6 Name the following cycloalkenes:

(a) CH, (b) CH, (c) CH(CHS,),

CH,

6.4 Electronic Structure of Alkenes
i o e S ..

We saw in Section 1.10 that the carbon atoms in a double bond are sp?-
hybridized and have three equivalent orbitals, which lie in a plane at angles
of 120° to one another. The fourth carbon orbital is an unhybridized p orbital
perpendicular to the sp? plane. When two such carbon atoms approach each
other, they form a ¢ bond by head-on overlap of sp? orbitals and a 7 bond
by sideways overlap of p orbitals.
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In molecular orbital terms, interaction of the p orbitals leads to one
bonding and one antibonding 7 molecular orbital. The 7 bonding MO has
no node between nuclei and results from an additive combination of p orbital
lobes with the same algebraic sign. The 7 antibonding MO has a node
between nuclei and results from a subtractive combination of lobes with
different algebraic signs (Figure 6.2).

Nodal plane
I
o, : Tﬂ »
i i
|
: e 7 Antibonding MO
. o '
t ]
7 \ |
"4
*,‘ ‘ y y . :
Two p orbitals | 4 | _Combine

\’ 7 Bonding MO

A
LY

Figure 6.2 A molecular orbital description of the C—C 7 bond.
The 7 bonding MO results from an additive combination of
atomic orbitals and is filled. The 7 antibonding MO results from
a subtractive combination of atomic orbitals and is unfilled.

We also know from Section 4.1 that relatively free rotation is possible
around o bonds and that open-chain alkanes like butane therefore have
many rapidly interconverting conformations. The same is not true for double
bonds, however. For rotation to occur around a double bond, the 7 bond
must break temporarily (Figure 6.3). Thus, the barrier to double-bond rota-
tion must be at least as great as the strength of the 7 bond itself.

A rough estimate of how much energy is required to break the 7 bond
of an alkene can be made by subtracting the value for the strength of an
average C—C o bond (376 kJ/mol) from the total bond strength value for
ethylene (611 kJ/mol). This calculation predicts an approximate bond
strength of 235 kJ/mol (56 kcal/mol) for the ethylene 7 bond, and it’s there-
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C/ _r—‘%’ / \\\
N\ 7N

/

7 bond Broken 7 bond after rotation
(p orbitals are parallel) (p orbitals are perpendicular)

Figure 6.3 The 7 bond must break for rotation to take place
around a carbon-carbon double bond.

fore clear why rotation does not occur. (Recall that the barrier to bond
rotation in ethane is only 12 kJ/mol.)

Ethylene C=C bond strength (o + =) 611 kJ/mol (146 kcal/mol)
Ethane C-C bond strength (¢ only) 376 kd/mol (90 kcal/mol)
Difference (7 bond only) 235 kJ/mol (56 kcal/mol)

6.5 Cis-Trans Isomerism in Alkenes

The lack of rotation around the carbon—carbon double bond is of more than
just theoretical interest; it also has chemical consequences. Imagine the
situation for a disubstituted alkene such as 2-butene. (Disubstituted means
that two substituents other than hydrogen are bonded to the double-bond
carbons.) The two methyl groups in 2-butene can be either on the same
side of the double bond or on opposite sides, a situation reminiscent of
disubstituted cycloalkanes (Section 3.8). Figure 6.4 (p. 188) shows the two
2-butene isomers.

Since bond rotation can’t occur, the two 2-butenes can’t spontaneously
interconvert; they are distinct, isolable compounds. As with disubstituted
cycloalkanes (Section 3.8), we call such compounds cis—trans stereoisomers.
The compound with substituents on the same side of the double bond is
called cis-2-butene, and the isomer with substituents on opposite sides is
trans-2-butene. _

Cis—trans isomerism is not limited to disubstituted alkenes. It can occur
whenever both of the double-bond carbons are attached to two different
groups. If one of the double-bond carbons is attached to two identical groups,
however, then cis—trans isomerism is not possible (Figure 6.5).
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6.7 Which of the following compounds can exist as pairs of cis—trans isomers? Draw
each cis—trans pair, and indicate the geometry of each isomer.
(a) CH;CH=CH, (b) (CH3),C=CHCH; (c¢) CH3;CH,CH=CHCH;,
(d) (CH3),C=C(CH3)CH,CH; (e) CICH=CHCI (fy BrCH=CHCI

6.8 Explain why cyclodecene can exist in both cis and trans forms but cyclohexene
cannot. Making molecular models is helpful.

6.6 Sequence Rules: The E,Z
Designation
L _________________ -~ ___________ - "= = aowe S o T )

The cis—trans nomenclature used in the previous section works well for
describing the geometry of disubstituted double bonds, but fails with trisub-
stituted and tetrasubstituted double bonds. (Trisubstituted means three sub-
stituents other than hydrogen are attached to the double-bond carbons;
tetrasubstituted means four substituents other than hydrogen.)

A more general method of describing double-bond geometry is provided
by the E,Z system of nomenclature, which uses a series of sequence rules
to assign priorities to the substituent groups on the double-bond carbons.
Considering each end of the double-bond separately, the sequence rules are
used to decide which of the groups attached to each carbon is higher in
priority. If the higher-priority groups on each carbon are on the same side
of the double bond, the alkene is designated Z (for the German zusammen,
“together”). If the higher-priority groups are on opposite sides, the alkene
is designated E (for the German entgegen, “opposite”). A simple way to
remember which is which is to think with an accent: In the Z isomer, the
groups are on “ze zame zide.” The assignments are shown in Figure 6.6.

— LT 3 9 = F. - e

Z double bond E double bond

Figure 6.6 The E, Z system of nomenclature for substituted alkenes. The higher-priority groups
on each carbon are on the same side in the Z isomer, but are on opposite sides in the E isomer.
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Called the Cahn-Ingold '~Prelog” rules after the chemists who proposed
them, the sequence rules are as follows:

Sequence rule 1 Considering each of the double-bond carbons sepa-
rately, look at the two atoms directly attached and rank them according
to atomic number. An atom with higher atomic number receives higher
priority than an atom with lower atomic number. Thus, the atoms com-
monly found attached to a double bond are assigned the following order:

35 17 8 7 6 1

Br>Cl>0>N>C>H

For example:

Low High Low ‘ Low
priority H\ : Cl priority priority H\ E CH; priority
B ==
/0 N\ /1N
priority priority priority priority
(a) (E)-2-Chloro-2-butene (b) (Z)-2-Chloro-2-butene

Because chlorine has a higher atomic number than carbon, a Cl substit-
uent receives higher priority than a methyl (CHj3) group. Methyl receives
higher priority than hydrogen, however, and isomer (a) is therefore assigned
E geometry (high-priority groups on opposite sides of the double bond).
Isomer (b) has Z geometry (high-priority groups on ze zame zide of the
double bond).

Sequence rule 2 If a decision can’t be reached by ranking the first
atoms in the substituent, loock at the second, third, or fourth atoms
away from the double-bond carbons until the first difference is found.
Thus, an ethyl substituent, -CH,CH3, and a methyl substituent, —CHj,
are equivalent by rule 1 because both have carbon as the first atom. By
rule 2, however, ethyl receives higher priority than methyl because its
second atoms are C, H, H rather than H, H, H. Look at the following
examples to see how the rule works:

'Sir Christopher Kelk Ingold (1893-1970); b. Ilford, England; D.Sc., London (Thorpe); profes-
sor, Leeds (1924-1930), University College, London (1930-1961).

2Vladimir Prelog (1906— ); b. Sarajevo (now in Bosnia-Herzegovina); Dr. Ing., Institute of

Technology, Prague (Votocek); Professor, University of Zagreb, Federal Institute of Technology
(ETH), Ziirich (1941-1976); Nobel Prize (1975).




6.6 Sequence Rules: The E,Z Designation 191

H H H H
o el p
3$C—H 3C—C—H 30—-H 20—C—H

[ e

_ Lower Higher ) Higher
CH, H CH; H

%—(IJ—CH;; %—(IJ—CHs %(I:—an %(I:—m
o N }'1 H
_ Higher Lower _ Lower Higher

Sequence rule 3 Multiple-bonded atoms are equivalent to the same
number of single-bonded atoms. For example, an aldehyde substituent
(-CH=0), which has a carbon atom doubly bonded to one oxygen, is
equivalent to a substituent with a carbon atom singly bonded to fwo
oxygen atoms:

H H
\ \ O
Cc=0 is equivalent to CL
(7 [
This carbon is This oxygen This carbon is This oxygen
bonded to is bonded to bonded to is bonded to
H,0,0 CC H,0,0 (CRE

As further examples, the following pairs are equivalent:

H H H
N A/ \,C
CcC=C is equivalent to \ /
// \\ /
H / \
This carbon is This carbon This carbon is This carbon
bonded to is bonded to bonded to is bonded to
H,C,C H,H,C,C H,C,C H,H,C,C
/
—C=C—H is equivalent to == Ce= 0=
7R
(3
This carbon is This carbon This carbon is This carbon
bonded to is bonded to bonded to is bonded to

CCC H,C C,C C,CC H,C,C,C
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Taking all the sequence rules into account, we can assign the configura-
tions shown in the following examples. Work through each one to convince
yourself that the assignments are correct.

I

H H;C—CH Br (0]

\ N\ / I
H C=CH, C=C CHj; C —OH

/ \ \ /
/ \ \ /
CHj; CH; H H CH,0H
(E)-3-Methyl-1,3-pentadiene (E)-1-Bromo-2-isopropyl- (Z)-2-Hydroxymethyl!-

1,3-butadiene 2-butenoic acid

PRAGIICEIPROBLEME,. . oo oot oeieeiieaiiaeaaaeianceea . Bl

Assign E or Z configuration to the double bond in this compound:

H CH(CH3),
N/
C=C
/N
HsC CH,OH

Solution Look at the double-bond carbons individually. The left-hand carbon has
two substituents, —H and —CH3, of which —CHj receives higher priority by sequence
rule 1. The right-hand carbon also has two substituents, -CH(CH3), and ~-CH,OH,
which are equivalent by rule 1. By rule 2, however, -CH;OH receives higher priority
than ~CH(CH3),. The substituent ~-CH,;OH has an oxygen and two hydrogens as its
second atoms, but ~-CH(CH3); has two carbons and a hydrogen. The two high-priority
groups are on the same side of the double bond, and we assign Z configuration.

C, C, H bonded
to this carbon

Low i CH‘ CH:} )2 LOW

C=C
/
High H,C CH,0H High
e 0O, H, H bonded
to this carbon
Z configuration

PROBEBNVIEEE - - . B O, oot oetiannennnone tlaniels et

6.9 Which member in each set is higher in priority?
(a) —H or —Br (b) —Cl or —Br
(c) —CH3 or —CHZCH;; (d) —NH2 or —OH
(e} —CH20H or —CH; (f) —CH;0H or —CH=—=0
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6.10 Rank the following sets of substituents in order of Cahn—Ingold—Prelog priorities:
(a) —CH3, —OH, —H, —Cl
(b) —CHg, —CHchg, —CH=CH2, —CHQOH
(c) —COOH, —CH,OH, —C=N, —CH,;NH,
(d) —CH,CH;, —C=CH, —C=N, —CH,0CHj3;

SO S aaena o oooo00 - o0 AABAAG5 80098 6 0G00000000509E 5500050000000 0

6.11 Assign E or Z configuration to these alkenes:

\ / b V4
C=C C=C
/ \
CH;CH, Cl CH;0 CH,CH,CHj;
(c) CH;4 COOH (d) H CN
/ \C C
C=C —
/ N\
CHon CH3 CH2NH2

6.7 Alkene Stability

The cis—trans interconversion of alkene isomers does not occur spontane-
ously, but it can be made to happen by treating the alkene with a strong
acid catalyst. If we interconvert cis-2-butene with ¢rans-2-butene and allow
them to reach equilibrium, we find that they aren’t of equal stability. The
trans isomer is more favored than the cis isomer by a ratio of 76% trans to

24% cis.
i CHs CH, CH;,
\ / Aad \
C=C - — C—C
/ \ catalyst / \
CH; H H "
Trans (76%) Cis (24%)

Using the relationship between equilibrium constant and free-energy
differences shown previously in Figure 4.20, we can calculate that cis-2-
butene is less stable than trans-2-butene by 2.8 kJd/mol (0.66 kcal/mol) at
room temperature.

Cis alkenes are less stable than their trans isomers because of steric
(spatial) strain between the two bulky substituents on the same side of the
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double bond. As shown in Figure 6.7, this is the same kind of steric interfer-
ence that we saw previously in the axial conformation of methylcyclohexane
(Section 4.12).

Steric strain in No steric strain in
cis-2-butene trans-2-butene

Figure 6.7 cis-2-Butene is less stable than its trans isomer
because of the steric strain that occurs when the two methyl
groups try to occupy the same space.

Although it’s sometimes possible to find relative stabilities of alkenes
by establishing a cis—trans equilibrium through treatment of the alkene
with strong acid, there’s an easier way to gain nearly the same information.
We'll see shortly that alkenes undergo a hydrogenation reaction with Hj; gas
in the presence of a catalyst such as palladium or platinum, to yield the
corresponding saturated alkane.

H CH, CH, CH;
\ I7ts H, \
C=C —— CH3CH,CHy;CH «—— C=C
\ Pd Pd /
CH H H H
trans-2-Butene Butane cis-2-Butene

Look at the hydrogenations of cis- and trans-2-butene, both of which
give the same product, butane. Energy diagrams for the two reactions are




6.7 Alkene Stability 195

shown in Figure 6.8. Since cis-2-butene is less stable than trans-2-butene
by 2.8 kJ/mol, the energy diagram shows the cis alkene at a higher energy
level. After reaction, however, both curves are at the same energy level
(butane). It therefore follows that AG®° for reaction of the cis isomer must
be larger than AG?® for reaction of the trans isomer. In other words, more
energy is evolved in the hydrogenation of the cis isomer than the trans
isomer because the cis isomer has more energy to begin with.

Reaction progress

Figure 6.8 Reaction energy diagrams for hydrogenation of cis-
and trans-2-butene. The cis isomer is higher in energy than the
trans isomer by about 2.8 kJ/mol and therefore gives off more
energy in the reaction.

If we were to measure the heats of reaction for the two hydrogenations
and find their difference, we could determine the relative stabilities of cis
and trans isomers without having to measure an equilibrium position. Many
such heats of hydrogenation (AH%4.,,) have been measured, and the
results bear out our expectation. For cis-2-butene, AH},y4ro = —120 kJ/mol
(—28.6 kcal/mol); for the trans isomer, AH}y4r0; = —116 kJ/mol (—27.6 kcal/
mol).

CH; CH; H CH;
\ \ /
C=C C=C
/ \ / \
H H CH; H
Cis isomer Trans isomer

AH?% ydrog = —120 kJ/mol AHSydrog = —116 kd/mol
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Although the energy difference between the 2-butene isomers as calcu-
lated from heats of hydrogenation (4 kJ/mol) agrees reasonably well with
the energy difference calculated from equilibrium data (2.8 kJ/mol), the
two numbers aren’t exactly the same for two reasons. The first is simply
experimental error: Heats of hydrogenation require considerable expertise
and specialized equipment to measure accurately, and we are looking at a
small difference between two large numbers. The second reason is that
heats of reaction and equilibrium constants don’t measure exactly the same
quantity. Heats of reaction measure enthalpy changes, AH®, whereas equi-
librium constants measure free-energy changes, AG° (AG°®° = AH®° — TAS®).
We therefore expect a slight difference when comparing the two measure-
ments.

Table 6.2 lists some representative data for the hydrogenation of differ-
ent alkenes, and Figure 6.9 plots the results graphically. These data show
that alkenes become more stable with increasing substitution. For example,
ethylene has AH}y4r0s = —137 kJ/mol (—32.8 kcal/mol), but when one alkyl
substituent is attached to the double bond, as in 1-butene, the alkene
becomes approximately 10 kJ/mol more stable (AH%,y4r0 = —126 kJ/mol).
Further increasing the degree of substitution leads to still further stability.
As a general rule, alkenes follow the stability order:

Tetrasubstituted > Trisubstituted > Disubstituted > Monosubstituted
R R R H R H R H R H
\ / \
C=C > =1 > =0 = =G = (O=—=(C
\ / \
R R R R H R R H H H

Table 6.2 Heats of Hydrogenation of Some Alkenes
AHY, arog
Substitution Alkene (kJ/mol) (kcal/mol)
H2C=CH2 —-137 -32.8
Monosubstituted CH;CH=CH, -126 -30.1
CH;CH,CH=CH, -126 -30.1
(CH;3),CHCH=CH, —-127 -30.3
Disubstituted CH3;CH=CHCHj; (cis) -120 —28.6
CH3;CH=—CHCH; (trans) —115 —27.6
(CH3),C=CH, —111L5) —28.4
Trisubstituted (CH3),C=CHCH;, -113 2610
Tetrasubstituted (CH;3),C=C(CHj), —111 -26.6




.

6.7 Alkene Stability 197

~150 -
=
= 11
E ]
= -1004 o uy
S¢S - g
= E § =
P ter) 4 <
..::!{ ) ._“2)
3 ~50 41 -11.95 =
g |
2 1l
. !
0 0

Figure 6.9 A plot of heat of hydrogenation versus substitution
pattern for alkenes. Alkene stability increases with increasing
substitution.

Two explanations have been advanced to account for the observed stabil-
ity order of alkenes. Many chemists believe that the stability order is due
primarily to hyperconjugation (Figure 6.10), a stabilizing effect resulting
from interaction between the unfilled antibonding C=C 7 bond orbital (Sec-
tion 1.10) and a filled C—-H o bond orbital on a neighboring substituent.
The more substituents that are present, the more opportunities exist for
hyperconjugation and the more stable the alkene.

Antibonding C-C 7 orbital
4unf|]ed)

O@@

o O———— (=0

00

Figure 6.10 Hyperconjugation—a stabiliziig effect due to
interaction between an unfilled 7 orbital and a neighboring
filled C—H o bond orbital.

Bondmg C-H o orbital
(filled)

In addition to the effect of hyperconjugation, a simple bond-strength
argument can also be used to explain the observed alkene stability order. A
bond between an sp? carbon and an sp® carbon is somewhat stronger than
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a bond between two sp® carbons. Thus, in comparing 1-butene and 2-butene,
the monosubstituted isomer has one sp~sp® bond and one sp®~sp? bond,
and the disubstituted isomer has two sp®—sp? bonds. More highly substituted
alkenes always have a higher ratio of sp®~sp? bonds to sp3-sp® bonds than
less highly substituted alkenes and are therefore more stable.

sp3—sp? spP-sp? spP—sp® spP-sp?

1) ! ! U
CH;—CH=CH—CHj; CH; —CH;—CH=—CH,
2-Butene 1-Butene

(more stable) (less stable)

6.12 Which alkene in each of the following sets is more stable?

(a) 1-Butene or 2-methylpropene (b) (Z)-2-Hexene or (E)-2-hexene
(¢) 1-Methylcyclohexene or 3-methylcyclohexene

6.8 Alkene Electrophilic Addition

Reactions

Before beginning a detailed discussion of alkene reactions, let’s review
briefly some conclusions from Sections 5.5-5.9. We said there that alkenes
behave as nucleophiles (Lewis bases) in polar reactions. The carbon-carbon
double bond is electron-rich and can donate a pair of electrons to an electro-
phile (Lewis acid). For example, reaction of 2-methylpropene with HBr yields
2-bromo-2-methylpropane. Careful study of this and similar reactions by
Christopher Ingold and others many years ago has led to the generally
accepted mechanism shown in Figure 6.11 for what is called an electro-
philic addition reaction.

The reaction begins with an attack on the electrophile, HBr, by the
electrons of the nucleophilic 7 bond. Two electrons from the 7 bond form a
new o bond between the entering hydrogen and an alkene carbon, as shown
by the curved arrow at the top of Figure 6.11. The carbocation intermediate
that results is itself an electrophile, which can accept an electron pair from
nucleophilic bromide ion to form a C-Br bond and yield a neutral addition
product.

The reaction energy diagram for the overall electrophilic addition reac-
tion (Figure 6.12) has two peaks (transition states) separated by a valley
(carbocation intermediate). The energy level of the intermediate is higher
than that of the starting alkene, but the reaction as a whole is exothermic
(negative AG®). The first step, protonation of the alkene to yield the interme-
diate cation, is relatively slow, but once formed, the cation intermediate
rapidly reacts further to yield the final bromoalkane product. The relative
rates of the two steps are indicated in Figure 6.12 by the fact that AG,* is
larger than AG,*.



The electrophile H* is attacked by
the 7 electrons of the double bond,
and a new C-H ¢ bond is formed.
This leaves the other carbon atom
with a + charge and a vacant

p orbital.

Br~ donates an electron pair to the
positively charged carbon atom,
forming a C-Br ¢ bond and yielding
the neutral addition product.

© 1984 JOHN MCMURRY

Figure 6.11

Carbocation
intermediate

First transition state

Carbocation

Second transition state

intermediate

Reaction progress ————

Mechanism of the electrophilic addition of HBr to 2-methylpropene.
The reaction occurs in two steps and involves a carbocation intermediate.

Figure 6.12 Reaction energy diagram for the two-step electrophilic addition of HBr
to 2-methylpropene. The first step is slower than the second step.

199
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Electrophilic addition of HX to alkenes is a general reaction that allows
chemists to synthesize a variety of products. For example, addition of HCI
and HBr is straightforward:?

CH, (fl
Eth
C=CH, + HCI - CH3—(|)—CH3
CH3 CH3
2-Methylpropene 2-Chloro-2-methylpropane
(94%)
H
CH, il
+ HBr _Sthiery Br
1-Methylcyclohexene 1-Bromo-1-methylcyclohexane
(91%)

Addition of HI to alkenes also occurs, but it’s best to use a mixture of
phosphoric acid and potassium iodide to generate HI in the reaction mixture,
rather than to use HI directly. The mechanism is the same as for the other

additions:
T
CH,CH,CH,CH=CH, Tfo’ CH,CH,CH,CHCH,
1-Pentene (HI) 2-Jodopentane

30rganic reaction equations can be written in different ways to emphasize different points.
For example, the reaction of ethylene with HBr might be written in the format A + B — C to
emphasize that both reactants are equally important for the purposes of the discussion. The
solvent and notes about other reaction conditions such as temperature are usually written
either above or below the reaction arrow.

Solvent
H,C=CH, + HBr Pz;shg_) CH,CH,Br

Alternatively, we might choose to write the same reaction in the format

B
A — C
to emphasize that reactant A is the organic starting material whose chemistry is of greater
interest. Reactant B is then placed above the reaction arrow, together with notes about solvent
and reaction conditions. For example:

Reagent
H,C—CH, Shr CH,CH,Br

—_————
Ether, 25°C
~ Solvent

Both reaction formats are frequently used in chemistry, and you sometimes have to look
carefully at the overall transformation to see what the different roles of the chemicals shown
next to the reaction arrows are.
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6.9 Orientation of Electrophilic
Addition: Markovnikov’s Rule

Look carefully at the reactions shown in the previous section. In every case,
an unsymmetrically substituted alkene has given a single addition prod-
uct, rather than the mixture that might have been expected. For example,
2-methylpropene might have reacted with HCI to give 1-chloro-2-methyl-
propane (isobutyl chloride) in addition to 2-chloro-2-methylpropane, but it
didn’t. We say that such reactions are regiospecific (ree-jee-oh-specific)
when only one of two possible directions of addition occurs.
A regiospecific reaction:

CH, cl CH,
C=CH; + HC1 — CH;—C—CHj; CH3éHCH2C1
C{13 éHg
M N iopeone 2 Chlero Zanethylpropsne  1-Chloro-2 mellylpropane
(sole product) (NOT formed)

After looking at the results of many such reactions, the Russian chemist
Vladimir Markovnikov* proposed in 1869 what has become known as
Markovnikov’s rule:

Markovnikov’s rule In the addition of HX to an alkene, the H
attaches to the carbon with fewer alkyl substituents, and the X attaches
to the carbon with more alkyl substituents.

No alkyl groups
on this carbon

Y Cl
2 alkyl groups C’{I 3

- Eth |
on this carbon \}C =CH, + HCI _UEE CH,—C—CH,
2-Methylpropene 2-Chloro-2-methylpropane
2 alkyl groups

on this carbon

CH,

/ CH,
O e O
N

1 alkyl group
on this carbon

1-Methylcyclohexene 1-Bromo-1-methylcyclohexane

4Vladimir Vassilyevich Markovnikov (1837-1904); b. Nijni-Novgorod, Russia; Ph.D. Kazan
(A. M. Butlerov); professor in Kazan (1870), Odessa (1871), and Moscow (1873).
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When both ends of the double bond have the same degree of substitution,
a mixture of products results:

1 alkyl group 1 alkyl group
on this carbon on this carbon

\ Br Br

! | I
CH,CH,CH=CHCH, + HBr -2her, CH3;CH,CH,CHCH; + CH3CH,CHCH,CH;

2-Pentene 2-Bromopentane 3-Bromopentane

Since carbocations are involved as intermediates in these reactions,
another way to express Markovnikov’s rule is to say that, in the addition of
HX to an alkene, the more highly substituted carbocation is formed as
an intermediate rather than the less highly substituted one. For example,
addition of H* to 2-methylpropene yields the intermediate tertiary carbo-
cation rather than the primary carbocation, and addition to 1-methylcyclo-
hexene yields a tertiary cation rather than a secondary one. Why should

this be?
H Cl
P | C]— I
CH3_(|:_CH2 — CH3_(|:_CH3
CH, CH,
CH,
tert-Butyl carbocation 2-Chloro-2-methylpropane
C=CH, + HCI (tertiary; 3°)
CH,
H H
2-Methylpropene | + cl- |
CH3—(I)— CH, | — CH,— (IJ— CHLCI
CH; CH;,
Isobutyl carbocation 1-Chloro-2-methylpropane
(primary; 1°) (NOT formed)
Br
+ CH3 CH3
Br™
E—
H H
H H
CH, (A tertiary carbocation) 1-Bromo-1-methylcyclohexane
+ HBr
H
H H
1-Methylcyclo- CH; CH;,
hexene Br-
*TH H
Br
(A secondary carbocation) 1-Bromo-2-methylcyclohexane

(NOT formed)
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What product would you expect from reaction of HCI with 1-ethylcyclopentene?

CH,CH.
o —

Solution Markovnikov’s rule predicts that H will add to the double-bond carbon
that has one alkyl group (C2 on the ring) and Cl will add to the double-bond carbon
that has two alkyl groups (C1 on the ring). The expected product is 1-chloro-1-
ethyleyclopentane.

2 alkyl groups
on this carbon

CH,CH,

/ CH,CH;4
21 + HCl — cl

1-Chloro-1-ethylcyclopentane
1 alkyl group

on this carbon

Predict the products of these reactions:

(a) ©+ HCl — (b) (CH;),C=CHCH,CH, -HBr,
CH,
(¢) CHyCH,CH,CH=CH, —:F0:, @) (;/r + HBr ——

What alkenes would you start with to prepare the following alkyl halides?
(a) Bromocyclopentane (b) CH;CH,CHBrCH,CH,CH;

(¢) 1-Iodo-1-ethylcyclohexane (d) Cl

6.10 Carbocation Structure and Stability

To understand the reasons for the Markovnikov orientation of electrophilic
addition reactions, we need to learn more about the structure and stability
of carbocations and about the general nature of reactions and transition
states. The first point to explore involves structure.
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A great deal of evidence has shown that carbocations are planar. The
trivalent carbon is sp?>-hybridized, and the three substituents are oriented
to the corners of an equilateral triangle, as indicated in Figure 6.13. Since
there are only six valence electrons on carbon, and since all six are used in
the three o bonds, the p orbital extending above and below the plane is
unoccupied. (Note the electronic similarity of carbocations to trivalent boron
compounds such as BFj3; see Section 1.12.)

Figure 6.13 The electronic structure of a carbocation. The
trivalent carbon is sp’-hybridized and has a vacant p orbital.

The second point to explore involves carbocation stability. 2-Methylpro-
pene might react with H* to form a carbocation having three alkyl substitu-
ents (a tertiary ion, 3°), or it might react to form a carbocation having one
alkyl substituent (a primary ion, 1°). Since the tertiary chloride, 2-chloro-
2-methylpropane, is the only product observed, formation of the tertiary
cation is evidently favored over formation of the primary cation. Thermo-
dynamic measurements show that, indeed, the stability of carbocations
increases with increasing substitution: More highly substituted carbocations
are more stable than less highly substituted ones.

One way of determining carbocation stabilities is to measure the amount
of energy required to form the carbocation from its corresponding alkyl
halide, R-X — R* + :X~. As shown in Figure 6.14, tertiary halides dissociate
to give carbocations much more readily than secondary or primary halides.
As a result, trisubstituted (tertiary, 3°) carbocations are more stable than
disubstituted (secondary, 2°) ones, which are more stable than monosubsti-
tuted (primary, 1°) ones: "

] i = P
R—(ll+ R— | R—(l)+ H——?*
H H

Tertiary (3°) > Secondary (2°) > Primary (1°) > Methyl

More stable (R .- :zbi
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CH3Cl
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2 1 CH3CH,CI
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Figure 6.14 A plot of dissociation enthalpy versus substitution pattern for the gas-phase
dissociation of alkyl chlorides to yield carbocations. More highly substituted alkyl halides
dissociate more readily than less highly substituted ones. These enthalpies are calculated in
the following way:

CH;-CI — CH3* + Cl- D = 351 kiJ/mol {Bond dissociation energy)
! CHs- — CH3;* + e~ E, = 948 ki/mol! {lonization energy)
: - +e —ar E.. = —348 k/mol  (Electron affinity)
Net: CH;-Cl — CH3* + CI7 951 ki/mol (Dissociation enthalpy)

The data in Figure 6.14 are taken from measurements made in the gas
phase, but a similar stability order is found for carbocations in solution.
The enthalpies for dissociation are much lower in solution because polar
solvents can stabilize the ions, but the order of carbocation stability remains
the same.

Why are more highly substituted carbocations more stable than less
highly substituted ones? There are at least two reasons. Part of the answer
has to do with hyperconjugation, and part has to do with inductive effects.
Hyperconjugation, discussed in Section 6.7 in connection with the stability
order of substituted alkenes, is the interaction of a vacant p orbital and a
neighboring C—H ¢ orbital. This interaction stabilizes the carbocation and
lowers its energy (Figure 6.15, p. 206). The more alkyl groups there are on
the carbocation, the more possibilities there are for hyperconjugation and
the more stable the carbocation—in other words: tertiary > secondary >
primary > methyl.

Inductive effects, discussed in Section 2.1 in connection with polar cova-
lent bonds, result from the shifting of electrons in a bond in response to the
electronegativity of a nearby atom. In the present instance, electrons from
a relatively large and polarizable alkyl group can shift toward a neighboring
positive charge more easily than electrons from a hydrogen. Thus, the more
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Figure 6.15 Stabilization of a carbocation through hyper-
conjugation. Interaction of the vacant carbocation p orbital with
the neighboring C-H o orbital stabilizes the cation and lowers
its energy.

alkyl groups there are attached to the positively charged carbon, the more
electron density shifts toward the charge and the more inductive stabiliza-
tion of the cation occurs.

R R R H
l + (13+ (l:+ (|3+
N 7N
R™ R R” CH H H H™ H
3°: Three alkyl groups 2°: Two alkyl groups 1°: One alkyl group Methyl: No alkyl groups
donating electrons donating electrons donating electrons donating electrons

PROBLEM. . ...t tteiitiiierineeeencoerrooceosncasosossasosnsonnsnns

6.15 Show the structures of the carbocation intermediates you would expect in these
reactions:

C|3H3 CH;,
(a) CH;CH,C=CHCHCH; + HBr —— ?

(b) &CHCH3+HI — 7

6.11 The Hammond Postulate

To summarize our knowledge of electrophilic addition reactions up to this
point, we know that:

1. Electrophilic addition reactions to unsymmetrically substituted
alkenes involve the more highly substituted carbocation. A more
highly substituted carbocation forms faster than a less highly sub-
stituted one and, once formed, rapidly goes on to give the final
product.
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2. More highly substituted carbocations are more stable than less
highly substituted ones. That is, the stability order of carbocations
is tertiary > secondary > primary > methyl.

What we have not yet seen is how these two points are related. Why
does the stability of the carbocation intermediate affect the rate at which
it’s formed and thereby determine the structure of the final product? After
all, carbocation stability is determined by AG®, but reaction rate is deter-
mined by AG* (activation energy). The two quantities aren’t directly related.

Although there is no precise thermodynamic relationship between the
stability of a high-energy carbocation intermediate and the rate of its forma-
tion, there is an intuitive relationship. It’s generally true when comparing
two similar reactions that the more stable intermediate forms faster than
the less stable one. The situation is shown graphically in Figure 6.16, where
the reaction energy profile in part (a) represents the usual situation rather
than the profile in part (b). That is, the curves for two similar reactions
don’t cross one another.

st e Slower Less
o s}fl reaction stable
reaction stable | intermediate
intermediate
/ 1 \ N 2
Faster More More
reaction  stable Faster stable
intermediate reaction intermediate
Reaction progress ———— Reaction progress

(a) (b)

Figure 6.16 Reaction energy diagrams for two similar
competing reactions. In (a), the faster reaction yields the more
stable intermediate. In (b), the slower reaction yields the more
stable intermediate. The curve shown in (a) represents the usual

situation.

An explanation of the relationship between reaction rate and intermedi-
ate stability was first advanced in 1955. Known as the Hammond postu-
late,’ this explanation is not a thermodynamic law; it is simply a reasonable
account of observed facts. It intuitively links reaction rate and intermediate
stability by looking at the energy level and structure of the transition state.

*George Simms Hammond (1921- ); b. Auburn, Maine; Ph.D. (1947), Harvard University;
professor, Iowa State University; California Institute of Technology; University of California,
Santa Cruz; Allied Chemical Company.
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Transition states represent energy maxima. They are high-energy acti-
vated complexes that occur transiently during the course of a reaction and
immediately go on to a more stable species. Although we can’t actually
observe transition states, because they have no finite lifetime, the Hammond
postulate says that we can get an idea of a particular transition state’s
structure by looking at the structure of the nearest stable species. Imagine
the two cases shown in Figure 6.17, for example. The reaction profile in part
(a) shows the energy curve for an endothermic reaction step, and the profile
in part (b) shows the curve for an exothermic step.

. Transition state
Transition state
Product Reactant
Reactant
Product
Reaction progress ——— Reaction progress ———

(a) (b)

Figure 6.17 Reaction energy diagrams for endothermic and
exothermic steps. (a) In an endothermic step, the energy levels
of transition state and product are similar. (b} In an exothermic
step, the energy levels of transition state and reactant are similar.

In an endothermic reaction [Figure 6.17(a)], the energy level of the
transition state is closer to that of the product than to that of the reactant.
Since the transition state is closer energetically to the product, we make the
natural assumption that it’s also closer structurally. In other words, we can
say that the transition state for an endothermic reaction step structurally
resembles the product of that step. Conversely, the transition state for an
exothermic reaction [Figure 6.17(b)] is closer energetically to the reactant
than to the product, and we say that the transition state for an exothermic
reaction step structurally resembles the reactant for that step.

Hammond postulate The structure of a transition state resembles
the structure of the nearest stable species. Transition states for endo-
thermic steps structurally resemble products, and transition states for
exothermic steps structurally resemble reactants.

How does the Hammond postulate apply to electrophilic addition reac-
tions? We know that the formation of a carbocation by protonation of an
alkene is an endothermic step. Therefore, the transition state for alkene
protonation should structurally resemble the carbocation intermediate, and
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any factor that makes the carbocation product more stable should also make
the nearby transition state more stable. Since increasing alkyl substitution
stabilizes carbocations, it also stabilizes the transition states leading to
those ions, thus resulting in faster reaction. More highly substituted carbo-
cations form faster because their stability is reflected in the transition state
that forms them. A hypothetical transition state for alkene protonation might
be expected to look like that shown in Figure 6.18.

=

Alternative reactant-like Product-like transition state Carbocation
transition state

Figure 6.18 The structure of a hypothetical transition state for
alkene protonation. The transition state is closer in both energy
and structure to the carbocation than to the reactant. Thus, an
increase in carbocation stability (lower A G°} also causes an
increase in transition-state stability (lower AG¥).

Because the transition state for alkene protonation resembles the carbo-
cation product, we can imagine it to be a structure in which one of the alkene
carbon atoms has almost completely rehybridized from sp? to sp® and in
which the remaining alkene carbon bears much of the positive charge. This
transition state is stabilized by hyperconjugation in the same way as the
product carbocation. The more alkyl groups that are present, the greater
the extent of stabilization in the transition state and the faster the transition
state forms. Figure 6.19 summarizes the situation by showing competing
reaction energy profiles for the reaction of 2-methylpropene with HCI.
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Primary transition state

Tertiary transition state

H,C=C(CHj3),
+ HCl

(CH3),CHCH,CI
(CH3);CCl

Reaction progress ——

Figure 6.19 A reaction energy diagram for the electrophilic
addition of HCI to 2-methylpropene. The tertiary cation
intermediate forms faster than the primary cation because its
more stable. The same factors that make the tertiary cation more
stable also make the transition state leading to it more stable.

PROBLEM

6.16 What about the second step in the electrophilic addition of HCI to an alkene—the
reaction of chloride ion with the carbocation intermediate? Is this step exothermic
or endothermic? Does the transition state for this second step resemble the reac-
tant (carbocation) or product (chloroalkane)? Make a rough drawing of what the
transition-state structure might look like.

6.12 Mechanistic Evidence: Carbocation
Rearrangements

How do we know that the carbocation mechanism for addition of HX to
alkenes is correct? The answer is that we don* know it’s correct, or at
least we don’t know with complete certainty. Although an incorrect reaction
mechanism can be disproved by demonstrating that it doesn’t satisfactorily
account for observed data, a correct reaction mechanism can never be
entirely proven. The best we can do is to show that a proposed mechanism
is consistent with all known facts. If enough facts are satisfactorily
accounted for, then the mechanism is probably correct.
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6.12 Mechanistic Evidence: Carbocation Rearrangements

What evidence is there to support the two-step, carbocation mechanism
we’ve proposed for the reaction of HX with alkenes? How do we know that
the two reactants, HX and alkene, don’t simply come together in a single
step to give the final product without going through a carbocation intermedi-
ate? One of the best pieces of evidence for a carbocation mechanism was
discovered during the 1930s by F. C. Whitmore® at the Pennsylvania State
University, who found that structural rearrangements often occur during
the reaction of HX with an alkene. For example, reaction of HCI with
3-methyl-1-butene yields a substantial amount of 2-chloro-2-methylbutane
in addition to the “expected” product, 2-chloro-3-methylbutane:

H H H H a6 H
Hsc\(l3 (I) - H,C-_| | _H H,C-_| | _H
+ HCl —
H,C” ¢ H H,c” >c¢” H HC” ¢ H
| / \ /\
H H H H

3-Methyl-1-butene 2-Chloro-3-methylbutane

(approx. 50%)

2-Chloro-2-methylbutane
(approx. 50%)

How can the formation of 2-chloro-2-methylbutane be explained? If the
reaction takes place in a single step, it would be difficult to account for
rearrangement, but if the reaction takes place in two steps, rearrangement
is more easily explained. Whitmore suggested that it is a carbocation inter-
mediate that is undergoing rearrangement. The secondary carbocation
formed by protonation of 3-methyl-1-butene rearranges to a more stable
tertiary carbocation by a hydride shift: the shift of a hydrogen atom and
its electron pair (a hydride ion, :H7).

HsC\ i'/ v
C Sl —
S ONAZ TN
H C_TH

CH, H CH, H
H3C\| |/H Hydride |
HC S H

| _H
. 6 c
shift H3C/ \C/ N H

H H H H

3-Methyl-1-butene A 2° carbocation A 3° carbocation

:

CH, H
H,C_| | _H
H/ \C/ \H

H Cl

2-Chloro-3-methylbutane

Jer

CH, H
H,C-_| | _u
Cl/ \C/ \H
/' \
H H

2-Chloro-2-methylbutane

SFrank C. Whitmore (1887-1947); b. North Attleboro, Mass.; Ph.D. Harvard (E. L. Jackson);

professor, Pennsylvania State University.
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Carbocation rearrangements can also occur by the shift of an alkyl group
with its electron pair. For example, reaction of 3,3-dimethyl-1-butene with
HCl leads to an equal mixture of unrearranged 2-chloro-3,3-dimethylbutane
and rearranged 2-chloro-2,3-dimethylbutane. In this instance, a secondary
carbocation rearranges to a more stable tertiary carbocation by the shift of
a methyl group:

CH, H . CH, H H,C
H,C_| (IJ . [ s H,C-_| | _H ety +(|3 (I: _H
AUNAZ U — L AUNEAUSN T AR N
H.C © H H,C C H H,C C H
3 | \_'/ 3 \_,I N\
H H HC H
3,3-Dimethyl-1-butene A 2° carbocation A 3° carbocation
101 lcr
CH, H CH, H
H,C-_| | _H H,C-_| (I} _H
H,C~ ¢~ OH c” ¢ OH
/\
H H,.C H

PROBLEM. ...

2-Chloro-3,3-dimethylbutane 2-Chloro-2,3-dimethylbutane

Note the similarities between these two carbocation rearrangements:
In both cases, a group (:H™ or : CH3™) moves to a positively charged carbon,
taking its electron pair with it. Also in both cases, a less stable carbocation
rearranges to a more stable ion. Rearrangements of the sort just shown are
a common feature of carbocation chemistry. We’ll see at numerous places in
future chapters that their occurrence in a reaction provides strong mechanis-
tic evidence for the presence of carbocation intermediates.

Propose a mechanism to account for the formation of 1-bromo-1-ethylcyclohexane
on reaction of vinylcyclohexane with HBr.

/ CH,CH,
+HBr =
Br

Vinylcyclohexane 1-Bromo-1-ethylcyclohexane
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INTERLUDE

Carrots, Alkenes,
and the Chemistry
of Vision

The pigment responsible for the striking
color of these flamingoes is derived
from B-carotene.

Folk medicine has long held that eating carrots is good for your eyes.
Although that’s probably not true for healthy adults on a proper diet,
there’s no question that the chemistry of carrots and the chemistry of
vision are related. Carrots are rich in B-carotene, a purple-orange alkene
that is an excellent dietary source of vitamin A. B-Carotene is converted
to vitamin A by enzymes in the liver, oxidized to an aldehyde called all-
trans-retinal, and then isomerized by a change in geometry of the
C11-C12 double bond to produce 11-cis-retinal, the light-sensitive pig-
ment on which the visual systems of all living things are based.

NN O OO NN N

XX \‘-s)\VCHZOH 2

3

B-Carotene

X114

Vitamin A 15 CHO

11-cis-Retinal

There are two types of light-sensitive receptor cells in the retina of
the human eye, rod cells and cone cells. The three million or so rod cells
are primarily responsible for seeing in dim light, whereas the hundred

(continued)»
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Summary and Key Words
P 5 =l S SR

Alkenes are hydrocarbons that contain one or more carbon—carbon double
bonds. Because they contain fewer hydrogens than related alkanes, alkenes
are often referred to as unsaturated. Alkenes are named by IUPAC rules
using the suffix -ene.

Because rotation around the double bond is restricted, substituted
alkenes can exist as cis—trans stereoisomers. The geometry of a double bond
can be specified by application of the Cahn—Ingold—Prelog sequence rules,
which assign priorities to double-bond substituents. If the high-priority
groups on each carbon are on the same side of the double bond, the geometry
is Z (zusammen, “together”); if the high-priority groups on each carbon are
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on opposite sides of the double bond, the geometry is E (entgegen, “apart”).
The stability order of substituted alkenes is:

Tetrasubstituted > Trisubstituted > Disubstituted > Monosubstituted
R,C=CR, > Ry,C=CHR > RCH=CHR =~ R,C=CH, > RCH=CH,

6.18

6.19

6.20

6.21

Alkene chemistry is dominated by electrophilic addition reactions.
When HX reacts with an unsymmetrically substituted alkene, Markovni-
kov’s rule predicts that the H will add to the carbon having fewer alkyl
substituents and the X group will add to the carbon having more alkyl
substituents. Electrophilic additions to alkenes take place through carbocat-
ion intermediates formed by reaction of the nucleophilic alkene 7 bond with
electrophilic H*. Carbocation stability follows the order

Tertiary (3°) > Secondary (2°) > Primary (1°) > Methyl
R3C* > R,CH* > RCH,* > CHs*

Markovnikov’s rule can be restated by saying that, in the addition of
HX to an alkene, the more stable carbocation intermediate is formed. This
result is explained by the Hammond postulate, which says that the transi-
tion state of an exothermic reaction step structurally resembles the reactant,
whereas the transition state of an endothermic reaction step structurally
resembles the product. Since an alkene protonation step is endothermic, the
stability of the more highly substituted carbocation is reflected in the stabil-
ity of the transition state leading to its formation.

One of the best pieces of evidence in support of a carbocation mechanism
for electrophilic additions is the observation that structural rearrangements
sometimes occur during reaction. Rearrangements occur by shift of either
a hydride ion, :H™ (a hydride shift), or an alkyl group anion, :R~, from a
neighboring carbon atom to the positively charged carbon. The result is
isomerization of a less stable carbocation to a more stable one.

ADDITIONAL PROBLEMS ..ottt

Calculate the number of double bonds and/or rings in these formulas:

(a) Benzene, CcHg (b) Cyclohexene, CgH,,
(c) Myrcene (bay oil), C1oHjg (d) Lindane, CgHgClg
(e) Pyridine, CsHsN (f) Safrole, C1oH;00,

Calculate the number of multiple bonds and/or rings in the following formulas, and
then draw five possible structures for each:

(a) ClOHIG (b) CngO (c) C7H1()CIZ

(d) CloHlsog (e) C5H9N02 (f) CgHmCINO

A compound of formula C,,H,, undergoes catalytic hydrogenation but absorbs only
2 equivalents of hydrogen. How many rings does the compound have?

A compound of formula C,2H;3N contains two rings. How many equivalents of hydro-
gen does it absorb if all the remaining unsaturations are C-C double bonds?
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6.22

6.23

6.24

6.25

6.26

6.27

6.28

6.29
6.30
6.31

6.32

Give IUPAC names for these alkenes (ignoring cis—trans isomers):

CH; CH,CH,CH;CH3
(a) CH3CH=CH(|3HCH2CH3 (b) CH;CH=CHCHCH,CH,CHCHj;
&,
CH;
(c) HyC=C(CH;CHjs), (d) H2€=CH(|3HCHCH=CHCH3
CH;
CH;
(e) CH3CH2(IJ=CHCH=CH2 (f) Ho,C=C=CHCH;
(g) Ho,C=CHC(CHj3); (h) (CH3);CCH=CHC(CHj3)3

Ocimene is a triene found in the essential oil of many plants. What is its IUPAC
name?

77 AN N

Ocimene

a-Farnesene is a constituent of the natural wax found on apples. What is its IUPAC
name?

= Z N N

«a-Farnesene

Indicate E or Z stereochemistry for each of the double bonds in a-farnesene (Problem
6.24).

Draw structures corresponding to these systematic names:
(a) (4E)-2,4-Dimethyl-1,4-hexadiene

(b) cis-3,3-Dimethyl-4-propyl-1,5-octadiene

(¢) 4-Methyl-1,2-pentadiene

(d) (3E,5Z)-2,6-Dimethyl-1,3,5,7-octatetraene

(e) 3-Butyl-2-heptene

(f) trans-2,2,5,5-Tetramethyl-3-hexene

Menthene, a hydrocarbon found in mint plants, has the systematic name 1-isopropyl-
4-methylcyclohexene. Draw its structure.

The following names are incorrect. Draw structures and give correct names.

(a) 2-Methyl-2,4-pentadiene (b) 3-Methylene-1-pentene
(c) 3E,6Z-Octadiene (d) Z-5-Ethyl-4-octene
(e) E-3-Propyl-3-heptene (f) 3-Vinyl-1-propene

Draw and name the 5 pentene isomers, CsH;. Ignore E,Z isomers.

Draw and name the 13 hexene isomers, C¢H,,. Ignore E,Z isomers.

Which of the compounds you drew in Problems 6.29 and 6.30 show cis—trans
isomerism?

According to data for heats of hydrogenation, trans-2-butene is more stable than its
cis isomer by only 4 kJ/mol, but trans-2,2,5,5-tetramethyl-3-hexene is more stable
than its cis isomer by 39 kJ/mol. (See the table at the top of the next page.) Explain.



6.33

6.34

6.35

6.36

Additional Problems 217

AIi?lydrcvg
Alkene (kJ/mol) (keal/mol)
cis-2-Butene EINIET —28.6
trans-2-Butene == 111545 =T
cis-2,2,5,5-Tetramethyl-3-hexene SIGING —-36.2
trans-2,2,5,5-Tetramethyl-3-hexene — 111276 —26.9

The double bonds in small-ring cycloalkenes must have cis geometry because a stable
trans double bond is impossible in a five- or six-membered ring. At some point,
however, a ring becomes large enough to accommodate a trans double bond. The
following heats of hydrogenation have been measured:

AH %ydrog
Cycloalkene (kJ/mol) (kecal/mol)
cis-Cyclooctene -96.2 —-23.0
trans-Cyclooctene —134.7 —32.2
cis-Cyclononene —-98.7 —23.6
trans-Cyclononene —-110.9 -26.5
cis-Cyclodecene —86.6 —-20.7
trans-Cyclodecene —100.4 -24.0

How do you explain these data? Make molecular models of the trans cycloalkenes
to see their conformations.

Allene (1,2-propadiene), Ho,C=C=CH,, has two adjacent double bonds. What kind of
hybridization must the central carbon have? Sketch the bonding = orbitals in allene.
What shape do you predict for allene?

1,4-Pentadiene, a compound with two nonadjacent double bonds, has AH?}yar0e =
—254 kJ/mol, which is approximately twice the value for 1-pentene (AH}y4r0s = —126
kJ/mol). 1,2-Pentadiene, however, has AH3, 4,0, = —298 kJ/mol. What does this tell
you about the stability of 1,2-pentadiene? Explain.

Predict the major product in each of the following reactions.
CH,3

(a) CH3CH20H=(|ZCH2CH3 FIHEIE——=>

(b) 1-Ethylcyclopentene + HBr ——

(¢c) 2,2,4-Trimethyl-3-hexene + HI ——
(d) 1,6-Heptadiene + 2 HCl —

CH;
(e) O/ + HBr
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6.37 Predict the major product from addition of HBr to each of the following alkenes:

(a) CH, (b) (© (I:H3
@ CH,CH=CHCHCH,

6.38 Rank the following sets of substituents in order of priority according to the Cahn—

Ingold—Prelog sequence rules:
(a) —CHj3, —Br, —H, —1I (b) —OH, —OCH3, —H, —COOH
(¢) —COOH, —COOCH;3, —CH,0H, —CHj3

I
(d) —CHj;, —CH,CHj3, —CH,CH,O0H, —CCHj;

(e9) —CH=CH,, —CN, —CH,NH,, —CH,Br
(f) —CH=CH,, —CH,CHj3, —CH,0CH,;, —CH,OH

6.39 Assign E or Z configuration to each of the following alkenes:

(a) HOCH, CH; (b) HOOC H
\ / \ /
C=C C=C
/ N / N
CH, H Cl OCH;3
(¢¢ NC CH;4 (d) CH30,C CH=CH,
\ / A\
Cc=C C=C
\ / \
CH,;CH, CH,OH HO,C CH,CH,4

6.40 Name the following cycloalkenes according to IUPAC rules:
(a) CHj (b) (c) D/\
C) (I (e) (f) ©

6.41 Which of the following E,Z designations are correct, and which are incorrect?

(a) CH, b H CH,CH=CH,
COOH \ /
/ Cc=C
C=cC / 0\
\ H,C CH,CH(CH,),
H
7 E
(c) Br CHzNHQ (d) NC CH3
N/ \  /
C—@ C=C
/ 0\ / 0\
H CH,NHCH; (CH3),NCH, CH,CH,3

Z E
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(e) Br (f) HOCH, COOH
\C—CG \C C/
/ v
15l CH;0CH, COCHj;
VA E

Use the bond dissociation energies in Table 5.4 to calculate AH® for the reaction of
ethylene with HCI1, HBr, and HI. Which reaction is most favorable?

Propose a mechanism to account for the following reaction. Show the structure of
the intermediate(s), and use curved arrows to indicate electron flow in each step.

Cl
+ HCl —
Cl
C;iCH3
CH;

Repeat Problem 6.43 for the following reaction:

Q# ria —
CH,

Calculate the degree of unsaturation in each of the following formulas:
(a) Cholesterol, Co7Hy6O (b) DDT, C,4HyCl5

(c) Prostaglandin E,, CooH3405 (d) Caffeine, CgH,oN4O»
(e) Cortisone, Cy;Hg505 (f) Atropine, C17H23NO3

Draw a reaction energy diagram for the addition of HBr to 1-pentene. Let one curve
on your diagram show the formation of 1-bromopentane product and another curve
on the same diagram show the formation of 2-bromopentane product. Label the
positions for all reactants, intermediates, and products. Which curve has the higher-
energy carbocation intermediate? Which curve has the higher-energy first transition
state?

Make sketches of the transition-state structures involved in the reaction of HBr
with 1-pentene (Problem 6.46). Tell whether each structure resembles reactant or
product.

A Look Ahead

6.48

6.49

We'll see in the next chapter that alkenes can be converted into alcohols by acid-
catalyzed addition of water. Assuming that Markovnikov’s rule is valid, predict the
major alcohol product from each of the following alkenes:

(a) CH; (b) (j CH, (c)

Reaction of 2,3-dimethyl-1-butene with HBr leads to a bromoalkane, C¢H,3Br. On
treatment of this bromoalkane with KOH in methanol, a hydrocarbon that is isomeric
with the starting alkene is formed. What is the structure of this hydrocarbon, and
how do you think it is formed from the bromoalkane?

CH,

| |
CH;CH,C=CHCHj, CH;CHCH,CH=CH,



This cyclic periodate is an
intermediate in the cleavage
reaction of alkenes to yield
carbonyl compounds.

Alkenes: Reactions and Synthesis

The addition of electrophiles to alkenes is a useful and general reaction
that makes possible the synthesis of many different kinds of compounds.
Although we've studied only the addition of HX thus far, many other electro-
philic reagents also add to alkenes. In this chapter, we’ll see how alkenes
are prepared, we’ll discuss many further examples of alkene addition reac-
tions, and we'll review the wide variety of compounds that can be made
from alkenes.

H OH H H
N, / N/

(C—(C Cis=(C
7 X 7 X"
X ()H HO OH
\ Alcohol Alkane \ /
/ = //C—C\\
Halohydrin \ 1,2-Diol
\ /C=C\ \ »
Alkene
1,2-Dihalide Carbonyl
compound
\/
\ A
C—C C=C
7R P

Halide Cyclopropane
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7.1 Preparation of Alkenes: A Preview of
Elimination Reactions
L — =~ = - - = ===

Before getting to the main subject of this chapter—the reactions of alkenes
—Tlet’s take a brief look at how alkenes are prepared. We'll return to this
topic in Chapter 11 for a more detailed study.

Just as the chemistry of alkenes is dominated by addition reactions,
the preparation of alkenes is dominated by elimination reactions. Additions
and eliminations are in many respects two sides of the same coin. That 1is,
an addition reaction might involve the addition of HBr or HyO to an alkene
to form an alkyl halide or alcohol, whereas an elimination reaction might
involve the loss of HBr or HO from an alkyl halide or alcohol to form an

alkene.
Addition
X Y
\ / \ /
C=C + X—Y .C—C.__
/ \ - P

Elimination

The two most common alkene-forming elimination reactions are dehy-
drohalogenation—the loss of HX from an alkyl halide—and dehydra-
tion—the loss of water from an alcohol. Dehydrohalogenation usually occurs
by reaction of an alkyl halide with strong base such as potassium hydroxide.
For example, bromocyclohexane yields cyclohexene when treated with KOH
in ethanol solution:

i Br H
SO O’: + KBr + H,0
H 2 A
Bromocyclohexane Cyclohexene (81%)

Dehydration is often carried out by treatment of an alcohol with a strong
acid. For example, loss of water occurs and 1-methylcyclohexene is formed
when 1-methyleyclohexanol is warmed with aqueous sulfuric acid in tetrahy-
drofuran (THF) solvent:
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CHj
OH _HS0.HO
OL iy O/ + H,0

1-Methylcyclohexanol 1-Methylcyclohexene (91%)

(0)
{ ] Tetrahydrofuran (THF)—a common solvent

Elimination reactions are sufficiently complex that it’s best to defer a
detailed discussion until Chapter 11. For the present, it’'s enough to realize
that alkenes are readily available from simple precursors.

[HI1€ Uz Ul L0 6088000600000000000000083000 05 30000 3000060600000000000000

7.1 A problem in using elimination reactions is that mixtures of products are often
formed. For example, treatment of 2-bromo-2-methylbutane with KOH in ethanol
yields a mixture of two alkene products. What are their structures?

PROBLEM. .. .. ittt ittt it eeaaeesnesasasassosaasssanasnnnnns

7.2 How many alkene products, including E,Z isomers, might be obtained by dehydration
of 3-methyl-3-hexanol with aqueous sulfuric acid?

?H
CH3;CH,CCH,CH,CH;3 3-Methyl-3-hexanol

7.2 Addition of Halogens to Alkenes

Bromine and chlorine both add readily to alkenes to yield 1,2-dihaloalkanes.
For example, nearly 7 million tons per year of 1,2-dichloroethane (ethylene
dichloride) are synthesized industrially by the addition of Cl; to ethylene.
The product is used both as a solvent and as starting material for use in
the manufacture of poly(vinyl chloride), PVC.

H H Cl Cl
/ |
C=C +C, — H—C—C—H
/N [
H H H H

Ethylene 1,2-Dichloroethane
(Ethylene dichloride)

The addition of bromine to an alkene also serves as a simple and rapid
laboratory test for unsaturation. A sample of unknown structure is dissolved
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in tetrachloromethane (carbon tetrachloride, CCl,) and placed in a test tube
to which several drops of bromine are added. Immediate disappearance of
the reddish Bry color signals a positive test and indicates that the sample
is an alkene.

H

H Br
q Bryin CCl,
H Br
H
Cyclopentene 1,2-Dibromocyclopentane (95%)

Fluorine is too reactive and difficult to control for most laboratory appli-
cations, and iodine does not react with most alkenes.

Based on what we've seen thus far, a possible mechanism for the reac-
tion of halogens with alkenes is shown in Figure 7.1. As a Brs molecule
approaches an alkene, the Br—Br bond becomes polarized (Section 5.5). The
7 electron pair of the alkene then attacks the positive end of the polarized
bromine molecule, breaking the Br—-Br bond and displacing bromide ion.
The net result is that electrophilic Br* adds to the alkene in the same way
that H* adds, giving a carbocation that undergoes further reaction with
bromide ion and yields the dibromo addition product.

= G om e
The electron pair from the double ~ 5B Br
bond attacks the polarized bromine, H o

forming a C-Br bond and causing

the Br-Br bond to break. Bromide l
ion departs with both electrons from

the former Br-Br bond.

-
\Br
Bromide ion then uses an electron H
pair to attack the carbocation
intermediate, forming a C—Br bond
and giving the neutral addition
product. H
I
\Br
H

© 1984 JOHN MCMURRY

Figure 7.1 A possible mechanism for the electrophilic addition
of Br, to an alkene.
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Although the mechanistic description shown in Figure 7.1 for the addi-
tion of bromine to alkenes looks reasonable, it’s not completely consistent
with known facts. In particular, the proposed mechanism doesn’t explain
the stereochemistry of halogen addition. That is, the mechanism doesn’t
explain what product stereoisomers are formed in the reaction.

Let’s look again at the reaction of Br, with cyclopentene and assume
that Br* adds to cyclopentene from the bottom side of the ring to form the
carbocation intermediate shown in Figure 7.2. (The addition could equally
well occur from the top side, but we’ll consider only one possibility for sim-
plicity.) Since the positively charged carbon in the intermediate is planar
and sp?-hybridized, it could be attacked by bromide ion in the second step
of the reaction from either the top or the bottom to give a mixture of products.
One product has the two bromine atoms on the same side of the ring (cis),
and the other has the bromines on opposite sides (trans). We find, however,
that only trans-1,2-dibromocyclopentane is produced. None of the cis product
is formed.

H Br
Br H
H
N Br trans-1,2-Dibromocyclopentane
H H .

\_ . o H H

r

Br —Br
N s
Cyclopentene

Br Br

cis-1,2-Dibromocyclopentane

(NOT formed)

Figure 7.2 Stereochemistry of the addition reaction of Br, with
cyclopentene. Only the trans product is formed.

Since the two Br atoms add to opposite faces of the cyclopentene double
bond, we say that the reaction occurs with anti stereochemistry. If the
two bromines had added to the same face, the reaction would have had syn
stereochemistry. Note that the word anti has a similar meaning in the
present stereochemical context to the meaning it has in a butane conforma-
tional context (Section 4.3). In both cases, the two groups of interest are
180° apart.

An explanation for anti addition was suggested in 1937 by George
Kimball and Irving Roberts, who proposed that the true reaction intermedi-
ate is not a carbocation but is instead a bromonium ion, R.Br*. (A chlo-
ronium ion, similarly, contains a positively charged, divalent chlorine,
R,CI*.) In the present instance, the bromonium ion is in a three-membered
ring and is formed by donation of bromine lone-pair electrons to the vacant
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p orbital of the neighboring carbocation (Figure 7.3). Although Figure 7.3
depicts bromonium ion formation as stepwise, this is done only for clarity.
The bromonium ion is formed in a single step by interaction of the alkene
with Br*.

e oL
. /—\;Br ;Br:

~o -

~ G . C\
Alkene 7 electrons attack bromine,
pushing out bromide ion and leaving
a bromo carbocation.
~——:Br
\Y _
/C o + Br
The neighboring bromo substituent
stabilizes the positive charge by
using two of its electrons to overlap
the vacant carbon p orbital, giving a
three-membered-ring bromonium ion. 2y
r
A \ L Br~
7N

Bromonium ion
© 1984 JOHN MCMURRY

Figure 7.3 Formation of a bromonium ion intermediate by
electrophilic addition of Br' to an alkene.

How does the formation of a bromonium ion account for the anti stereo-
chemistry of addition to cyclopentene? If a bromonium ion is formed as an
intermediate, we can imagine that the large bromine atom might “shield”
one side of the molecule. Attack by bromide ion in the second step could
then occur only from the opposite, unshielded side to give anti product.

Top side open to attack

< -5 - &

H
Vs i :Br: \A Br H
Br—B ) +J \
Bottom side shielded from attack
Cyclopentene Bromonium ion trans-1,2-Dibromocyclopentane

intermediate



226 CHAPTER 7 Alkenes: Reactions and Synthesis

PROBLEM. ..

7.3

PROBLEM. ..

The halonium ion postulate, made nearly 60 years ago to explain the
stereochemistry of halogen addition to alkenes, is a remarkable example of
deductive logic in chemistry. Arguing from experimental results, chemists
were able to make a hypothesis about the intimate mechanistic details of
alkene electrophilic reactions. Much more recently, strong evidence support-
ing the mechanism has come from the work of George Olah,! who has pre-
pared and studied stable solutions of cyclic bromonium ions in liquid SO,.
There’s no question now that bromonium ions are real.

:E'r: .'Br‘""
(CH,),C (IJHCH — SR, c/ \c Sok
2 A 8 = U—C0
Liquid SO, H3C’ / \ \CH3
F CH3 H
A bromonium ion
stable in SO, solution

What product would you expect to obtain from addition of Cl; to 1,2-dimethylcyclo-
hexene? Show the stereochemistry of the product.

Unlike the reaction in Problem 7.3, addition of HCI to 1,2-dimethylcyclohexene yields
a mixture of two products. Show the stereochemistry of each, and explain why a
mixture is formed.

7.3 Halohydrin Formation

Many different kinds of electrophilic additions to alkenes take place. For
example, alkenes add HO-Cl or HO-Br under suitable conditions to yield
1,2-halo alcohols, or halohydrins. Halohydrin formation doesn’t take place
by direct reaction of an alkene with HOBr or HOCI, however. Rather, the
addition is done indirectly by reaction of the alkene with either Br; or Cly
in the presence of water.

X
\ X, /
C=C C—C.. + HX
/ \ / \°
HO
An alkene A halohydrin

!George Andrew Olah (1927— ); b. Hungary; Ph.D. (1949) Technical University, Budapest;
professor, Case-Western Reserve University (1965-1977), University of Southern California
(1977- ); Nobel Prize (1994).




7.3 Halohydrin Formation 227

We’ve seen that, when Br; reacts with an alkene in CCly solution, the
cyclic bromonium ion intermediate is trapped by the only nucleophile pres-
ent, bromide ion. If the reaction is carried out in the presence of an additional
nucleophile, however, the intermediate bromonium ion can be “intercepted”
by the added nucleophile and diverted to a different product. When an alkene
reacts with Br; in the presence of water, for example, water competes with
bromide ion as nucleophile and reacts with the bromonium ion intermediate
to yield a bromohydrin. The net effect is addition of HO-Br to the alkene.
The reaction takes place by the pathway shown in Figure 7.4.

H CH, T
\ / Br—Br
c=¢C \J
/ \
H,C H
Reaction of the alkene with Br, l
yields a bromonium ion intermediate.

Water acts as a nucleophile, using a

lone pair of electrons to open the QH,
bromonium ion ring and form a bond l
to carbon. Since oxygen donates its
electrons in this step, it now has the
ositive charge. Br CH,4
) 1 \ gall
.C—C
L \O‘L H
HsC </ :Base
H
L 1
Loss of a proton (H*) from oxygen
then gives HBr and the neutral l
bromohydrin addition product.
Br ,CH3
/ »H
C— < 4 HBr
HY \
H,C OH

3-Bromo-2-butanol
© 1984 JOHN MCMURRY

Figure 7.4 Mechanism of bromohydrin formation by reaction
of an alkene with bromine in the presence of water. Water acts
as a nucleophile to react with the intermediate bromonium ion.
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In practice, few alkenes are soluble in water, and bromohydrin forma-
tion is often carried out in a solvent such as aqueous dimethyl sulfoxide
(DMSO), using a reagent called N-bromosuccinimide (NBS) as a source of
Br,. NBS is a stable, easily handled compound that slowly decomposes in
water to yield Br; at a controlled rate. Bromine itself can also be used in
the addition reaction, but it is more dangerous and more difficult to handle
than NBS.

[}

OH
N —Br (NBS) |
CH CH2 CEI== CH2 — 157
0
©/ H 0/CH3SOCHj;3 (DMSO) ©/

Styrene 2-Bromo-1-phenylethanol (76%)

Note that the aromatic ring in the above example is inert to Br, under
the conditions used, even though it contains three carbon—carbon double
bonds. Aromatic rings are a good deal more stable than might be expected,
a property that will be examined in Chapter 15.

L0zl BEEEE8686506090000000860006000000000 « 10000 0anc009 3000000

7.5 What product(s) would you expect from the reaction of cyclopentene with NBS and
water? Show the stereochemistry.

PROBLEM. . .. ittt it ittt e eit e ianattatananaens

7.6 When an unsymmetrical alkene, such as propene, is treated with N-bromosuccin-
imide in aqueous dimethyl sulfoxide, the major product has the bromine atom bonded
to the less substituted carbon atom:

OH

|
CH;CH=CH, —N'];—SM—SH(;Q» CH,;CHCH,Br

Is this Markovnikov or non-Markovnikov orientation? Explain.

7.4 Hydration of Alkenes:
Oxymercuration
L o = e el S W ———— |

Water adds to simple alkenes such as ethylene and 2-methylpropene to yield
alcohols, a process called hydration. The reaction takes place on treatment
of the alkene with water and a strong acid catalyst (HA) by a mechanism
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similar to that of HX addition. Thus, protonation of an alkene double bond
yields a carbocation intermediate, which reacts with water to yield a proton-
ated alcohol product (ROH,*). Loss of H* from this protonated alcohol gives
the neutral alcohol and regenerates the acid catalyst (Figure 7.5).

@)

H,C /G?\ Hﬂg/g\\\\ H—O™H \

\. [/ 5tk \J/ \OH, i

} —— /C—(I'_:—H —— H;C—C—C—H _—
HsC H H5C H H,C H

2-Methylpropene Carbocation Protonated
intermediate aleohol
HO H

|
Hﬁ—?—?—H+H—A
H,C H

2-Methyl-2-propanol

Figure 7.5 Mechanism of the acid-catalyzed hydration of an
alkene. Protonation of the alkene gives a carbocation
intermediate that reacts with water.

Acid-catalyzed alkene hydration is suitable for large-scale industrial
procedures, and approximately 300,000 tons of ethanol are manufactured
each year in the United States by hydration of ethylene. The reaction is of
little value for most laboratory applications, though, because it requires
high temperatures and strongly acidic conditions. The hydration of ethylene,
for example, takes place at 250°C with sulfuric acid as catalyst.

H H
\ / H,SO, catalyst
C=C + H,0 ——=x>21%3¥y$, CH,CH,0H
250°C
H H
Ethylene Ethanol

In the laboratory, most alkenes are best hydrated by the oxymer-
curation procedure. When an alkene is treated with mercuric acetate
[Hg(O5CCH3)s, usually abbreviated Hg(OAc)s] in aqueous tetrahydrofuran
(THF) solvent, electrophilic addition to the double bond rapidly occurs. The
intermediate organomercury compound is then treated with sodium boro-
hydride, NaBH,, and an alcohol is produced. For example:
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CH 1. Hg(OAc),, H,O/THF CHj3
g 2. NaBH, OH

1-Methylcyclopentene 1-Methylcyclopentanol
(92%)

Alkene oxymercuration is closely analogous to halohydrin formation.
The reaction is initiated by electrophilic addition of mercuric ion to the
alkene to give an intermediate mercurinium ion, whose structure resembles
that of a bromonium ion (Figure 7.6). Nucleophilic attack of water, followed
by loss of a proton, then yields a stable organomercury addition product.
The final step, reaction of the organomercury compound with sodium borohy-
dride, is not fully understood but appears to involve radicals. Note that the
regiochemistry of the reaction corresponds to Markovnikov addition of
water; that is, the hydroxyl group attaches to the more highly substituted
carbon atom, and the hydrogen attaches to the less highly substituted

carbon.
(O Ac . /OAc HgOAc
A ey CH
Hg—OAc 3
@70% H;0, THF @ On.
— ' 'CH; - OH :0~H
g =
1-Methylcyclopentene - + ~OAc e T OAc |
A mercurinium l
ion
HgOAc
I:><CH3 NaBH, CHy
OH OH
1-Methylcyclopentanol + HOAc |
(92%)
An organomercury
intermediate

Figure 7.6 Mechanism of the oxymercuration of an alkene to
yield an alcohol. This electrophilic addition reaction involves a
mercurinium ion intermediate, and its mechanism is similar to
that of halohydrin formation.

PROBLEM

7.7 What products would you expect from oxymercuration of these alkenes?
(a) CH;CH,CH,CH=CH, (b) 2-Methyl-2-pentene
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PROBLEM. . .« c ettt ttette e e et e e et et e e e e e e e ee e easeaannes
7.8 What alkenes might these alcohols have been prepared from?
(a) OH (b) OH
CH3(|JCHZCHZCH2CH3
o,

7.5 Hydration of Alkenes:
Hydroboration

One of the most useful alkene additions is the hydroboration reaction
reported in 1959 by H. C. Brown.? Hydroboration involves addition of a B-H
bond of borane, BH;, to an alkene to yield an organoborane intermediate,

RBH,:
H H BH,
\ \ / \ /
B—H+ C=C — _.C—C.
/ / \ i )
H
Borane An organoborane

Borane is highly reactive since the boron atom has only six electrons
in its valence shell. In tetrahydrofuran (THF) solution, however, BH; accepts
an electron pair from a solvent molecule in a Lewis acid—base reaction to
complete its octet and form a stable BH3—THF complex:

Borane THF BH;3;-THF complex

When an alkene reacts with BH; in THF solution, rapid addition to the
double bond occurs. Since BH; has three hydrogens, addition occurs three
times and a trialkylborane, R3B, is formed. For example, 1 molar equivalent
of BH; adds to 3 molar equivalents of ethylene to yield triethylborane:

2Herbert Charles Brown (1912— ); b. London; Ph.D. (1938) University of Chicago (Schles-
singer); professor, Purdue University (1947— ); Nobel Prize (1979).
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Cyclohexene
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CH,CH,
3 H,C—CH, + BH, —Hf, CH,CH,—B
CH,CH,4
Ethylene Triethylborane

Alkylboranes are extremely useful in synthesis because of the further
reactions they undergo. When tricyclohexylborane is treated with aqueous
hydrogen peroxide (H;0O,) in basic solution, for example, an oxidation takes
place. The carbon—boron bond is broken, a hydroxyl group bonds to carbon,
and 3 equivalents of cyclohexanol are produced. The net effect of the two-
step hydroboration/oxidation sequence is hydration of the alkene double
bond.

H,0,

OH
3 O + BH; LHE : B : OH-H,0 3 Q + B(OH);

Cyclohexanol

(87%)
Tricyclohexylborane

One of the features that makes the hydroboration reaction so useful is
the regiochemistry that results when an unsymmetrical alkene is hydrobo-
rated. For example, hydroboration/oxidation of 1-methylcyclopentene yields
trans-2-methylcyclopentanol. Boron and hydrogen add to the alkene with
syn stereochemistry, with boron attaching to the less highly substituted
carbon. During the oxidation step, the boron is replaced by a hydroxyl
with the same stereochemistry, resulting in an overall syn non-Markovnikov
addition of water. This stereochemical result is particularly useful because
it is complementary to the Markovnikov regiochemistry observed for
oxymercuration.

BH: ~OH
@CHS THF H,0,
1-Methylcyclopentene Alkylborane trans-2-Methylcyclopentanol
5 . (85%)
intermediate

Why does alkene hydroboration take place with “non-Markovnikov”
regiochemistry? Hydroboration differs from many other alkene addition
reactions in that it occurs in a single step without a carbocation intermedi-
ate. We can view the reaction as taking place through a four-center, cyclic
transition state, as shown in Figure 7.7. Since both C—H and C-B bonds form
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at the same time and from the same face of the alkene, syn stereochemistry
is observed.

The mechanism shown in Figure 7.7 accounts for not only the reaction’s
stereochemistry but also its regiochemistry. Although hydroboration does
not involve a carbocation intermediate as other alkene addition reactions
do, the interaction of borane with an alkene nevertheless has a large amount
of polar character to it. Borane, with only six valence electrons on boron, is
a powerful Lewis acid and electrophile because of its vacant p orbital. Thus,
the interaction of BH; with an alkene involves a partial transfer of electrons
from the alkene to boron, with consequent buildup of polar character in the
four-membered-ring transition state. Boron thus carries a partial negative
charge (8—) because it has gained electrons, and the alkene carbons carry
a partial positive charge (6+) because they have lost electrons.

i
H=SBE
+
Addition of borane to the alkene 7= Sc=c
bond occurs in a single step through 4 =
a cyclic four-membered-ring I
transition state. The dotted lines
indicate partial bonds that are %
breaking or forming. I]{
A0=0(
A neutral alkylborane addition
product is then formed when reaction l
is complete.
H BH,
\ /
.C—C,
- \\\

© 1984 JOHN MCMURRY

Figure 7.7 Mechanism of alkene hydroboration. The reaction
occurs in a single step, in which both C-H and C-B bonds
form at the same time and on the same face of the double
bond.

In the addition of BH; to an unsymmetrically substituted alkene such as
1-methylcyclopentene, there are two possible four-center transition states.
Since the transition state that places a partial positive charge on the more
highly substituted carbon is favored over the alternative that places the
charge on the less highly substituted carbon, boron tends to add to the less
highly substituted carbon (Figure 7.8).
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s
H” s- _‘ H,B H

Partial 3° cation
(more stable transition state)

CH, :
H N H

............. CH, H/\CH3
H-BH
5—\ H
| H BH,
Partial 2° cation
(less stable transition state;
NOT formed)

Figure 7.8 Mechanism of the hydroboration of 1-methyl-
cyclopentene. The favored transition state is the one that places
the partial positive charge on the more highly substituted
carbon.

In addition to electronic factors, a steric factor is probably also involved
in determining the regiochemistry of hydroboration. Attachment of boron is
favored at the less sterically hindered carbon atom of the alkene, rather
than at the more hindered carbon, because there is less steric crowding in
the resultant transition state:

No steric Steric
crowding : g : g crowding
n : g o |
here e Brore H-ee B J here ,
H” s - "H

Both steric and electronic arguments predict the observed regiochemistry,
but evidence suggests that steric factors probably have greater influence
than electronic factors.
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PROBLEM. .. .\ttt et e ttes e etonanaeenoanneansensssnnsonneennsns
7.9 What product will result from hydroboration/oxidation of 1-methylcyclopentene with
deuterated borane, BD3? Show both the stereochemistry (spatial arrangement) and
the regiochemistry (orientation) of the product.
PROBLEM. « ettt e e tee e e e esneenaeeeaenneaneenneenaanenecnnnns

7.10 What alkenes might be used to prepare the following alcohols by hydroboration/

oxidation?

(a) (CH;3),CHCH,CH,OH (b) (CH3)2CH(IJHCH3

7.6 Addition of Carbenes to Alkenes:
Cyclopropane Synthesis

Yet another kind of alkene addition is the reaction of a carbene with an
alkene to yield a cyclopropane. A carbene, R,C:, is a neutral molecule
containing a divalent carbon that has only six electrons in its valence shell.
It is therefore highly reactive and can be generated only as a reaction inter-
mediate, rather than as an isolable molecule. Because they have only six
valence electrons, carbenes are electron-deficient and behave as electro-
philes. Thus, they react with nucleophilic carbon—carbon double bonds just
as other electrophiles do. The reaction occurs in a single step without
intermediates.

Y
\ C
/C — C\ + /Ct —— ,C/—EI ]

R 7N\
An alkene A carbene A cyclopropane

One of the simplest methods for generating a substituted carbene is
by treatment of chloroform, CHCl;, with a strong base such as potassium
hydroxide. Loss of a proton from CHCI; generates the trichloromethanide
anion, ~:CCl;, which expels a chloride ion to give dichlorocarbene, :CCl,
(Figure 7.9).
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(,“l,.l
Cl—CQ-H
a
Strong base abstracts the chloroform
proton, leaving behind the electron l K :OH-
pair from the C-H bond and form- §

ing the trichloromethanide anion. CC]
|

C]—-(IZ:‘ + H,0

Cl
Trichloromethanide
anion
Loss of a chloride ion and associated
electrons from the C-Cl bond yields l
the neutral dichlorocarbene. o
1
\
C: + Cl
/
Cl

© 1984 JOHN MCMURRY

Figure 7.9 Mechanism of the formation of dichlorocarbene by
reaction of chloroform with strong base.

The dichlorocarbene carbon atom is sp®-hybridized, with a vacant p
orbital extending above and below the plane of the three atoms and with
an unshared pair of electrons occupying the third sp? lobe. Note that this
electronic description of dichlorocarbene is similar to that for a carbocation
(Section 6.10) with respect both to the sp? hybridization of carbon and to
the vacant p orbital.

4—— Vacant p orbital @
Cl-. R A

CI,CQL p—~C—R
sp? orbital @

Dichlorocarbene A carbocation
(sp%-hybridized)

If dichlorocarbene is generated in the presence of an alkene, addition
to the double bond occurs, and a dichlorocyclopropane is formed. As the
reaction of dichlorocarbene with cis-2-pentene demonstrates, the addition
is stereospecific, meaning that only a single stereoisomer is formed as
product. Starting from the cis alkene, only cis-disubstituted cyclopropane is
produced.
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Cl Cl
H_ _H = ¢
~G=6i + CHCl; — H _/\ _H +ka
= ~CcH c—cZ
CH,;CH, 3 -~ \CH
CH,;CH, 4
cis-2-Pentene 65%
,H
KOL ¢ 'Cl
+ CHCl, L + KCl
¢ Cl
H
Cyclohexene 60%

The best method for preparing nonhalogenated cyclopropanes is the
Simmons-Smith reaction. This reaction, first investigated at the Du Pont
company, does not involve a free carbene. Rather, it utilizes a carbenoid—
a metal-complexed reagent with carbene-like reactivity. When diiodometh-
ane is treated with a specially prepared zinc—copper alloy, (iodomethyl)zinc
iodide, ICH,Znl, is formed. If an alkene is present, (iodomethyl)zinc iodide
transfers a CH, group to the double bond and yields the cyclopropane. For
example, cyclohexene reacts cleanly and in good yield to give the correspond-
ing cyclopropane. Although we won’t discuss the mechanistic details, carbene
addition to an alkene is an example of a general class of reactions called
cycloadditions, which we’ll study more carefully in Chapter 31.

CHJl, + Zn(Cu) —2L, | CH,—Zn—I = “:CHy

Diiodomethane (Iodomethyl)zinc iodide
(a carbenoid)

4
H

Cyclohexene
Bicyclo[4.1.0]heptane (92%)

L R BB O oo oo o o TERGEARE GE OO C S B IR e A S

7.11 What products would you expect from these reactions?

(@) <:>=(:H2 + CHCl; —KOoH

(b) (CH3),CHCH,CH=CHCH, + CH,I,

Zn(Cu)
e



238

PROBLEM

CHAPTER 7 Alkenes: Reactions and Synthesis

7.12 Simmons—Smith reaction of cyclohexene with diiodomethane gives a single cyclopro-

pane product, but reaction with 1,1-diiodoethane gives (in low yield) a mixture of
two isomeric methylcyclopropane products. What are the two products, and how do
they differ?

7.7 Reduction of Alkenes:

Hydrogenation

Alkenes react with hydrogen in the presence of a catalyst to yield the corre-
sponding saturated alkane addition products. We describe the result by
saying that the double bond has been hydrogenated, or reduced.? Although
we looked briefly at catalytic hydrogenation as a method of determining
alkene stabilities in Section 6.7, the reaction also has enormous practical
value.

N/
Se=c{ +H—m -2, ¢
P ~ // NS
An alkene Aaallbae

Platinum and palladium are the two catalysts most commonly used for
alkene hydrogenations. Palladium is normally employed in a very finely
divided state “supported” on an inert material such as charcoal to maximize
surface area (Pd/C). Platinum is normally used as PtO,, a reagent known
as Adams’ catalyst after its discoverer, Roger Adams.*

Catalytic hydrogenation, unlike most other organic reactions, is a
heterogeneous process rather than a homogeneous one. That is, the hydroge-
nation reaction does not occur in solution but instead takes place on the
surface of solid catalyst particles. Studies have shown that hydrogenation
usually occurs with syn stereochemistry; both hydrogens add to the double
bond from the same face.

CH,
CH, ;
H, PtO, H
—eee—>
CH;3CO;H H
CH :
3 CH,
1,2-Dimethylcyclohexene cis-1,2-Dimethylcyclohexane
(82%)

%The words oxidation and reduction are used somewhat differently in organic chemistry than
in inorganic chemistry. We'll explore the topic in more detail in Section 10.10 but will note for
the present that an organic oxidation often forms carbon—oxygen bonds, while a reduction
often forms carbon—hydrogen bonds.

‘Roger Adams (1889-1971); b. Boston; Ph.D. Harvard (Torrey, Richards) (1912); professor,
University of Illinois (1916-1971).
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The first step in the reaction is adsorption of hydrogen onto the catalyst
surface. Complexation between catalyst and alkene then occurs as a vacant
metal orbital interacts with the filled alkene = orbital. In the final steps,
hydrogen is inserted into the double bond, and the saturated product diffuses
away from the catalyst (Figure 7.10). The stereochemistry of hydrogenation
is syn because both hydrogens add to the double bond from the same catalyst
surface.

N,/ \ /
" H H /C*'C\ H H C=C
- J—" | | — / 3 \
Catalyst Hydrogen adsorbed Complex of alkene
on catalyst surface to catalyst
VA
/ C\ /
\ ’ H H C
~ Oz~
=t = Y
/N 777777777
H H
Regenerated Insertion of hydrogen
Alkane product catalyst into carbon—carbon double bond

Figure 7.10 Mechanism of alkene hydrogenation. The reaction takes place with syn
stereochemistry on the surface of catalyst particles.

An interesting stereochemical feature of catalytic hydrogenation is that
the reaction is highly sensitive to the steric environment around the double
bond. As a result, the catalyst often approaches only one face, giving rise to
a single product. In a-pinene, for example, one of the methyl groups attached
to the four-membered ring hangs over the top face of the double bond and
blocks approach of the hydrogenation catalyst from that side. Reduction
therefore occurs exclusively from the bottom face to yield the product shown.

Top side of double

H,C

7
CH;

CH,

a-Pinene (NOT formed)
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Alkenes are much more reactive than most other functional groups
toward catalytic hydrogenation, and the reaction is therefore quite selective.
Other functional groups such as ketones, esters, and nitriles survive normal
alkene hydrogenation conditions unchanged, although reaction with these
groups does occur under more vigorous conditions. Note that, in the hydroge-
nation of methyl 3-phenylpropenoate shown below, the aromatic ring is not
reduced by hydrogen on palladium even though it contains three double

bonds.
Pn( n("l nisl ©

2-Cyclohexenone Cyclohexanone

Ketone not reduced

CO,CH,

=N
I'd( in etftanol

Methyl 3-phenylpropenoate Methy! 3-phenylpropanoate

CO,CH,

Benzene ring, ester not reduced

HO
P(i C n ethanol

Cyclohexylideneacetonitrile Cyclohexylacetonitrile

CN

Nitrile not reduced

In addition to its usefulness in the laboratory, catalytic hydrogenation
is of great commercial value in the food industry. Unsaturated vegetable
oils, which usually contain numerous double bonds, are catalytically hydro-
genated on a vast scale to produce the saturated fats used in margarine and
solid cooking fats.

/V\/:vwok

Linoleic acid (a constituent of vegetable oil)

]2 H,, Pdi(
0]

/\/\/\/\/\/\/\A)J\Ok

Stearic acid
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7.13 What product would you obtain from catalytic hydrogenation of the following
alkenes?
(a) (CH;3),C=CHCH;CHj4 (b) 3,3-Dimethylcyclopentene

7.8 Oxidation of Alkenes: Hydroxylation
and Cleavage

Alkene Hydroxylation

Hydroxylation of an alkene—the addition of an —~OH group to each of the
two alkene carbons—can be carried out by reaction of the alkene with
osmium tetroxide (OsO,). The reaction occurs with syn stereochemistry and
yields a 1,2-dialcohol, or diol product (also called a glycol).

HO OH
oo kOO _C/
7 N 2.NaHSO, 7 o
An alkene A 1,2-diol

Alkene hydroxylation does not involve a carbocation intermediate but
instead occurs through an intermediate cyclic osmate species, which is
formed in a single step by addition of OsQy to the alkene. This cyclic osmate
is cleaved in a separate step using aqueous sodium bisulfite, NaHSOs;.

H,C H,C
EHy 0. 0 | OH
050, N\ . 7 NaHSO0,
o — Os —
Pyridine 7 \ H,O
CH i 0 0 i "OH
€ H,C H,C
1,2-Dimethylcyclopentene A cyclic osmate cis-1,2-Dimethyl-1,2-
intermediate cyclopentanediol (87%)

Alkene Cleavage

In all the alkene addition reactions we’ve seen thus far, the carbon—carbon
double bond has been converted into a2 single bond and the carbon skeleton
of the starting material has been left intact. There are, however, powerful
oxidizing reagents that cleave C=C bonds and produce two fragments.

Ozone (O3) is the most useful double-bond cleavage reagent. Prepared
by passing a stream of oxygen through a high-voltage electrical discharge,
ozone adds rapidly to alkenes at low temperature to give cyclic intermediates
called molozonides. Once formed, molozonides then rapidly rearrange to
form ozonides. Though we won’t study the mechanism of this rearrange-
ment in detail, it involves the molozonide coming apart into two fragments,
which then recombine in a new way.
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Electric

3 02 discharge 2 03

\
O 0—0 C=0

\ / 0 o o N/ \/ e /

C=C ——= " \ / C O +
/ \ CH,Cl,, ~78°C C—C.. / \ “\ CH3COOH/H,0
= 0=C(
An ozonide \

A molozonide

Low-molecular-weight ozonides are explosive and are therefore never
isolated. Instead, ozonides are further treated with a reducing agent such
as zinc metal in acetic acid to convert them to carbonyl compounds. The net
result of the ozonolysis/zinc reduction sequence is that the C=C bond is
cleaved, and oxygen becomes doubly bonded to each of the original alkene
carbons. If an alkene with a tetrasubstituted double bond is ozonized, two
ketone fragments result; if an alkene with a trisubstituted double bond is
ozonized, one ketone and one aldehyde result, and so on.

CH; (0]
/Lo, I
—C\ TG Zn H.O° O + CH3CCH;3
CH;
Isopropylidenecyclohexane Cyclohexanone Acetone
(tetrasubstituted) e ~ -
84%; two ketones
i
CH3(CH,);CH
(”) Nonanal
1.0,
CH3(CH2)7CH — CH(CH2)7COCH3 F_,,') ar
. Zn, H;0
Methyl 9-octadecenoate
(disubstituted)
HC(CH,);COCH;
/ Methyl 9-oxononanoate
78%; two aldehydes
CH, CH,
H3C 1 HaC

-~ -0 =

=CH, 2. Zn. Hy0* 0 + 0=CH,
B-Pinene Nopinone Formaldehyde

(disubstituted) ¥
75%; one ketone, one aldehyde
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Several oxidizing reagents other than ozone also cause double-bond
cleavage. For example, potassium permanganate in neutral or acidic solu-
tion cleaves alkenes, giving carbonyl-containing products in low to moderate
yield. If hydrogens are present on the double bond, carboxylic acids are
produced; if two hydrogens are present on one carbon, CO; is formed.

i I - b el
CH,;CHCH,CH,CH,CHCH =CH, %» CH,;CHCH,CH,CH,CHCOH + CO,
3
3,7-Dimethyl-1-octene 2,6-Dimethylheptanoic acid (45%)

1,2-Diol Cleavage

1,2-Diols are oxidatively cleaved by reaction with periodic acid (HIO,4) to
yield carbonyl compounds, a reaction similar to the potassium permanga-
nate cleavage of alkenes just discussed. The sequence of (1) alkene hydroxyl-
ation with OsOy followed by (2) diol cleavage with HIO, is often an excellent
alternative to direct alkene cleavage with ozone or potassium permanganate.

HO OH
\ / HIO,

\C (0] (0] C/
.C—C. e = -+ =

//C C\\ H,0, THF / \

A 1,2-diol Two carbonyl compounds

If the two hydroxyls are on an open chain, two carbonyl compounds
result. If the two hydroxyls are on a ring, a single dicarbonyl compound is
formed. As indicated in the following examples, the cleavage reaction is
believed to take place through a cyclic periodate intermediate.

H,C H;C 0
_oH 0. ,OH CH;,
HIO, I/ 0
HgO,T}[F / ™
i ~OH e O H
H H (0)
A 1,2-diol Cyclic periodate 6-Oxoheptanal (86%)
intermediate
Q_Q H,0, THF Q_Q = O:O
HO OH o_ O
I-
O OH
o)
A 1,2-diol Cyclic periodate Cyclopentanone (81%)

intermediate
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PROBLEM. ..

7.14

PROBLEM. ..

7.15

PROBLEM. . .

What alkene would you start with to prepare each of the following compounds?

HO OH HO OH
' LOH

(a) C[ (b) CHacHZCH(fCHs (¢c) HOCH,CHCHCH,0H
NOH CH,

CH;

What products would you expect from reaction of 1-methylcyclohexene with these

reagents?
(a) Aqueous acidic KMnO, (b) O3, followed by Zn, CH;COOH

Propose structures for alkenes that yield the following products on reaction with
ozone followed by treatment with Zn.
(a) (CH3),C=0 + Hy,C=0 (b) 2 equiv CH;CH,CH=0

7.9 Biological Alkene Addition Reactions

The chemistry of living organisms is a fascinating field of study—the sim-
plest one-celled organism is capable of more complex organic syntheses than
any human chemist. Yet as we learn more, it becomes clear that the same
principles that apply to laboratory chemistry also apply to biological
chemistry.

Biological organic chemistry takes place in the aqueous medium inside
cells, rather than in organic solvents, and involves complex catalysts called
enzymes. Nevertheless, the kinds of biological reactions are remarkably simi-
lar to the kinds of laboratory reactions. Thus, there are many cases of
biological addition reactions to alkenes. For example, the enzyme fumarase
catalyzes the addition of water to fumaric acid much as sulfuric acid might
catalyze the addition of water to ethylene.

(0)
\
H C—OH H H O
\ / - \ / ll
C»—C\ Lo HO\C/C\C/C\O
HO—C H [ /\
\ O H oH
0
Fumaric acid Malic acid

Enzyme-catalyzed reactions are usually much more chemically selective
than their laboratory counterparts. Fumarase, for example, is completely
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inert toward maleic acid, the cis isomer of fumaric acid. Nevertheless, the
fundamental processes of organic chemistry are the same in the living cell
and in the laboratory.

7.10 A Radical Addition to Alkenes:
HBr/Peroxides

When HBr adds to an alkene under typical conditions, we now know that
an intermediate carbocation is involved and that Markovnikov orientation
will be observed. This was not the case prior to 1933, however. In the 1920s,
the addition of HBr to 3-bromopropene had been studied several times by
different workers, and conflicting results were reported. The usual rule of
Markovnikov addition did not appear to hold; both possible addition products
were usually obtained, but in widely different ratios by different workers.

H H Br
| \ / \ /
H\Cyc\C/Br Liquid Br\C/C\C/Br n H_ _C Br
| /\ i g /N /\ /N /\
H H H H HH H H HH H
3-Bromopropene 1,3-Dibromopropane 1,2-Dibromopropane

Product mixture

Further work ultimately resolved the problem when it was found that
HBr (but not HCI or HI) can add to alkenes by two entirely different mecha-
nisms. It turns out that 3-bromopropene, the substrate many investigators
had been using, is highly air-sensitive and absorbs oxygen to form perox-
ides—compounds with oxygen-—-oxygen bonds, R—-O-O-R. Since the O-O
bond is weak (about 155 kJ/mol; 37 kcal/mol), it is easily broken to give
radicals that can catalyze a radical addition of HBr to the alkene, rather
than a polar electrophilic addition. In subsequent work, it was found that
non-Markovnikov radical addition of HBr occurs with many different
alkenes. For example,

H,C=CH(CH,);COOH —HB. _,  ByCH,CH,(CH,);COOH
Peroxides
10-Undecenoic acid 11-Bromoundecanoic acid

Peroxide-catalyzed addition of HBr to alkenes proceeds by a radical
chain mechanism involving addition of bromine radical, Br-, to the alkene.
As with the radical chain process we saw earlier for the light-induced chlori-
nation of methane (Section 5.3), both initiation steps and propagation steps
are required. In writing the mechanism of this radical reaction, recall that
a curved half-arrow, or “fishhook” ", is used to show the movement of a
single electron, as opposed to the full curved arrow used to show the move-
ment of an electron pair in a polar reaction.
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Initiation steps The reaction is initiated in two steps. In the first step,
light-induced homolytic cleavage of the weak RO-OR peroxide bond
generates two alkoxy radicals, RO-. An alkoxy radical then abstracts a
hydrogen atom from HBr in the second initiation step to give a bromine

radical, Br-.
1. RLo—+0+-r &, 55— 0.
2. R {—H\—/\ — R—()—H+ Br

Propagation steps Once a bromine radical is formed in the initiation
steps, a repeating cycle of two propagation steps begins. In the first
propagation step, Br- adds to the alkene double bond, giving an alkyl
radical. One electron from Br- and one electron from the double bond
are used to form the new C-Br bond, leaving an unpaired electron on
the remaining double-bond carbon. In the second propagation step, this
alkyl radical reacts with HBr to yield addition product plus a new Br-
to cycle back into the first propagation step and carry on the chain
reaction.

TN

3. :Br-+ H,C=CHCH,CH; — BrCH,CHCH,CH,

N N -
4. BI‘CH2CHCH20H3 + H_BI' == BI‘CHchchchg + :B"I"

According to this radical chain mechanism, the regiochemistry of addi-
tion is determined in the first propagation step when Br- adds to the alkene.
For an unsymmetrical alkene, such as 1-butene, this addition could take
place at either of two carbons, to yield either a primary radical intermediate
or a secondary radical. We find, however, that only the more highly substi-
tuted, secondary radical is formed. Why should this be?

CH;CH,
-/c —CH,—Br: | — c1+1301{201+12(|:1+12
H Br
CH;CH, H
\C —C 2° radical (only product)
/ \
H H

CH,CH, H
(|3H—C\- — CHSCHg(lJHCHg

‘Bre H Br

1" radical (NOT formed)
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Stability of Radicals

In explaining the Markovnikov regiochemistry of polar electrophilic addition
reactions in Section 6.11, we invoked the Hammond postulate to account
for the fact that more stable carbocation intermediates form faster than less
stable ones. In explaining the regiochemistry of the radical addition of HBr
to alkenes, we need to invoke a similar argument. First, we need to compare
the relative stabilities of substituted radicals by looking at the bond dissocia-
tion energies for different kinds of C—H bonds (Figure 7.11).

Methane
~ 450 - CH; 107.6
E : 2 Primary
’-;: RCHy Secondary
E i |  R.CHy Tertiary
£’ 400 RCH {956 _
] :
£ 3
- <
< ] <
g 350 83.7
- J
Z
)
<
o
= 300 4 71.7

Figure 7.11 A plot of C—H bond dissociation energy versus
substitution pattern. The order of bond strength is methane >
T el i

As we saw in Section 5.7, bond dissociation energy (D) is the amount
of energy required to cleave a bond homolytically, yielding two radical frag-
ments. When D is larger, the bond is stronger and there is a larger difference
in stability between reactant and products. When D is smaller, the bond is
weaker, and there is a smaller difference in stability between reactant and
products. If the energy required to break a primary C—H bond of propane
(418 kJ/mol; 100 kcal/mol) is compared with that required to break a second-
ary C—H bond of propane (401 kd/mol; 96 kcal/mol), there is a difference of
17 kJ/mol. Since we are starting with the same reactant in both cases
(propane), and since one product is the same in both cases (H-), the 17 kJ/
mol energy difference is a direct measure of the difference in stability
between the primary propyl radical (CH3CH>CHs+) and the secondary propyl
radical [(CH3);CH"]. In other words, the secondary propyl radical is more
stable than the primary propyl radical by 17 kd/mol (4.1 kecal/mol).

A similar comparison between a primary C—H bond of 2-methylpropane
(418 kJ/mol; 100 kcal/mol) and the tertiary C—H bond in the same molecule
(390 kJ/mol; 93 kcal/mol) leads to the conclusion that the tertiary radical
is more stable than the primary radical by 28 kJ/mol (6.7 kcal/mol). We
thus find the following stability order of radicals:
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R H H H
l |
R—C- R—C- R—C-  H—C-
| |
R R H H

Tertiary (3°) > Secondary (2') > Primary (1%} > Methyl

The stability order of radicals is identical to the stability order of carbo-
cations, and for much the same reasons. Carbon radicals, even though they
are uncharged, are electron-deficient just as carbocations are. Thus, the
same substituent effects stabilize both through hyperconjugation (Section
6.10).

An Explanation of the Regiochemistry of Radical-
Catalyzed Addition of HBr to Alkenes

PROBLEM. . .

PROBLEM. ..

Now that we know the stability order of radicals, we can complete an expla-
nation for the observed regiochemistry of radical-catalyzed HBr additions
to alkenes. Although the addition of Br- to an alkene is a slightly exothermic
step, there is nevertheless a certain amount of developing radical character
in the transition state. Thus, according to the Hammond postulate (Section
6.11), the same factors that make a secondary radical more stable than a
primary one also make the transition state leading to it more stable. In
other words, the more stable radical forms faster than the less stable one.

We conclude that, although peroxide-catalyzed radical addition of HBr
to an alkene gives an apparently non-Markovnikov product, the reaction
proceeds through the more stable intermediate just as a polar reaction does.
A reaction energy diagram for the overall process is shown in Figure 7.12.

How would you synthesize the following compounds? Identify the alkene starting
material, and indicate what reagents you would use in each case.

(a) CH3CH2?(CH3)2 (b) CH3CH2CH20H2BT (c) CchHz(‘:H?HCHgCHs
Br HSC Br

Draw a reaction energy diagram for the propagation steps in the radical addition of
HBr to 2-methyl-2-butene. Construct your diagram so that reactions leading to the
two possible addition products are both shown. Which of the two curves has the
lower activation energy for the first step? Which of the two curves has the lower
AG?® for the first step?
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RCHBrCH, -
RCH=CH, + -Br

RCHCH,Br

RCHBrCH,
RCH,CH,Br

Reaction progress ————

Figure 7.12 Reaction energy diagram for the addition of
bromine radical to an alkene. The more stable secondary radical
forms faster than the less stable primary one.

7.11 Radical Polymerization of Alkenes:
Polyethylene

No other group of synthetic chemicals has had as great an impact on our
day-to-day lives as the synthetic polymers. From carpets to clothes to foam
coffee cups, it sometimes seems that we are surrounded by polymers.

A polymer is simply a large—sometimes very large—molecule built up
by repetitive bonding together of many smaller molecules, called mono-
mers. Polyethylene, for example, consists of enormous, long-chain alkane
molecules prepared by bonding together of several thousand ethylene units.
Nearly 12 million tons per year of polyethylene are manufactured in the
United States alone.

N/ Y / " / b / "
M H CHS S SN N
Nl N el s et sl 3 g el |
/ / \ 7 / \
H HHHHHHH
Ethylene A section of polyethylene

Ethylene polymerization is usually carried out at high pressure (1000—
3000 atm) and high temperature (100—250°C) in the presence of a radical
catalyst such as benzoyl peroxide. The key step is the addition of a radical
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to the ethylene double bond in a reaction similar to what takes place in
the radical-catalyzed addition of HBr to alkenes. As with all radical chain
reactions, three kinds of steps are required for polymerization: initiation
steps, propagation steps, and termination steps.

1. Initiation occurs when the catalyst decomposes to generate a small
number of radicals:

i i ||

C C C
@ SATAZ ) @( :

Benzoyl peroxide Benzoyloxy radical

2. A benzoyloxy radical produced in step 1 then adds to ethylene to
generate a new alkyl radical:

/\
In-+HZC=/é\1{2 —— In—CH,CH;-

3. Propagation of the polymerization process occurs when the alkyl
radical produced in step 2 adds to another ethylene molecule. Repe-
tition of this radical addition step for hundreds or thousands of
times builds the polymer chain.

TN
In—CH2CH2- + H2C=CH2 — In—CHchchchz'

Repeat
E— — In—(CHchz )nCHch2°

many times

4. Termination of the chain eventually occurs by a reaction that con-
sumes the radical. Combination is one possible chain-terminating
reaction:

2R- — R—R

Many substituted ethylenes also undergo radical chain polymerization,
yielding polymers with substituent groups regularly spaced along the poly-
mer chain. Propylene, for example, yields polypropylene when polymerized,
and styrene yields polystyrene.

H; CHa C|3H3 ClHa
H,C=CHCH; — CHZCHCHZCHCHZCHCHZCH

Propylene Polypropylene
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CHZCHCHgCHCHZCHCH2CH

Polystyrene

Table 7.1 shows some of the more important monomers and lists the
industrial uses of the polymers that result.

Table 7.1

Some Alkene Polymers and Their Uses

Trade or common

Vinyl acetate

Methyl methacrylate

I
Hzc —= CCOZCH;;

H,C=CHOCOCH;

Plexiglas, Lucite

Poly(vinyl acetate)

Monomer name Formula name of polymer Uses

Ethylene H,C=CH, Polyethylene Packaging, bottles,
cable insulation,
films and sheets

Propene (propylene) H,;C=CHCH; Polypropylene Automotive
moldings, rope,
carpet fibers

Chloroethylene H,C=CHCI Poly(vinyl chloride), Insulation, films,

(vinyl chloride) Tedlar pipes

Styrene H,C=CHCg¢H; Polystyrene, Styron Foam and molded
articles

Tetrafluoroethylene Fy,C=CF, Teflon Valves and
gaskets, coatings

Acrylonitrile H,C=CHCN Orlon, Acrilan Fibers

CH;

Molded articles,
paints

Paints, adhesives

PROBLEM. . ......cc.ioveeteceeosnsncetcsssnssasaseronsonsns 05000050

7.19 Show the monomer units you would use to prepare the following polymers.

(a) +—CHy—

Cl

OCH; OCHj;

cl ClI C ¢Cl

| | s
CH—CH,—CH—CH,—CH
Cl
T T 1T
(b) +—CH—CH—CH—CH—CH—CH
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INTERLUDE

Natural Rubber

Toys, balloons, and a great many other
items are made of rubber.

Rubber—an unusual name for a most unusual substance—is a naturally
occurring alkene polymer produced by more than 400 different plants.
The major source, however, is the so-called rubber tree, Hevea brasiliensis,
from which the crude material is harvested as it drips from a slice made
through the bark. The name rubber was coined by Joseph Priestley, the
discoverer of oxygen and early researcher of rubber chemistry, for the
simple reason that one of rubber’s early uses was to rub out pencil marks
on paper.

Unlike polyethylene and other simple alkene polymers, natural rub-
ber is a polymer of a diene, isoprene (2-methyl-1,3-butadiene). The poly-
merization takes place by addition of each isoprene monomer unit to the
growing chain, leading to formation of a polymer that still contains double
bonds spaced regularly at four-carbon intervals. As the following structure
shows, these double bonds have Z stereochemistry:

Z geometry \

Many isoprene units A segment of natural rubber

Crude rubber (latex) is collected from the tree as an aqueous disper-
sion that is washed, dried, and coagulated by warming in air to give a
polymer with chains that average about 5000 monomer units in length
and have molecular weights of 200,000-500,000. This crude coagulate is
too soft and tacky to be useful until it is hardened by heating with elemen-
tal sulfur, a process called vulcanization. By mechanisms that are still
, not fully understood, vulcanization introduces cross-links between the
rubber chains by forming carbon-sulfur bonds between them, thereby
hardening and stiffening the polymer. The exact degree of hardening can

fcontinued)»
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be varied, yielding material soft enough for automobile tires or hard
enough for bowling balls (ebonite).

The remarkable ability of rubber to stretch and then contract to its
original shape is due to the irregular shapes of the polymer chains caused
by the double bonds. These double bonds introduce bends and kinks into
the polymer chains, thereby preventing neighboring chains from nestling
together. When stretched, the randomly coiled chains straighten out and
orient along the direction of the pull but are kept from sliding over each
other by the cross-links. When the stretch is released, the polymer reverts
to its original random state.

Summary and Key Words

Methods for the preparation of alkenes generally involve elimination reac-
tions, such as dehydrohalogenation, the elimination of HX from an alkyl
halide, and dehydration, the elimination of water from an alcohol.

HCI, HBr, and HI add to alkenes by a two-step electrophilic addition
mechanism. Initial reaction of the nucleophilic double bond with H* gives
a carbocation intermediate, which then reacts with halide ion. Bromine and
chlorine add to alkenes via three-membered-ring halonium ion intermedi-
ates to give addition products having anti stereochemistry. If water is
present during halogen addition reactions, a halohydrin is formed.

Hydration of alkenes (addition of water) is carried out by either of two
procedures, depending on the product desired. Oxymercuration involves
electrophilic addition of Hg?* to an alkene, followed by trapping of the
cation intermediate with water and subsequent treatment with NaBH,.
Hydroboration involves addition of borane (BHj) followed by oxidation
of the intermediate organoborane with alkaline HyO5. The two hydration
methods are complementary: Oxymercuration gives the product of Markov-
nikov addition, whereas hydroboration/oxidation gives the product of non-
Markovnikov syn addition.

Carbenes, R,C:, are neutral molecules containing a divalent carbon
with only six valence electrons. Carbenes are highly reactive toward alkenes,
adding to give cyclopropanes. Dichlorocarbene, usually prepared from CHCI;
by reaction with base, adds to alkenes to give 1,1-dichlorocyclopropanes.
Nonhalogenated cyclopropanes are best prepared by treatment of the alkene
with CH;I, and zinc—copper alloy—the Simmons-Smith reaction.

Alkenes are reduced by addition of H, in the presence of a catalyst
such as platinum or palladium to yield alkanes, a process called catalytic
hydrogenation. Cis-1,2-diols can be made directly from alkenes by
hydroxylation with OsO,. Alkenes can also be cleaved to produce carbonyl
compounds by reaction with ozone, followed by reduction with zinc metal.
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HBr (but not HCI or HI) can also add to alkenes by a radical chain
pathway to give the non-Markovnikov product. Radicals have the stability

order:
Tertiary > Secondary > Prnmary > Methyl

RC- > R,CH > RCH, > -CHs

Polymers—Ilarge molecules resulting from repetitive bonding together
of many hundreds or thousands of small monomer units—are formed by
reaction of simple alkenes with a radical initiator at high temperature
and pressure. Polyethylene, polypropylene, and polystyrene are common
examples.

Learning Reactions
o T T e T T O T e e e e em—

What’s seven times nine? Sixty-three, of course. You didn’t have to stop and
figure it out; you knew the answer immediately because you long ago learned
the multiplication tables. Learning the reactions of organic chemistry
requires the same approach: Reactions have to be learned for immediate
recall if they are to be useful.

Different people take different approaches to learning reactions. Some
people make flashcards; others find studying with friends to be helpful. To
help guide your study, most chapters in this book end with a summary of
the reactions just presented. In addition, the accompanying Study Guide
and Solutions Manual has several appendixes that organize organic reac-
tions from other viewpoints. Fundamentally, though, there are no shortcuts.
Learning organic chemistry takes effort.

Summary of Reactions

Note: No stereochemistry is implied unless specifically indicated with
wedged, solid, and dashed lines.

1. Synthesis of alkenes
(a) Dehydrohalogenation of alkyl halides (Section 7.1)

H\
__ic_C'\—‘ _Base | B —

(b) Dehydration of alcohols (Section 7.1)

I—{ /(')H

J N/
_C—c Mmooy
/ /- I

(continued)»
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2. Addition reactions of alkenes
(a) Addition of HX, where X = Cl, Br, or I (Sections 6.8 and 6.9)

H
N/ N, 7/
C=C ——— _C—C—
/ \ Ether / \

Markovnikov regiochemistry is observed: H adds to the less
substituted carbon, and X adds to the more substituted
carbon.

(b) Addition of halogens, where X5 = Cl; or Bry (Section 7.2)

X ,
5% \ /

=== =
co, TN

X

=c=c<

Anti addition is observed.
(c) Halohydrin formation (Section 7.3)

X

3 P \ !
—C=C oo ,_)C—C\’ + HX
OH
Markovnikov regiochemistry and anti stereochemistry are
observed.
(d) Addition of water by oxymercuration (Section 7.4)

HO H
\ = / 1. Hg(OAc);, H;O/THF /\C_C/\

/ \ 2. NaBH.

Markovnikov regiochemistry is observed, with the OH attach-
ing to the more substituted carbon.
(e) Addition of water by hydroboration/oxidation (Section 7.5)

N\ /()H
e .- 1.LH_ THF _
—C=C< 2. H,0,, OH- "]C Ci“

Non-Markovnikov syn addition is observed.
(f) Radical addition of HBr to alkenes (Section 7.10)

\C:C/ HBr \C_C
/ \ Peroxides // \\

Non-Markovnikov addition is observed.
(continued)>»
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4. Oxidative cleavage of 1,2-diols (Section 7.8)

HO OH
\c—c/ o \c—o + o—c/
7 > H:0 / \

ADDITIONAL PROBLEMS ........ ...,

7.20 Iodine azide, IN3, adds to alkenes by an electrophilic mechanism similar to that of
bromine. If a monosubstituted alkene is used, only one product results:

1?3
CH;CH,CH=CH; + —N; —— CH3CH,;CHCH,I
In light of this result, what is the polarity of the I-N3; bond? Propose a mechanism
for the reaction.

7.21 Predict the products of the following reactions (the aromatic ring is unreactive in
all cases). Indicate regiochemistry when relevant.

(2) mtiala?
(b) Br, 2
CH=CH,
1. 0sO,
(d 2. NaHSO, ?
. (e) De/Pd ?

7.22 Suggest structures for alkenes that give the following reaction products. There may
be more than one answer for some cases.

(a) ? Hy/Pd 2-Methylhexane
(b) ? SRS , 1,1-Dimethylcyclohexane

(e) ? LR T 2,3-Dibromo-5-methylhexane

(d) 7 LHeQAcp, H0 . oy cH,CH,CH(OH)CH;
2. NaBH,

(e) 2 —HBrperoxides ., 9 B14mo-3-methylheptane

(fy 9 —HClether | 2-Chloro-3-methylheptane
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7.23 Predict the products of the following reactions, indicating both regiochemistry and
stereochemistry where appropriate.

(a) CH;
1. 03 _KMnO, |
————r ey
2. Zn, H;0* HaO’
H
(c) CH;
1. BH;3 1. Hg(OAc), HyO |
2. H202, ~OH 2. NBBH4

7.24 How would you carry out the following transformations? Indicate the proper

reagents.
(a) H (b) OH
- o=

a3+ (I :

i "OH

H
() H
a=

\\ Cl

H

CH; O H;C O

| [ | |l
(d) CH,CH=CHCHCH, —— CH,CH + CH,CHCH
(|3H3 (|:H3
(e) CH,C—=CH, —— CH,CHCH,OH

CHj,
CH

7.25 Draw the structure of an alkene that yields only (CHj3)>,C=0 on ozonolysis followed
by treatment with zinc.

7.26 Draw the structure of a hydrocarbon that reacts with 1 mol equiv of hydrogen on
catalytic hydrogenation and gives only pentanal, CH;CH,CH,CH,CHO, on ozono-
lysis. Write the reactions involved.

7.27 Show the structures of alkenes that give the following products on oxidative cleavage
with KMnOj, in acidic solution:

(a) CH;CH;COOH + CO, (b) (CH3),C=0 + CH3;CH;CH,COOH

(c) <:>=0 + (CH,),C=0

7.28 Compound A has the formula C,oH;¢. On catalytic hydrogenation over palladium, it
reacts with only 1 equiv of hydrogen. Compound A undergoes reaction with ozone,
followed by zinc treatment, to yield compound B, a symmetrical diketone (C1oH;602).
(a) How many rings does A have? (b) What are the structures of A and B?
(c) Write the reactions.
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An unknown hydrocarbon, A, with formula CgH,,, reacts with 1 equiv of hydrogen
over a palladium catalyst. Hydrocarbon A also reacts with OsOy4 to give a diol, B.
When oxidized with KMnO, in acidic solution, A gives two fragments. One fragment
can be identified as propanoic acid, CH;CH,COOH, and the other fragment can be
shown to be a ketone, C. What are the structures of A, B, and C? Write all reactions,
and show your reasoning.

Using an oxidative cleavage reaction, explain how you would distinguish between
the following two isomeric dienes:

SEle

Compound A, C;0H,50, undergoes reaction with dilute H,SO4 at 250°C to yield a
mixture of two alkenes, C;oH,¢. The major alkene product, B, gives only cyclopenta-
none after ozone treatment followed by reduction with zinc in acetic acid. Formulate
the reactions involved, and identify A and B.

Which reaction would you expect to be faster, addition of HBr to cyclohexene or to
1-methylcyclohexene? Explain.

Predict the products of the following reactions, and indicate regiochemistry if
relevant.

(a) CH,CH=CHCH, -HBr,

(b) CH,CH=CHCH, -2, A f‘g‘i{z B

(¢) (CH3),C—=CH, —HBr

Peroxide

(d) CHsCH=C(CHy); — 1 __,
Peroxide

Draw the structure of a hydrocarbon that absorbs 2 mol equiv of hydrogen on catalytic
hydrogenation and gives only butanedial on ozonolysis.

l ll
HCCH,CH,CH Butanedial

In planning the synthesis of one compound from another, it’s just as important to
know what not to do as to know what to do. The following proposed reactions all
have serious drawbacks to them. Explain the potential problems of each.

CH; H;C 1

HI
Peroxides

H
' .OH
1. 0504
<j‘ 2. NaHSOJ C[
1. 03
2. Zn

|
(a) CH;C=CHCHj CH;CHCHCH,
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7.36

7.37

7.38

7.39

7.40

741

H
g CH, { JCH,
1. BH;
(j/ 2. H,0,, "OH O:
~OH
H

Which of the following alcohols could not be made selectively by hydroboration/
oxidation of an alkene?

(])H (|)H
(a) CH3CHzCH2CHCH3 (b) (CH3)QCHC(CH3)2
H (d) OH
(C) @:CHS @:CH‘Q
i "OH 35
H H

What alkenes might be used to prepare the following cyclopropanes?

(a) |>*CH(CH3)2 (b) Cl

Cl

Predict the products of the following reactions. Don’t worry about the size of the
molecule; concentrate on the functional groups.

Br,

A
CH, HBr B
H,C 1. 0sO, C

2. NaHSO;
1. BH;, THF D

HO 2. H,0,, ~"OH

Cholesterol CH,l, E

Zu(Cu)

The sex attractant of the common housefly is a hydrocarbon with the formula
Co3Hyg. On treatment with aqueous acidic KMnOy, two products are obtained,
CH;3(CH,),,COOH and CH;3(CH,);COOH. Propose a structure.

Compound A has the formula CgHg. It reacts rapidly with KMnOy4 to give CO,
and B, a carboxylic acid (C;HgO,), but reacts with only 1 equiv of H, on catalytic
hydrogenation over a palladium catalyst. On hydrogenation under conditions that
reduce aromatic rings, 4 equiv of H, are taken up, and C, a hydrocarbon (CgH;g), 1s
produced. What are the structures of A, B, and C? Write the reactions.

Plexiglas™, a clear plastic used to make many molded articles, is made by polymeriza-
tion of methyl methacrylate. Draw a representative segment of Plexiglas.

H,C O

H,C=C—COCH; Methyl methacrylate




7.42

7.43

7.44

7.45

7.46

7.47

7.48

Additional Problems 261

Draw representative segments of polymers made from the following monomers.
(a) Teflon, from FoC=CF, (b) Poly(vinyl chloride), from H,C=CHCI

Reaction of 2-methylpropene with methyl alcohol in the presence of sulfuric acid
catalyst yields methyl tert-butyl ether, CH;0C(CHj)3, by a mechanism analogous to
that of acid-catalyzed alkene hydration. Write the mechanism in detail.

When 4-penten-1-ol is treated with aqueous bromine, a cyclic bromo ether is formed,
rather than the expected bromohydrin. Propose a mechanism.

(0]
H,C=CHCH,CH,CH,0H _Bry, H,O | g

4-Penten-1-ol 2-(Bromomethyl)tetrahydrofuran

CHzBr

How would you distinguish between the following pairs of compounds using simple
chemical tests? Tell what you would do and what you would see.
(a) Cyclopentene and cyclopentane (b) 2-Hexene and benzene

Ethylidenecyclohexane, on treatment with a strong acid, isomerizes to yield 1-ethyl-
cyclohexene. Propose a mechanism. Which alkene is more stable?

CHCH, CH,CH,
H,SO,
Ethylidenecyclohexane 1-Ethyleyclohexene

Dichlorocarbene can be generated by heating sodium trichloroacetate:

Cl O Cl

] T
Cl—(ll—C—O' Nat —— /C= + CO, + NaCl

Cl Cl

Propose a mechanism for the reaction, and use curved arrows to indicate the move-
ment of electrons. What relation does your mechanism bear to the base-induced
elimination of HCI from chloroform?

a-Terpinene, CygH ¢, is a pleasant-smelling hydrocarbon that has been isolated from
oil of marjoram. On hydrogenation over a palladium catalyst, a-terpinene reacts
with 2 mol equiv of hydrogen to yield a hydrocarbon, C,oHgy. On ozonolysis, followed
by reduction with zinc and acetic acid, a-terpinene yields two products, glyoxal and
6-methyl-2,5-heptanedione.

(0) 0]
N\ 7 Il Il
e=C CH;CCH,CH,CCHCH3
/ \ |
H H CH,3
Glyoxal 6-Methyl-2,5-heptanedione

(a) How many degrees of unsaturation does a-terpinene have?
(b) How many double bonds, and how many rings?
(c) Propose a structure for a-terpinene.
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7.49 Evidence that cleavage of 1,2-diols by HIO4 occurs through a five-membered cyclic
periodate intermediate is based on kinetic data—the measurement of reaction rates.
When diols A and B were prepared and the rates of their reaction with HIO, were
measured, it was found that diol A cleaved approximately 1 million times faster
than diol B. Make molecular models of A and B and of potential cyclic periodate
intermediates, and then explain the kinetic results.

‘ OH OH
’ w H H
H OH
A B
(cis diol) (trans diol)

7.50 Reaction of HBr with 3-bromocyclohexene yields trans-1,2-dibromocyclohexane as
the sole product, but reaction of 3-methylcyclohexene with HBr yields a mixture of
four products: cis- and frans-1-bromo-3-methylcyclohexane and cis- and ¢rans-1-
bromo-2-methylcyclohexane.

HBr
—_—

HBr

Br
' ~Br
H
CH; CH,4 CH;
g =
Br
Br

cis, trans cis, trans

Draw structures of the possible intermediates, and then explain why only a single
product is formed in the reaction of HBr with 3-bromocyclohexene.

7.51 The following reaction takes place in high yield:

COOCH, COOCH;

NS
Hg(OAc),

R P

AcO—Hg

Even though you've never seen this reaction before, use your general knowledge of
alkene chemistry to propose a mechanism.

7.52  Hydroboration of 2-methyl-2-pentene at 25°C followed by oxidation with alkaline
H30, yields 2-methyl-3-pentanol, but hydroboration at 160°C followed by oxidation
yields 4-methyl-1-pentanol. Explain.
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H;C OH
1. BH;, THF, 25°C
—_—>
CHj4 2. H,0,, OH- CH3;CHCHCH,CHjy
2-Methyl-3-pentanol

CH;

|
CH;C=CHCH,CH;
2-Methyl-2-pentene 1. BH,, THF, 160°C

I
RO CH;CHCH,CH;CH;0H

{
4-Methyl-1-pentanol

A Look Ahead

7.58 We'll see in the next chapter that alkynes undergo many of the same reactions that
alkenes do. What product would you expect from each of the following reactions?

(|3H3 (a) 1 equiv Bry 9
CH,CHCH,CH,C=CH | (b) —Z2euivHPdC

(c) 1 equiv HBr 9

7.54 Explain the observation that hydroxylation of cis-2-butene with OsQ, yields a differ-
ent product than hydroxylation of trans-2-butene. First draw the structure and show
the stereochemistry of each product, and then make molecular models. (We’ll explore
the stereochemistry of the products in more detail in Chapter 9.)

7.55 Reaction of cyclohexene with mercuric acetate in methyl alcohol rather than water,
followed by treatment with NaBH,, yields cyclohexyl methyl ether rather than cyclo-
hexanol. Suggest a mechanism. (We'll look at this reaction again in Chapter 18.)

1. Hg(OAc),, CH,OH OCH
2. NaBH, 2

Cyclohexene Cyclohexyl methyl ether




Diphenylacetylene—a typical
alkyne

Alkynes

264

Alkynes are hydrocarbons that contain a carbon—-carbon triple bond. Acety-
lene, H-C=C-H, the simplest alkyne, was once widely used in industry as
the starting material for the preparation of acetaldehyde, acetic acid, vinyl
chloride, and other high-volume chemicals, but more efficient routes using
ethylene as starting material are now more common. Acetylene is still used
in the preparation of acrylic polymers, however, and is prepared industrially
by high-temperature decomposition (pyrolysis) of methane. This method is
not of general utility in the laboratory.

2 CH, -Stam ., ygyo=CH + 3 H,
1200°C

Methane Acetylene

Alarge number of naturally occurring alkynes have been isolated from
the plant kingdom. For example, the following triyne from the safflower,
Carthamus tinctorius L., evidently forms part of the plant’s chemical
defenses against nematode infestation:

H H
\ /
C—C=C-1C=CC=CC H
V4 N\ /
H,C—C C=—¢C
\ / \\
H H C—H
/
A triyne from safflower H
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8.1 Electronic Structure of Alkynes

A carbon—carbon triple bond results from the interaction of two sp-hybrid-
ized carbon atoms (Section 1.11). Recall that the two sp hybrid orbitals of
carbon lie at an angle of 180° to each other along an axis perpendicular to the
axes of the two unhybridized 2p, and 2p, orbitals. When two sp-hybridized
carbons approach each other for bonding, the geometry is perfect for the
formation of one sp—sp o bond and two p—p 7 bonds—a net ¢riple bond
(Figure 8.1).

- — —— — — —— — S

The carbon-carbon triple bond

Figure 8.1 Formation of a carbon-carbon triple bond by
interaction of two sp-hybridized carbons.

The two remaining sp orbitals form bonds to other atoms at an angle
of 180° from the carbon—carbon bond. Thus, acetylene, CoHy, is a linear
molecule with H-C-C bond angles of 180° (Figure 8.2).

—1.20A—

Figure 8.2 The structure of acetylene, H-C=C-H. The H-C-C
bond angles are 180°.

The length of the carbon—carbon triple bond in acetylene is 1.20 A,
and its strength is approximately 835 kJ/mol (200 kcal/mol), making it the
shortest and strongest known carbon—carbon bond. In a purely bookkeeping
sense, we can assign strengths to each of the three triple-bond “parts.” Since
we know that the carbon-carbon single bond in ethane has a strength of
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376 kJ/mol (90 kecal/mol) and the carbon—carbon double bond of ethylene
has a strength of 611 kJ/mol (146 kcal/mol), we can “dissect” the overall
carbon—carbon triple bond:

—C=C— — —C=C— D = (835 — 611) kJ/mol = 224 kJ/mol (54 keal/mol)
N / \. ./
c=C — C—C D = (611 — 376) kJ/mol = 235 kJ/mol (56 keal/mol)
/ \ / \
\ / \. ./
—C—C— — —C C— D = 376 kJ/mol (90 keal/mol)
/ \ /

This crude calculation shows that approximately 224 kJ/mol (54 kcal/
mol) is needed to break an alkyne 7 bond. Since this value is similar to the
amount of energy needed to break an alkene 7w bond, we might predict that
alkynes and alkenes should have similar reactivity.

8.2 Naming Alkynes

Alkynes follow the general rules of hydrocarbon nomenclature discussed in
Sections 3.4 and 6.3. The suffix -yne is used to denote an alkyne, and the
position of the triple bond is indicated by giving the number of the first
alkyne carbon in the chain. Numbering the main chain begins at the end
nearer the triple bond so that the triple bond receives as low a number as
possible.

8 7 6 5 4 32 1

CH3CH2CHCH2CECCH2CH3 Begin numbering at
“ the end nearer the
CH; triple bond.

6-Methyl-3-octyne

Compounds with more than one triple bond are called diynes, triynes,
and so forth; compounds containing both double and triple bonds are called
enynes (not ynenes). Numbering of an enyne chain starts from the end nearer
the first multiple bond, whether double or triple. When there is a choice
in numbering, double bonds receive lower numbers than triple bonds. For

example:
(['H‘;
HC=CCH,CH,CH,CH=CH, HC=CCH,CHCH,CH,CH=CHCH,
7 65 4 3 2 1 1 23 4 5 6 17T 8 9
1-Hepten-6-yne 4-Methyl-7-nonen-1-yne

As with hydrocarbon substituents derived from alkanes and alkenes,
alkynyl groups are also possible:
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Butyl 1-Buteny! 1-Butynyl
(an alkyl group) (a vinylic group) (an alkyny! group

Give IUPAC names for the following compounds:

(a) ?Hs ?Ha (b) (|3H3
CH3;CHC=CCHCHj3; HCEC(IJCHs
CH;3
(¢) CH;CH=CHCH=CHC=CCHj3; (d) CH;

I
CH30H2(|)CECCH2CH20H3

CH;
(e) C|)H3 CH, ()
CH;3;CH,;CC=CCHCHj3 |
CH;

There are seven isomeric alkynes with the formula C¢H;o. Draw them, and name
them according to IUPAC rules.

8.3 Preparation of Alkynes: Elimination
Reactions of Dihalides

Alkynes can be prepared by elimination of HX from alkyl halides in much
the same manner as alkenes (Section 7.1). Treatment of a 1,2-dihalide (a
vicinal dihalide) with excess strong base such as KOH or NaNHj results
in a twofold elimination of HX and formation of an alkyne. As with the
elimination of HX to form an alkene, we’ll defer a discussion of the mecha-
nism until Chapter 11.

The necessary vicinal dihalides are themselves readily available by
addition of Brs or Cl; to alkenes. Thus, the overall halogenation/dehydro-
halogenation sequence provides an excellent method for going from an
alkene to an alkyne. For example, diphenylethylene is converted into diphen-
ylacetylene by reaction with Bry, and subsequent base treatment.
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H BI
1,2-Diphenylethylene 1,2-Dibromo-1,2-diphenylethane
(Stilbene) (a vicinal dibromide)

1 2 KOH, ethanol

@CEC@ +2 H,0 + 2 KBr

Diphenylacetylene (85%)

The twofold dehydrohalogenation takes place through a vinylic halide
intermediate, which suggests that vinylic halides themselves should give
alkynes when treated with strong base. This is indeed the case. For example,

Hsc\ /H
= 2SS CHyC=CCH,OH
Cl CH,OH 2-Butyn-1-ol (85%)

3-Chloro-2-buten-1-ol
(a vinylic chloride)

8.4 Reactions of Alkynes: Addition of

HX and X,

Based on the electronic similarity between alkenes and alkynes, you might
expect that the chemical reactivity of the two functional groups should also
be similar. The 7 part of the triple bond is relatively weak (224 kJ/mol),
and the electrons are readily accessible to attacking reagents. Alkynes do
indeed exhibit much chemistry similar to that of alkenes, but there are also
significant differences.

As a general rule, electrophilic reagents add to alkynes in the same
way that they add to alkenes. With HX, for example, alkynes give the
expected addition products. Although the reactions usually can be stopped
after addition of 1 equivalent of HX, an excess of acid leads to a dihalide
product. For example, reaction of 1-hexyne with 2 equivalents of HBr yields
2,2-dibromohexane. As the following examples indicate, the regiochemistry
of addition follows Markovnikov’s rule. Halogen adds to the more highly
substituted side of the alkyne bond, and hydrogen adds to the less highly
substituted side. Trans stereochemistry of H and X is normally (though not
always) found in the product.
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T
CH;CH,CH,CH,C=CH —(ﬁ%ﬂ&? CH,CH,CH,CH,C— CH
1-Hexyne 2-Bromo-1-hexene
lHBr
T
CH3CH2CH2CH2(|3—(ID—H
Br H
2,2-Dibromohexane
Cl\ /CHQCH:;
CH,CH,C=CCH,CH, -HC.NHCl, C=C
CH,;COOH /
3-Hexyne CH;CH, H
(Z)-3-Chloro-3-hexene
(95%)

Bromine and chlorine also add to alkynes to give addition products, and
trans stereochemistry again results:

CH3CH2 Br
Bry \ / Br,
CH&CHzcch W U= C\ W CH3CH2CBI‘2 CI']BI'Z
1-Butyne Br H 1,1,2,2-Tetrabromobutane

(E)-1,2-Dibromo-1-butene

The mechanism of electrophilic addition to an alkyne is similar to that
of addition to an alkene. When an electrophile such as HBr adds to an alkene
(Sections 6.8 and 6.9), the reaction takes place in two steps and involves an
alkyl carbocation intermediate. When HBr adds to an alkyne, an analogous
vinylic carbocation is formed as the intermediate. (Remember: Vinylic means
“on a double bond.”)

\ P . .\\
R /I-—I | R / H \ Br H
\ { / I:I'— }- \»' / Br:- \ /
C=C HO—(C~—5l - /C—C\
/ \ \ R/ \"H
H H H H H H
An alkene An alkyl carbocation An alkyl bromide
e /" H \  Br H
b oLl ./ Br: N
IRC=(C)5! R—C=C C=C
\ /
H R H
An alkyne A vinylic carbocation A vinylic bromide

The vinylic carbocation is sp-hybridized and is stabilized by hyperconju-
gation in the same way that an alkyl carbocation is (Figure 8.3).



270 CHAPTER 8 Alkynes

Vacant p orbital

=1 Hyperconjugation

C--.

A secondary vinylic carbocation (sp-hybridized)

Figure 8.3 The electronic structure of a vinylic carbocation. The cationic carbon
atom is sp-hybridized and is stabilized by hyperconjugation of its vacant p orbital
with a neighboring C—H bond.
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8.3 What products would you expect from the following reactions?

(a) CH3CH,CH,C=CH + 2Cl, — (b)
C=CH + 1HBr —

(c) CH3CHZCH2CH2CECCH3 + 1HBr —

8.5 Hydration of Alkynes

Like alkenes (Sections 7.4 and 7.5), alkynes can be hydrated by either of
two methods. Direct addition of water catalyzed by mercuric ion yields the
Markovnikov product, and indirect addition of water by a hydroboration/
oxidation sequence yields the non-Markovnikov product.

Mercuric lon-Catalyzed Hydration of Alkynes

Alkynes can’t be hydrated as easily as alkenes because of their lower reactiv-
ity toward electrophilic addition. In the presence of mercuric sulfate catalyst,
however, hydration occurs readily.

OH
H,0, H,SO I
CchHchchzcECH ——’I{’g—sé—‘-) CH3CHchchzc:(|:H
4
1-Hexyne H

An enol

l

I
CH;CH,CH,CH,C—CH,

(0]

2-Hexanone
(78%)
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Alkyne hydration occurs with Markovnikov regiochemistry: The OH
group adds to the more highly substituted carbon, and the H attaches to
the less highly substituted one. Interestingly, though, the product is not the
vinylic alcohol, or enol (ene + ol), but is instead a ketone. Although the enol
may well be an intermediate in the reaction, it immediately rearranges to
a ketone by a process called keto—enol tautomerism. The individual keto and
enol forms are said to be tautomers, a word used to describe constitutional
isomers that are rapidly interconverted. With few exceptions, the keto—enol
tautomeric equilibrium lies on the side of the ketone; enols are almost never
isolated. We’'ll look more closely at this equilibrium in Section 22.1.

H
~
(0] (0]
| l
= C% ~ Rapid - C\ -~ H
C — C
| / \
Enol tautomer Keto tautomer
(less favored) (more favored)

The mechanism of the mercuric ion-catalyzed alkyne hydration reaction
is analogous to the oxymercuration reaction of alkenes (Section 7.4). Electro-
philic addition of mercuric ion to the alkyne gives a vinylic cation, which
reacts with water and loses a proton to yield an organomercury intermediate.
In contrast to alkene oxymercuration, no treatment with NaBH, is necessary
to remove the mercury; the acidic reaction conditions alone are sufficient to
allow replacement of mercury by hydrogen (Figure 8.4).

H
ny
/‘\ /H H—O\ /H
17 2+ = + Z" 9
R—C=C—H 2507, | p_c=¢ O, , c=C
Hg* SO~ R Hg* 80,2~
An alkyne A vinylic cation
l—ll+
[ HO H HO H
SN / . \
R @ — (Ci=10 = C=C
/ \ / \ /
H H R H R Hg* SO,%-
A ketone An enol

Figure 8.4 Mechanism of the mercuric ion-catalyzed hydration of an alkyne to yield a ketone.
The reaction yields an intermediate enol that rapidly tautomerizes to give a ketone.
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A mixture of both possible ketones results when an unsymmetrically
substituted internal alkyne is hydrated. The reaction is therefore most use-
ful when applied to a terminal alkyne (RC=CH) because only a methyl
ketone is formed.

0 0)
R—C=C—R —o— g + g
- HgSO0, R/ \CH2R, RCHz/ \R.
An internal alkyne Mixvture
EC=CH— ”
- HgSO, CH,
A terminal alkyne A methyl ketone
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8.4 What product would you obtain by hydration of 4-octyne? Of 2-methyl-4-octyne?

PROBLEM. - e et ueeeetnnae e ttn ettt e et e eaanaeeeeanieennens
8.5 What alkynes would you start with to prepare the following ketones?
(0) (0]
(a) CH3CH2CHngH3 (b) CH3CH2gCH2CH3

Hydroboration/Oxidation of Alkynes

Borane adds rapidly to an alkyne, just as it does to an alkene, and the
resulting vinylic borane can be oxidized by basic hydrogen peroxide to yield
an enol. Tautomerization then gives either a ketone or an aldehyde,
depending on the structure of the alkyne reactant. Hydroboration/oxidation
of an internal alkyne such as 3-hexyne gives a ketone, and hydroboration/
oxidation of a terminal alkyne gives an aldehyde. Note that the relatively
unhindered terminal alkyne undergoes two additions, giving a doubly hydro-
borated intermediate. Oxidation with H,O, at pH 8 then replaces both boron
atoms by oxygen and generates the aldehyde.
An internal alkyne:

H BR,
3 CH;CH,C=CCH,CH; —1—s C=C
THF /
3-Hexyne CH;CH, CH,CH,
A vinylic borane
H OH O
H.0, N/ Il
C=G —— 3 CH;CH,CH,CCH,;CH3
H,0, NaOH / \

CH,;CH, CH,CH; 3-Hexanone

An enol
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A terminal alkyne:

BR,

CH,CH,CH,CH,C=CH -BH:, |CH,CH,CH,CH,CH,CH
1-Hexyne Il«le (0]
% CH;CH,CH,CH,CH,CH

2

Hexanal (70%)

The hydroboration/oxidation sequence is complementary to the direct,
mercuric ion-catalyzed hydration reaction of a terminal alkyne because dif-
ferent products result. Direct hydration with aqueous acid and mercuric
sulfate leads to a methyl ketone, whereas hydroboration/oxidation of the
same terminal alkyne leads to an aldehyde:

I
H,0, H,S0, )
s, — R—C—CH,
A methyl ketone
R—IC=CH
0)
Arerpeiel 1. BH,, THF ”
1k 2 b = —C—
alkyne 2. Hy0, IR —(Cls = (==JAl
An aldehyde

s S b5 h00 - 080000 - 900000000006000006000660000000G0500550000000

8.6 What alkynes would you start with to prepare the following compounds by a hydro-
boration/oxidation reaction?

]
(a) @—CHQCHO (b) (CH3),CHCH,CCH(CHj3),

8.6 Reduction of Alkynes

Alkynes are easily reduced to alkanes by addition of H; over a metal catalyst.
The reaction occurs in steps through an alkene intermediate, and measure-
ments indicate that the first step in the reaction has a larger AH?Y, 4, than
the second step. As a result, alkynes reduce somewhat more readily than
alkenes.

HC=CH —~— H,C=CH, AH3y4r0g = —176 kJ/mol (42 keal/mol)

H,C—CH, —*— CH;—CH; AH3,yarog = —137 kJ/mol (—33 keal/mol)
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Complete reduction to the alkane occurs when palladium on carbon
(Pd/C) is used as catalyst, but hydrogenation can be stopped at the alkene
if the less active Lindlar catalyst is used. (The Lindlar catalyst is a finely
divided palladium metal that has been precipitated onto a calcium carbonate
support and then deactivated by treatment with lead acetate and quinoline,
an aromatic amine.) The hydrogenation occurs with syn stereochemistry
(Section 7.7), giving a cis alkene product.

2 H,

= CH,4(CH,),CH,
Decane (96%)
CH,(CH,);C= C(CH,);CH,
H H
5-D
L Hy \c= c/
Landlar /
catabss CH3(CHy), (CH,);CH;4

cis-53-Decene (96%)

This alkyne reaction has been explored extensively by the Hoffmann—
LaRoche pharmaceutical company, where it is used in the commercial syn-
thesis of vitamin A. (The cis isomer of vitamin A produced on hydrogenation
is converted to the trans isomer by heating.)

*\/\)\/CHon H,

4/0 Lindlar 13
C
catalyst NN 14
CH,0H
15
7-cis-Retinol

(7-cis-vitamin A; vitamin A has
a trans double bond at C7)

Another method for the conversion of an alkyne to an alkene employs
sodium or lithium metal in liquid ammonia as solvent. This method is com-
plementary to the Lindlar reduction because it produces trans alkenes
rather than cis. Alkali metals, such as lithium and sodium, dissolve in pure
liquid ammonia at —33°C to produce a deep blue solution containing the
metal cation and ammonia-solvated electrons. When an alkyne is added to
this blue solution, reduction of the triple bond occurs and a trans alkene
results. For example, 5-decyne gives trans-5-decene on treatment with lith-
ium in liquid ammonia.
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fl-C{Hg /}l
CH30H2CH20H2C = CCH20H20H2CH3 .___)Ll NH, /C C
5-Decyne H C,Ho-n

trans-5-Decene (78%)

The mechanism of alkyne reduction by lithium in liquid ammonia
involves addition of an electron to the triple bond to yield an intermediate
anion radical—a species that is both a radical (has an odd number of elec-
trons) and an anion (has a negative charge). This intermediate then removes
a proton from ammonia to give a vinylic radical. Addition of a second electron
to the vinylic radical gives a vinylic anion, which takes a second proton from
ammonia to give trans alkene product (Figure 8.5).

R5:C= G’
Lithium metal donates an electron to
the alkyne to give an anion radical . . . lL‘
R—C=C—R’ + Li*
... which abstracts a proton from 1 /\ '
ammonia solvent to yield a vinylic l H-LNH,
radical.
R’
/ =
R—C=C +:NH,"
\
H

The vinylic radical accepts another
electron from a second lithium atom lLi
to produce a vinylic anion . . .

R’
/
C=C +Li*
/ \
R H
... which abstracts another proton \ {\
from ammonia solvent to yield the 1 H--NH
final trans alkene product.
H R
\ e
C=C +:NH,
\
R H

© 1984 JOHN MCMURRY

Figure 8.5 Mechanism of the lithium/ammonia reduction of an
alkyne to produce a trans alkene.

The trans stereochemistry of the alkene product is established during
the second reduction step when the less hindered, trans vinylic anion is
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formed from the vinylic radical. Vinylic radicals undergo rapid cis—trans
equilibration, but vinylic anions equilibrate much less rapidly. Thus, the
more stable trans vinylic anion is formed rather than the less stable cis
anion and is then protonated before it equilibrates.

PROBLEM. . .ot itnnetcoeeionneeiasabeeeeenoneeoasssscsaesesnnsonssonsss

8.7 Using any alkyne needed, how would you prepare these alkenes?
(a) trans-2-Octene (b) cis-3-Heptene (¢) 3-Methyl-1-pentene

8.7 Oxidative Cleavage of Alkynes

Alkynes, like alkenes, can be cleaved by reaction with powerful oxidizing
agents such as ozone or KMnO,. A triple bond is generally less reactive than
a double bond, however, and yields of cleavage products are sometimes low.
The products obtained from cleavage of an internal alkyne are carboxylic
acids; from a terminal alkyne, CO, is formed as one product.

I I
An internal alkyne =~ R—C=C—R' £Mn0:0r0:, RCOH + R'COH

0
I

Aterminal alkyne =~ R—C=C—H -0.0r0:, RCOH + CO,

One application of alkyne oxidation reactions is in structure determina-
tion of substances isolated from natural sources. For example, when tariric
acid was isolated from the Guatemalan plant Picramnia tariri, it was identi-
fied as an 18-carbon, straight-chain acetylenic acid, but the position of the
triple bond in the chain was unknown. Since oxidation of tariric acid with
potassium permanganate gave two products identified as dodecanoic acid
and hexanedioic acid, the position of the triple bond could be established.

- Il Il Il
CH;(CH,);,C==C(CH,),COOH “HL‘;}» CH,4(CH,),,COH + HOC(CH,),COH

6-Octadecynoic acid Dodecanoic acid 1,6-Hexanedioic acid
(Tariric acid) (Lauric acid) (Adipic acid)

BROBLEM: . 5y .. - .. e ...

8.8 Propose structures for alkynes that give the following products on oxidative cleavage
by KMnQO,.
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(a) ©/COOH (b) 2 CH3(CH;);COOH + HO,C(CH,);COOH

8.8 Alkyne Acidity: Formation of
Acetylide Anions

The most striking difference between the chemistry of alkenes and alkynes
is that terminal alkynes are weakly acidic. When a terminal alkyne is
treated with a strong base, such as sodium amide, NaNH,, the terminal
hydrogen is removed and an acetylide anion is formed:

) N o
R—C=C—H + :NH; Na* — R—C=C:" Na* + :NH,

Acetylide anion

According to the Bronsted—Lowry definition, an acid is any species that
donates a proton (Section 2.6). Although we usually think of oxyacids
(HSO4, HNO3) or halogen acids (HCI, HBr) in this context, any compound
containing a hydrogen atom can be considered an acid under the right cir-
cumstances. By measuring dissociation constants of different acids and
expressing the results as pK, values, we can establish an acidity order.
(Recall from Section 2.6 that a low pK, corresponds to a strong acid, and a
high pK, corresponds to a weak acid.)

Since a stronger acid donates its proton to the anion of a weaker acid
in an acid-base reaction, a rank-ordered list tells which bases are needed
to deprotonate which acids. For example, since acetic acid (pK, = 4.75) is a
stronger acid than ethanol (pK, = 16), we know that the anion of ethanol
(ethoxide ion, CH3CH;0 ™) will remove a proton from acetic acid. Similarly,
amide ion (TNH,), the anion of ammonia (pK, = 35), will remove a proton
from ethanol (pK, = 16).

0
| |
CH,CH,0- + CH;COH —= CHCH,0H + CH,CO~

Ethoxide ion Acetic acid Ethanol Acetate ion

H,N- + CH3;CH,OH zz H,NH + CH;CH,O™

Amide ion Ethanol Ammonia Ethoxide ion

Where do hydrocarbons lie on the acidity scale? As the data in Table
8.1 indicate, both methane (pK, ~ 60) and ethylene (pK, = 44) are very
weak acids that do not react with bases for all practical purposes. Acetylene,
however, has a pK, of 25 and can thus be deprotonated by the conjugate
base of any acid whose pK, is greater than 25. Amide ion, NH, ™, for example,
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PROBLEM. ..

is the conjugate base of ammonia (pK, = 35) and is therefore able to abstract
a proton from terminal alkynes.

Table 8.1 Acidity of Simple Hydrocarbons

Type Example K, pK,
Stronger acid
Alkyne HC=CH 10E° 25
Alkene H,C=CH, 10~# 44
Alkane CH4 ~10~% ~60

Weaker acid

Why are terminal alkynes more acidic than alkenes or alkanes? In other
words, why are acetylide anions more stable than vinylic or alkyl anions?
The simplest explanation involves the hybridization of the negatively charged
carbon atom. Acetylide anions are sp-hybridized, so the negative charge
resides in an orbital that has 1 “s character”; vinylic anions are sp*-hybrid-
ized and therefore have } s character in the relevant orbital; and alkyl anions
(sp®) have 1 s character. Since s orbitals are lower in energy and nearer the
positively charged nucleus than are p orbitals, a negative charge is stabilized
to a greater extent in an orbital with high s character than in an orbital
with low s character (Figure 8.6). Acetylide anions are therefore more stable
than vinylic anions, which, in turn, are more stable than alkyl anions.

sp
s
H“ /H J_I:
o " s H—C=C+ J
H“ \H H/ b
H sp?
CH3 anion; %s Vinylic anion; %s Acetylide anion; %s

Figure 8.6 A comparison of alkyl, vinylic, and acetylide anions. The acetylide anion,
with sp hybridization, has more s character and is more stable.

The pK, of acetone, CH3COCHs, is 19.3. Which of the following bases is strong
enough to deprotonate acetone?

(a) KOH (pK, of H,O = 15.7) (b) Na* ~C=CH (pK, of C;H, = 25)
(c) NaHCOj; (pK, of H;CO; = 6.4) (d) NaOCHj3; (pK, of CH3;0H = 15.6)
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8.9 Alkylation of Acetylide Anions

The presence of a negative charge and an unshared electron pair on carbon
makes acetylide anions strongly nucleophilic. As a result, acetylide anions
can react with alkyl halides such as bromomethane to substitute for the
halogen and yield a new alkyne product:

H H

H—C==C:" Na* + H—?—Br == il (‘4(‘—(|?—H + NaBr
H H

We won’t study the details of this substitution reaction until Chapter
11, but we can picture it as happening by the pathway shown in Figure 8.7.
The nucleophilic acetylide ion attacks the positively polarized (and therefore
electrophilic) carbon atom of bromomethane and pushes out bromide ion
with the electron pair from the former C-Br bond, yielding propyne as
product. We call such a reaction an alkylation because a new alkyl group
has become attached to the starting alkyne.

The nucleophilic acetylide anion uses H==C=C:"Na~ C—Br
its electron lone pair to form a bond HH/

to the positively polarized, electro-

philic carbon atom of bromomethane. l

As the new C-C bond begins to form,

the C—Br bond begins to break in the
transition state. H

| -

H—C=C G Br + Na*

H H
The new C—-C bond is fully formed TranSition state
and the old C-Br bond is fully
broken at the end of the reaction. l
H
/
H—~=C=C—C._ + NaBr
\"H
H

© 1984 JOHN MCMURRY

Figure 8.7 A mechanism for the alkylation reaction of acetylide
anion with bromomethane.
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Alkyne alkylation is not limited to acetylide ion. Any terminal alkyne
can be converted into its corresponding anion and then alkylated by treat-
ment with an alkyl halide. The product is an internal alkyne. For example,
conversion of 1-hexyne into its anion, followed by reaction with 1-bromo-
butane, yields 5-decyne:

1. NaNH,. NH
2. CH,CH,CH,CH,Br, THF

1-Hexyne 5-Decyne (76%)

CH;CH,CH,CH,C=CH CH,;CH,CH,CH,C= CCH,CH,CH,CH,

Because of its generality, acetylide alkylation is the best method for
preparing substituted alkynes from simpler precursors. Terminal alkynes
can be prepared by alkylation of acetylene itself, and internal alkynes can
be prepared by further alkylation of a terminal alkyne.

HC==CH -NaNH:, pyc—C- Na+ BCHEr, Ho—CcCcHR’

Acetylene A terminal alkyne

RC=CH -YNH:, RC=(C-Na* —=CHr, RC=CCH,R'

A terminal alkyne An internal alkyne

Acetylide ion alkylation is limited to the use of primary alkyl bromides
and iodides, RCHyX, for reasons that will be discussed in more detail in
Chapter 11. In addition to their reactivity as nucleophiles, acetylide ions
are sufficiently strong bases that they cause dehydrohalogenation instead
of substitution when they react with secondary and tertiary alkyl halides.
For example, reaction of bromocyclohexane with propyne anion yields the
elimination product cyclohexene rather than the substitution product

cyclohexylpropyne.
H
O[ + CH,C=CH + Br
H
N Br Cyclohexene
HCHICE=GHF
H H éC/CH3

C
Bromocyclohexane
(a secondary alkyl halide)

NOT formed
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8.10 Show the terminal alkyne and alkyl halide from which the following products can

be obtained. Where two routes look feasible, list both.

(a) CH;CH,CH,C=CCH; (b) (CH3);CHC=CCH,CH;,

C=CCH,
() O/ (d) 5-Methyl-2-hexyne

(e) 2,2-Dimethyl-3-hexyne

How would you prepare cis-2-butene starting from 1-propyne, an alkyl halide, and
any other reagents needed? (This problem can’t be worked in a single step. You’'ll
have to carry out more than one reaction.)

8.10 Organic Synthesis

There are many possible reasons for carrying out the laboratory synthesis
of an organic molecule from simple precursors. In the pharmaceutical indus-
try, new organic molecules are designed and synthesized in the hope that
some might be useful new drugs. In the chemical industry, synthesis is
done to devise more economical routes to known compounds. In academic
laboratories, the synthesis of complex molecules is sometimes done purely
for the intellectual challenge involved in mastering so difficult a subject.
The successful synthesis route is a highly creative work that is sometimes
described by such subjective terms as elegant or beautiful.

In this book, too, we will often devise syntheses of molecules from sim-
pler precursors. Our purpose, however, is pedagogical. The ability to plan a
workable synthetic sequence demands knowledge of a wide variety of organic
reactions. Furthermore, it requires a practical grasp for the proper fitting
together of steps in a sequence such that each reaction does only what is
desired. Working synthesis problems is an excellent way to learn organic
chemistry.

Some of the syntheses we plan may appear trivial. Here’s an example:

ERSIRCESPROBI EM. b i . o 8 aieale o) o o flR. ooy Te ponnses (o Tal

Prepare octane from 1-pentyne.
CH3CH2CH2C =CH. ——=>°% CH3CH2CH20H20H2CH2CH20H3
1-Pentyne Octane

Solution First alkylate the acetylide anion of 1-pentyne with 1-bromopropane, and
then reduce the product using catalytic hydrogenation:
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1. NaNH,, NH ] o \ \ ~
CH3;CH,CH,C==CH S 'mﬁi‘_) CH3;CH,CH,C=CCH,CH,CH;
1-Pentyne 4-Octyne
l H,/Pd in ethanol
H H

[
CchHZCHz(ll—-(i')CHZCH“,CHJ
H H

Octane

Although the synthesis route just presented will work perfectly well, it
has little practical value because a chemist can simply buy octane from
any of several dozen chemical supply companies. The value of working the
problem is that it makes us approach a chemical problem in a logical way,
draw on our knowledge of chemical reactions, and organize that knowledge
into a workable plan—it helps us learn organic chemistry.

There’s no secret to planning an organic synthesis. All it takes is a
knowledge of the different reactions and a lot of practice. But here’s a hint:
Work backward. Look at the final product and ask, “What was the immediate
precursor of that product?” For example, if the end product is an alkyl halide,
the immediate precursor might be an alkene (via HX addition). Having
found an immediate precursor, proceed backward again, one step at a time,
until a suitable starting material is found.

Let’s work some examples of increasing complexity.

PRACTICE PROBLEM. ... ...ttt ieiiaiacnaens

Starting from 1-pentyne and any alkyl halide needed, synthesize cis-2-hexene. More
than one step is required.

CchHZC{iz CH;

CH3;CH,CH,C=CH + RX —=, C=C
1-Pentyne Alkyl H H
halide

cis-2-Hexene

Solution First ask, “What is an immediate precursor of a cis-disubstituted alkene?”
We know that alkenes can be prepared from alkynes by reduction. The proper choice
of experimental conditions will allow us to prepare either a trans-disubstituted
alkene (using lithium in liquid ammonia) or a cis-disubstituted alkene (using cata-
lytic hydrogenation over the Lindlar catalyst). Thus, reduction of 2-hexyne by
catalytic hydrogenation using the Lindlar catalyst should yield cis-2-hexene:

CH3CH2CI\'12 /CH3
CH;3CH,CH,C-=CCH;, __]H—T> /c:c\
2-Hexyne : H H

cis-2-Hexene
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Next ask, “What is an immediate precursor of 2-hexyne?” We’ve seen that inter-
nal alkynes can be prepared by alkylation of terminal alkyne anions (acetylides). In
the present instance, we’re told to start with 1-pentyne. Thus, alkylation of the anion
of 1-pentyne with iodomethane should yield 2-hexyne:

CH,CH,CH,C =CH + NaNH, 2N, CH,CH,CH,C=C:" Na*
1-Pentyne
CH,CH,CH,C=C:~ Na* + CH,1 2T™F, CH,CH,CH,C=CCH
2-Hexyne

In three steps, we’ve synthesized cis-2-hexene from the given starting materials:

— 1. NaNH,, NH; —

1-Pentyne 2-Hexyne

H,
Lindlar catalyst

CH;,CHZC\I\-IZ CH
C=C
/ N\
H H

cis-2-Hexene

BRACTICEIPROBEEM. .......cooutiumeneeifeoesee®ereeconsnesaesse

Starting from acetylene and any alkyl halide needed, synthesize 2-bromopentane.
More than one step is required.

Pl,r
HC=CH + RX ——=, CH3;CH,CH,CHCH,4

Acetylene Alkyl 2-Bromopentane
halide

Solution “What is an immediate precursor of an alkyl halide?” Perhaps an alkene:
CH;CH,CH,CH—CH, }?r
or HB . CH,;CH,CH,CHCH,
Ether
CH;CH,CH—=CHCH;,3

Of the two possibilities, addition of HBr to 1-pentene looks like a better choice than
addition to 2-pentene, because the latter reaction would give a mixture of isomers.

“What is an immediate precursor of an alkene?” Perhaps an alkyne, which could
be reduced:

CchHchgc;:CH #A) CHacchHZCH:CHz

“What is an immediate precursor of a terminal alkyne?” Perhaps sodium acet-
ylide and an alkyl halide:
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Na* :C=CH + BrCH,CH,CH, —> CH,CH,CH,C=CH

In four steps, we have synthesized the desired material from acetylene and
1-bromopropane.

1. NaNH,, NH, ey L i H, L CHL o
HC=CH 2 CFL.CH CT.br, THF CH;CH,CH,C=CH T CH3;CH,CH,CH=—CH,
Acetylene 1-Pentyne catalyet 1-Pentene
l HBr, ether
CH;,CHZCHz(leCHg
Br

2-Bromopentane

PRACTICE PROBLEM. ... ... i it iiiiiie e
Synthesize 1-hexanol from acetylene and an alkyl halide.
HC=CH + RX —=—=., CH3CH,CH,CH,CH,CH,OH

Acetylene Alkyl 1-Hexanol
halide

Solution “What is an immediate precursor of a primary alcohol?” Perhaps an
alkene, which could be hydrated by reaction with borane followed by oxidation with
HzOzZ

1. BH;

CH;CH,CH,CH:.CH=CH, 5o

CH3;CH,CH,CH,CH>CH>OH
“What is an immediate precursor of a terminal alkene?” Perhaps a terminal
alkyne, which could be reduced:

CH,CH,CH,CH,C=CH ——Y: . CH,CH,CH,CH,CH— CH,

Lindlar catalyst
“What is an immediate precursor of 1-hexyne?” Perhaps acetylene and 1-bromo-
butane:

HC=CH ML, Nu+-c=cy -SLCLCHOHPr,  oH.CH,CH,CH,C=CH

We have completed the synthesis in three steps by working backward.

(el L 5866660566 006500008 60603008 - 80080 A0 & 00K 00660606 600600000

8.12 Beginning with 4-octyne as your only source of carbon, and using any inorganic
reagents necessary, how would you synthesize the following compounds?
(a) Butanoic acid (b) cis-4-Octene (¢) 4-Bromooctane
(d) 4-Octanol (4-hydroxyoctane) (e) 4,5-Dichlorooctane

(FEXE L oo 0.6 0000 0 ofBloditn 0o o a0t D00 00EEE BN - o o - o

8.13 Beginning with acetylene and any alkyl halides needed, how would you synthesize
the following compounds?
(a) Decane (b) 2,2-Dimethylhexane (c) Hexanal (d) 2-Heptanone
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INTERLUDE

Polyynes: A New Form of Carbon

Elemental carbon appears in many structural forms, or allotropes. Three
of these forms are crystalline—diamond, graphite, and the recently dis-
covered fullerene—while more than 40 others, including coke and carbon
black, are amorphous. Diamond, the rarest, hardest, and most valuable
allotrope of carbon, is a covalent network solid composed of sp3-hybridized
atoms linked together in a vast, three-dimensional lattice of cyclohexane-
like rings. Graphite, the most common carbon allotrope and the most
stable one at room temperature, is composed of sp-hybridized atoms
joined in two-dimensional sheets of benzene-like rings. Fullerene, a molec-
ular allotrope of carbon first characterized in 1991, contains 60 sp*-hybrid-
ized carbon atoms in 32 five- and six-membered rings that are joined into
the spherical shape of a soccer ball (Figure 8.8).

(c)

Figure 8.8 Three allotropes of carbon: (a) Diamond is a covalent network solid consisting
of a three-dimensional lattice of sp>-hybridized carbons in cyclohexane-like rings. (b} Graph-
ite consists of two-dimensional sheets of sp?-hybridized carbons in benzene-like rings. The
atoms in each sheet are offset slightly from the atoms in the neighboring sheets. (c) Fuller-
ene, Cqo. is @ molecular solid whose molecules have the shape of a soccer ball. The ball
has 12 pentagonal and 20 hexagonal faces, and each carbon atom is sp>-hybridized.
(continued)»
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Now there seems to be yet a fourth crystalline allotrope of carbon,
the polyyne form. Reported in 1995 by Richard Lagow at Rice University,
the polyyne allotrope consists of linear chains of up to 500 sp-hybridized
carbons joined by alternating single and triple bonds. It is prepared by
laser-induced vaporization of graphite in the presence of trifluoromethyl
radicals (- CF3) to “cap” the ends of the long acetylenic chains and thereby
stabilize the molecules.

3 C=C—C=C—C=C—C=C—C=C—C=C—C=C—C=C—C=C—C=C%
Polyyne allotrope of carbon

Though yet too newly discovered to have been fully explored, polyyne
carbon appears to have some remarkable properties. It is soluble in ordi-
nary organic solvents like toluene; it appears to be electrically conducting
along its long axis, perhaps allowing it to function as a “molecular wire”
in molecule-sized electronic devices; and it is easily coated onto other
substrates, allowing it to act as a precursor of graphite or diamond films.

Summary and Key \Words

Alkynes are hydrocarbons that contain one or more carbon—carbon triple
bonds. Alkyne carbon atoms are sp-hybridized, and the triple bond is formed
by one sp—sp o bond and two p—p 7 bonds. There are relatively few general
methods of alkyne synthesis. The two best are the alkylation of an acetylide
anion with a primary alkyl halide and the twofold elimination of HX from
a vicinal dihalide.

The chemistry of alkynes is dominated by electrophilic addition reac-
tions, similar to those of alkenes. Alkynes react with HBr and HCI to yield
vinylic halides, and with Br, and Cl, to yield 1,2-dihalides (vicinal dihalides).
Alkynes can be hydrated (addition of HyO) by reaction with aqueous sulfuric
acid in the presence of mercuric ion catalyst. The reaction leads to an inter-
mediate enol that immediately isomerizes (tautomerizes) to yield a ketone.
Since the addition reaction occurs with Markovnikov regiochemistry, a
methyl ketone is produced from a terminal alkyne. Alternatively, hydrobora-
tion/oxidation of a terminal alkyne yields an aldehyde.

Alkynes can be reduced to yield alkenes and alkanes. Complete reduc-
tion of the triple bond over a normal palladium hydrogenation catalyst yields
an alkane; partial reduction by catalytic hydrogenation over a Lindlar
catalyst yields a cis alkene. Reduction of the alkyne with lithium in ammo-
nia yields a trans alkene.

Terminal alkynes are weakly acidic. The alkyne hydrogen can be re- -

moved by a strong base to yield an acetylide anion. Acetylide anions act
as nucleophiles and can displace halide ion from primary alkyl halides in
an alkylation reaction. Acetylide anions are more stable than either alkyl
anions or vinylic anions because their negative charge is in a hybrid orbital
with s character, allowing the charge to be closer to the nucleus.
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Summary of Reactions

1. Preparation of alkynes
(a) Dehydrohalogenation of vicinal dihalides (Section 8.3)

H H

| |
' 2 KOH, ethanol — ’
— — = = s e e = — —_— — ~
R—C—C—R or 2 NaNH,, NH, R—C=C—R' + 2 H,O + 2 KB1

I
(TP KOH, ethanol  C—(C_T]P'
R—C=C—R ~or NaNH,, NH, R—C=C—R’ + H,0 + KBr

(b) Acetylide ion alkylation (Section 8.9)

HC=cCcH N2, pgeo=c- Na+ 28, Hge=ccH,R

Acetylene A terminal alkyne
RC=CH XM, pc=C-Na* BB, pec=cCCHR
A terminal alkyne An internal alkyne

2. Reactions of alkynes
(a) Addition of HX, where X = Br or Cl (Section 8.4)

s 11
R—C=C—H —2*, R—C=C—H 2, R—C—C—H
Ether Ether | |
X H
(b) Addition of X5, where X = Br or Cl (Section 8.4)
X R’ X X
—h .~ oW WaiL
R—C=C—R W / —C\ W = | § | -
R X X X

(c) Mercuric sulfate-catalyzed hydration (Section 8.5)

OH 0]

I |
R—C=CH -150:H0, Ip_c—CH,|] — R—C—CH;
HgSO0,

A methyl ketone

(d) Hydroboration/oxidation (Section 8.5)

0]

. B 1. BH |
R—C=C—H W R—CH,—C—H

(continued)»
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ADDITIONAL PROBLEMS

8.14 Give IUPAC names for the following compounds:
(a) CH3;CH,C=CC(CH3); (b) CH;C=CCH,C=CCH,CH;
(c) CH3CH=C(CH3)C=CCH(CH3), (d) HC=CC(CH;3),CH,C=CH

(e) H,C=CHCH=CHC=CH (f) CH,CH3

CH3CH2(|3HCECCH(I3HCH3

CH,CH; CH;
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Draw structures corresponding to the following names:

(a) 3,3-Dimethyl-4-octyne (b) 3-Ethyl-5-methyl-1,6,8-decatriyne
(c) 2,2,5,5-Tetramethyl-3-hexyne (d) 3,4-Dimethylcyclodecyne

(e) 3,5-Heptadien-1-yne (f) 3-Chloro-4,4-dimethyl-1-nonen-6-yne
(g) 3-sec-Butyl-1-heptyne (h) 5-tert-Butyl-2-methyl-3-octyne

The following names are incorrect. Draw the structures and give the correct names.
(a) 1-Ethyl-5,5-dimethyl-1-hexyne (b) 2,5,5-Trimethyl-6-heptyne

(¢) 3-Methylhept-5-en-1-yne (d) 2-Isopropyl-5-methyl-7-octyne

(e) 3-Hexen-5-yne (f) 5-Ethynyl-1-methylcyclohexane

The following two hydrocarbons have been isolated from various plants in the sun-

flower family. Name them according to IUPAC rules.
(a) CH3CH=CHC=CC=CCH=CHCH=CHCH=—CH, (all trans)
(b) CH;C=CC=CC=CC=CC=CCH=CH,

Predict the products of the following reactions.

H
~ H,, Pd/C
| oA 225 A

C\ C/
I!I \ Hj/Lindlar B

Ahydrocarbon of unknown structure has the formula CgHo. On catalytic hydrogena-
tion over the Lindlar catalyst, 1 equiv of H, is absorbed. On hydrogenation over a
palladium catalyst, 3 equiv of H; are absorbed.

(a) How many rings/double bonds/triple bonds are present in the unknown?

(b) How many triple bonds are present?

(¢) How many double bonds are present?

(d) How many rings are present?

Explain your answers, and draw a structure that fits the data.

Predict the products from reaction of 1-hexyne with the following reagents.

(a) 1 equiv HBr (b) 1 equiv Cl,

(¢) H,, Lindlar catalyst (d) NaNH, in NH3, then CH3Br
(e) H,O, H,SO,, HgSO, (f) 2 equiv HC1

Predict the products from reaction of 5-decyne with the following reagents.
(a) H,, Lindlar catalyst (b) Li in NH;

(¢) 1 equiv Bry (d) BH3 in THF, then H,O,, OH™
(e) Hy0, H,SO4, HgSO, (f) Excess Hy, Pd/C catalyst
Predict the products from reaction of 2-hexyne with the following reagents.
(a) 2 equiv Br, (b) 1 equiv HBr (¢c) Excess HBr
(d) Liin NH3 (e) H,0, HySO,4, HgSO,

Acetonitrile, CH;CN, contains a carbon—nitrogen triple bond. Sketch the orbitals
involved in the bonding in acetonitrile, and indicate the hybridization of each atom.

Hydrocarbon A has the formula CoH;, and absorbs 3 equiv of H, to yield B, CoH5,
when hydrogenated over a Pd/C catalyst. On treatment of A with aqueous H,SO; in
the presence of mercuric ion catalyst, two isomeric ketones, C and D, are produced.
Oxidation of A with KMnO, gives a mixture of acetic acid (CH;COOH) and the
tricarboxylic acid E:

CH,COOH

HOOCCH,CHCH,COOH
E

Propose structures for compounds A-D, and formulate the reactions.
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8.25

8.26

8.27

8.28

How would you carry out the following reactions?

I
°
(a) CH;CH,C=CH —— CH3;CH,CCH;3

o
(b) CH;CH,C=CH —— CH3;CH;CH,CHO

C=CH C=C—CH,
?
H
= H
C=CCH, ) .
(d) -
CH,

(e) CH,CH,C=CH —— CH,CH,COOH

(f) CH;CH,CH,CH,CH=CH, -2, CH,CH,CH,CH,C=CH

Occasionally, chemists need to invert the stereochemistry of an alkene; that is, to
convert a cis alkene to a trans alkene, or vice versa. There is no one-step method
for doing this alkene inversion, but the transformation can be carried out by combin-
ing several reactions in the proper sequence. How would you carry out these
reactions?

o
(a) trans-5-Decene —— cis-5-Decene

=
(b) cis-5-Decene —— trans-5-Decene

Propose structures for hydrocarbons that give the following products on oxidative
cleavage by KMnQO, or Oj.

COOH
(a) CO; + CH3(CH,);COOH (b) CH;COOH + ©/

(0]
Il
(c) HOOC(CH;)sCOOH (d) CH;CHO + CH3;CCH,CH,COOH + CO,
I
(e) OHCCH;CH;CH,CH,CCOOH + CO,

Each of the following syntheses requires more than one step. How would you carry
them out?

o
(a) CHsCH,CH,C=CH —— CH;CH,CH,CHO
H CH,CH;4
9 \ /
(b) (CH3),CHCH,C=CH —— /c=c\
(CH,;),CHCH, H




8.29

8.30

8.31

8.32

8.33

8.34

Additional Problems 291

How would you carry out the following transformation? More than one step is
required.

H H
\ /

C

© \c
H7  \"
CH,CH,CH,CH,  CH,

How would you carry out the following conversion? More than one step is needed.

O =0Q

Predict the products of the following reactions:

9
CH,CH,CH,CH,C=CH —

(a) CH3CH,CH,CH,CH,C=CH éﬁHoi’
. 22

(b) : Br (c) Br Br
| \ /

Ca C
@ \CHZ NaNH,, NH; ©/ CH3  NaNH, NH;

Using 1-butyne as the only source of carbon, along with any inorganic reagents you
need, synthesize the following compounds. More than one step may be needed.
(a) 1,1,2,2-Tetrachlorobutane (b) Octane (c) Butanal

How would you synthesize the following compounds from acetylene and any alkyl
halides with four or fewer carbons? More than one step may be required.

(a) CHsCHgCHzcECH (b) CchHZCECCHch;;
i
(c) (CH3);CHCH,;CH=—CH, (d) CH;CH,CH,CCH,CH,CH,CHj3

(e) CH3CH,CH,CH,CH,CHO

How would you carry out the following reactions to introduce deuterium into organic
molecules?

D D
\ /
(a) CH;CH,C=CCH,CH; — /C=C
C.H; C.Hj
D C.H;
(b) CH;CH,C=CCH,CH,; —> /c=c\
C:H;, D

(c) CH3CH,CH,C=CH — CH3;CH,CH,C=CD
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8.35

8.36

8.37

8.38

8.39

8.40

8.41

C=CH CD=CD,

A cumulene is a compound with three adjacent double bonds. Draw an orbital picture
of a cumulene. What kind of hybridization do the two central carbon atoms have?
What is the geometric relationship of the substituents on one end to the substituents
on the other end? What kind of isomerism is possible? Make a model to help see the
answer.

R,C=C=C=CR,

A cumulene

Although it is geometrically impossible for a triple bond to exist in a small ring,
large-ring cycloalkynes are quite stable. How would you prepare cyclodecyne starting
from acetylene and any alkyl halide needed?

The sex attractant given off by the common housefly is an alkene named muscalure.
Propose a synthesis of muscalure starting from acetylene and any alkyl halides.
What is the IUPAC name for muscalure?

CiS-CHa(CHz )7CH= CH(CHz )120H3

Muscalure

Compound A (CgH;) absorbed 3 equiv of hydrogen on catalytic reduction over a
palladium catalyst to give B (CoH,g). On ozonolysis, compound A gave, among other
things, a ketone that was identified as cyclohexanone. On treatment with NaNH,
in NH3, followed by addition of iodomethane, compound A gave C, a new hydrocarbon
(C10H1y4). What are the structures of A, B, and C?

Hydrocarbon A has the formula C,,Hg. It absorbs 8 equiv of hydrogen on catalytic
reduction over a palladium catalyst. On ozonolysis, only two products are formed:
oxalicacid (HOOCCOOH) and succinic acid (HOOCCH,CH,COOH). Formulate these
reactions and propose a structure for A.

Organometallic reagents such as sodium acetylide undergo an addition reaction with
ketones, giving alcohols:

0 OH
g 1 Na* ~:C=CH (13
R~ g ZHO R \C\
R ScH

How might you use this reaction to prepare 2-methyl-1,3-butadiene, the starting
material used in the manufacture of synthetic rubber?

Erythrogenic acid, C1sH60,, is an interesting acetylenic fatty acid that turns a vivid
red on exposure to light. On catalytic hydrogenation over a palladium catalyst, 5
equiv of hydrogen are absorbed, and stearic acid, CH3(CH,);sCOOH, is produced.
Ozonolysis of erythrogenic acid gives four products: formaldehyde, CH,0; oxalic
acid, HOOCCOOH; azelaic acid, HOOC(CH,);COOH; and the aldehyde acid
OHC(CH,);COOH. Draw two possible structures for erythrogenic acid, and suggest
a way to tell them apart by carrying out some simple reactions.







These two models of alanine
[CH3CH(NH,)COOH] are
enantiomers, or mirror images.

Stereochemistry

Are you right-handed or left-handed? Though most of us don’t often think
about it, handedness plays a surprisingly large role in our daily activities.
Many musical instruments, such as oboes and clarinets, have a handedness
to them; the last available softball glove always fits the wrong hand; left-
handed people write in a “funny” way. The fundamental reason for these
difficulties is that our hands aren’t identical, they’re mirror images. When
you hold a right hand up to a mirror, the image you see looks like a left
hand. Try it.

Handedness also plays a large role in organic chemistry as a direct
consequence of the tetrahedral stereochemistry of sp3-hybridized carbon.
Let’s see how handedness in organic molecules arises.

9.1 Enantiomers and the Tetrahedral
Carbon

Look at the generalized molecules of the type CH3X, CH,XY, and CHXYZ
shown in Figure 9.1. On the left are three molecules, and on the right are
their images reflected in a mirror. The CHsX and CH,XY molecules are
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identical to their mirror images and thus are not handed. If you make a
molecular model of each molecule and of its mirror image, you can superim-
pose one on the other.

Unlike the CH3X and CH5XY molecules, the CHXYZ molecule is not
identical to its mirror image. You can’t superimpose a model of the molecule
on a model of its mirror image for the same reason that you can’t superimpose
a left hand on a right hand. You might get fwo of the substituents superim-
posed, X and Y for example, but H and Z would be reversed. If the H and
Z substituents were superimposed, X and Y would be reversed.

X

CH.X (IJ
: H” \'H
H

|

CH,XY C..
H \'Y

H

)lc

CHXY?Z C..
H/ Sy

L
<
<8

~ b=
4
=

g

Left hand

Stereo View

v

Right hand

Figure 9.1 Tetrahedral carbon atoms and their mirror images. Molecules of the type CH3X and
CH,XY are identical to their mirror images, but a molecule of the type CHXYZ is not. A CHXYZ
molecule is related to its mirror image in the same way that a right hand is related to a left hand.

A molecule that is not identical to its mirror image is a special kind of
\ stereoisomer called an enantiomer (e-nan-tee-o-mer; Greek enantio, “oppo-

site”). Enantiomers are related to each other as a right hand is related
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to a left hand and result whenever a tetrahedral carbon is bonded to
four different substituents (one need not be H). For example, lactic acid
(2-hydroxypropanoic acid) exists as a pair of enantiomers because there are
four different groups (-H, -OH, -CHj;, ~COOH) bonded to the central carbon
atom:

H
|
OH @

Lactic acid: a molecule of general formula CHXYZ

T
C
|

Mirror

[}
]
H ! H
| ! |
HO--C—~cooH ! Hooc—C:--0H
/ : \
|
|
1
[}

H,C CH;
(+)-Lactic acid (—=)-Lactic acid
lalp = +3.82° [alp = —3.82°

No matter how hard you try, you can’t superimpose a molecule of (+)-
lactic acid on a molecule of (—)-lactic acid; the two simply aren’t identical,
as Figure 9.2 shows. If any two groups, say —-H and —-COOH, match up, the
remaining two groups don’t match.

H Mismatch | OH

H
‘ L3 7Mismatch
--C

HO’/ \l\(‘()()H HO’7C\‘\COOH
CH,4 C Mismatch CH, C
Q”] TT~CH, H-~/° COOH
Mismatch /
COOH CH,
(a) (b)

Figure 9.2 Attempts at superimposing the mirror-image forms of lactic acid: (a) When the ~H
and —OH substituents match up, the ~-COOH and —CHj substituents dont; (b) when —~COOH and
—CHj3 match up, -H and —OH don't. Regardless of how the molecules are oriented, they aren't
identical.
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9.2 The Reason for Handedness in
Molecules: Chirality

Molecules that are not identical to their mirror images and thus exist in
two enantiomeric forms are said to be chiral (ky-ral, from the Greek cheir,
“hand”). You can’t take a chiral molecule and its mirror image (enantiomer)
and place one on the other so that all atoms coincide.

How can you predict whether a given molecule is or is not chiral? A
molecule can’t be chiral if it contains a plane of symmetry. A plane of sym-
metry is a plane that cuts through an object (or molecule) in such a way
that one half of the object is an exact mirror image of the other half. For
example, a laboratory flask has a plane of symmetry. If you were to cut the
flask in half, one half would be an exact mirror image of the second half. A
hand, however, has no plane of symmetry. One “half” of a hand is not a
mirror image of the other half (Figure 9.3).

(a) (b)

Figure 9.3 The meaning of symmetry plane. An object like the
flask (a) has a symmetry plane cutting through it, making right
and left halves mirror images. An object like a hand (b} has no
symmetry plane; the right “half” of a hand is not a mirror image
of the left half.

A molecule that has a plane of symmetry in any of its possible conforma-
tions must be identical to its mirror image and hence must be nonchiral, or
achiral (a-ky-ral). Thus, propanoic acid has a plane of symmetry when it
is lined up as shown in Figure 9.4 (p. 298) and is therefore achiral. Lactic
acid (2-hydroxypropanoic acid), however, has no plane of symmetry and is
thus chiral.
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NO
Symmetry symmetry
plane plane
CH, CH,
Ha (l: —-H Ha é —0OH
| |
COOH COOH
Cl)H
CH,CH,COOH CH,CHCOOH

Propanoic acid
(achiral)

Lactic acid
(chiral)

Figure 9.4 The achiral propanoic acid molecule versus the
chiral lactic acid molecule. Propanoic acid has a plane of
symmetry that makes one side of the molecule a mirror image of
the other side. Lactic acid, however, has no such symmetry
plane.

The most common (although not the only) cause of chirality in organic
molecules is the presence of a carbon atom bonded to four different
groups—for example, the central carbon atom in lactic acid. Such carbons
are referred to as asymmetric centers, or stereogenic centers. Note that
chirality is a property of the entire molecule, whereas a stereogenic center
is the cause of chirality.

Detecting stereogenic centers in a complex molecule takes practice,
because it’s not always immediately apparent that four different groups are
bonded to a given carbon. The differences don’t necessarily appear right next
to the stereogenic center. For example, 5-bromodecane is a chiral molecule
because four different groups are bonded to C5, the stereogenic center
(marked by an asterisk):

Br Substituents on carbon 5
CH‘;CHQCHZCHZCHzC'X.‘HzC‘HzCHgCH,; —H
HA —Br

‘—'CH_)CHZCHzCHj ’but_\'] )

5-Bromodecane (chiral)

3 CH2CH2CH20H2CH3 (penty])

A butyl substituent is similar to a pentyl substituent but is not identical.
The difference isn’t apparent until four carbon atoms away from the stereo-
genic center, but there’s still a difference.
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As other examples, look at methylcyclohexane and 2-methylcyclohex-
anone. Are either of these molecules chiral?

6 . CH, |, CH,
5. CHz / N 74
H,C cl H,C C
| H | | "H
H,C CH, H,C CH,
4CH) 2 5 cHY P
3 - 4
Methylcyclohexane 2-Methylcyclohexanone
(achiral) (chiral)

Methylcyclohexane is achiral because no carbon atom in the molecule
is bonded to four different groups. You can immediately eliminate all -CHy—
carbons and the —CHj carbon from consideration, but what about C1 on the
ring? The C1 carbon atom is bonded to a ~CHj group, to an -H atom, and
to C2 and C6 of the ring. Carbons 2 and 6 are equivalent, however, as are
carbons 3 and 5. Thus, the C6-C5-C4 “substituent” is equivalent to the C2-
C3-C4 substituent, and methylcyclohexane is therefore achiral. Another way
of reaching the same conclusion is to realize that methylcyclohexane has a
symmetry plane passing through the methyl group and through carbons 1
and 4 of the ring. Make a molecular model to see this symmetry plane more
clearly.

The situation is different for 2-methylcyclohexanone. 2-Methylcyclohex-
anone has no symmetry plane and is chiral because C2 is bonded to four
different groups: a —CHj; group, an —H atom, a —-COCH,- ring bond (C1),
and a —~CH,CH,- ring bond (C3). Additional examples of chiral molecules
are shown below. Check for yourself that the labeled centers are stereogenic.
(Remember: —CH,—, —~CH3, C=C, and C=C carbons can’t be stereogenic
centers.)

CH, I

Which of these objects are chiral?

(a) A screwdriver (b) A screw
(¢c) A bean stalk (d) A shoe
(e) A hammer
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PROBLEM. .. ..cviauescaetoseasasasesecssssssnsssosesassasesssncsnns

9.2 Which of the following compounds are chiral? Build molecular models for help.

(a) ©/CH3 (b) OCHZCHZCH3 (c)
CH,CH
N 3CH,
~H

(0) (0]
Toluene Coniine
(from poison hemlock) /N N\
1~ Y H
Phenobarbital
(tranquilizer)

PROBLEM. ... ... tieeteeeocceooeaccaessasssoeosassosssssssscssssnssse

9.3 Place asterisks at all stereogenic centers in these molecules:

(a) HO CH; (b) H,C CH, (¢) CH;0
5o = "0
‘ “NCH,
Menthol
Camphor

Dextromethorphan
(a cough suppressant)

e ]z ¥ S B0 50 D000 00 000006000 BI60000 df 8000000000006000000 ¢ 30 00K >

9.4 Alanine, an amino acid found in proteins, is chiral. Draw the two enantiomers of
alanine using the standard convention of wedged, solid, and dashed lines.

Ly
CH;CHCOOH  Alanine

9.3 Optical Activity

The study of stereochemistry has its origins in the work of the French
scientist Jean Baptiste Biot! in the early nineteenth century. Biot, a physi-
cist, was investigating the nature of plane-polarized light. A beam of
ordinary light consists of electromagnetic waves that oscillate in an infinite
number of planes at right angles to the direction of light travel. When a
beam of ordinary light is passed through a device called a polarizer, however,
only the light waves oscillating in a single plane pass through—hence the
name plane-polarized light. Light waves in all other planes are blocked out.
The polarization process is represented in Figure 9.5.

!Jean Baptiste Biot (1774-1862); b. Paris; physicist, College de France.
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Light source

Unpolarized Polarizer Polarized
light light

Figure 9.5 Plane-polarized light. Oscillation of the
electromagnetic field occurs in a single plane.

Biot made the remarkable observation that, when a beam of plane-
polarized light passes through a solution of certain organic molecules, such
as sugar or camphor, the plane of polarization is rotated. Not all organic
substances exhibit this property, but those that do are said to be optically
active.

The amount of rotation can be measured with an instrument known as
a polarimeter, represented schematically in Figure 9.6. A solution of optically
active organic molecules is placed in a sample tube, plane-polarized light is
passed through the tube, and rotation of the plane occurs. The light then
goes through a second polarizer called the analyzer. By rotating the analyzer
until the light passes through it, we can find the new plane of polarization
and can tell to what extent rotation has occiirred. The amount of rotation
is denoted « (Greek alpha) and is expressed in degrees.

™
.“/\, —,

Light source

Polarizer Sample tube containing Analyzer Observer
organic molecules

Figure 9.6 Schematic representation of a polarimeter. Plane-
polarized light passes through a solution of optically active
molecules, which rotate the plane of polarization.
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In addition to determining the extent of rotation, we can also find the
direction. From the vantage point of an observer looking directly end-on at
the analyzer, some optically active molecules rotate polarized light to the
left (counterclockwise) and are said to be levoreotatory, whereas others
rotate polarized light to the right (clockwise) and are said to be dextrorota-
tory. By convention, rotation to the left is given a minus sign (-), and
rotation to the right is given a plus sign (+). For example, (—)-morphine is
levorotatory, and (+)-sucrose is dextrorotatory.

9.4 Specific Rotation

The amount of rotation observed in a polarimetry experiment depends on
the number of optically active molecules the light beam encounters. The
more molecules the light encounters, the greater the observed rotation.
Thus, the amount of rotation depends on both sample concentration and
sample path length. If we double the concentration of sample, the observed
rotation doubles. Similarly, if we keep the concentration constant but double
the length of the sample tube, the observed rotation doubles. It also turns
out that the amount of rotation depends on the wavelength of the light used.

To express optical rotation data in a meaningful way so that compari-
sons can be made, we have to choose standard conditions. The specific
rotation, [alp, of a compound is defined as the observed rotation when
light of 589 nanometer (nm) wavelength is used with a sample path length
[ of 1 decimeter (1 dm = 10 cm) and a sample concentration C of 1 g/mL.
(Light of 589 nm, the so-called sodium D line, is the yellow light emitted
from common sodium lamps; 1 nm = 107° m.)

Observed rotation (degrees) __«
Path length, [ (dm) X Concentration, C (g/mL) [ X C

[a]lp =

When optical rotation data are expressed in this standard way, the
specific rotation, [alp, is a physical constant characteristic of a given opti-
cally active compound. Some examples are listed in Table 9.1.

Table 9.1 Specific Rotation of Some Organic Molecules

Compound [alp (degrees) Compound [alp (degrees)
Camphor +44.26 Penicillin V +233
Morphine —-132 Monosodium glutamate +25.5
Sucrose +66.47 Benzene 0
Cholesterol -315 Acetic acid 0
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9.5 A 1.50 g sample of coniine, the toxic extract of poison hemlock, was dissolved in 10.0
mL of ethanol and placed in a sample cell with a 5.00 cm path length. The observed
rotation at the sodium D line was +1.21°. Calculate [a]p for coniine.

9.5 Pasteur’s Discovery of Enantiomers

Little was done after Biot’s discovery of optical activity until Louis Pasteur?
began work in 1849. Pasteur had received his formal training in chemistry
but had become interested in the subject of crystallography. He began work
on crystalline salts of tartaric acid derived from wine and was repeating
some measurements published a few years earlier when he made a surpris-
ing observation. On recrystallizing a concentrated solution of sodium ammo-
nium tartrate below 28°C, two distinct kinds of crystals precipitated.
Furthermore, the two kinds of crystals were mirror images of each other.
That is, the crystals were related to each other in the same way that a right
hand is related to a left hand.

Working carefully with a pair of tweezers, Pasteur was able to separate
the crystals into two piles, one of “right-handed” crystals and one of “left-
handed” crystals like those shown in Figure 9.7. Although the original sam-
ple (a 50:50 mixture of right and left) was optically inactive, solutions of the
crystals from each of the sorted piles were optically active, and their specific
rotations were equal in amount but opposite in sign.

COO- Na*
H—<[3—0H
HO—C—H
COO- NH,*

Sodium ammonium tartrate

(a) (b)

Figure 9.7 Drawings of sodium ammonium tartrate crystals
taken from Pasteur’s original sketches. One of the crystals is
“right-handed” and one is “left-handed.”

2Louis Pasteur (1822-1895); b. Déle, Jura, France; studied at Arbois, Besangon; professor,
Dijon, Strasbourg (1849-1854), Lille (1854-1857), Ecole Normale Supérieure (1857-1863).




304 CHAPTER 9 Stereochemistry

Pasteur was far ahead of his time. Although the structural theory of
Kekulé had not yet been proposed, Pasteur explained his results by speaking
of the molecules themselves, saying, “There is no doubt that [in the dextro
tartaric acid] there exists an asymmetric arrangement having a nonsuperim-
posable image. It is no less certain that the atoms of the levo acid possess
precisely the inverse asymmetric arrangement.” Pasteur’s vision was
extraordinary, for it was not until 25 years later that the theories of van’t
Hoff and Le Bel confirmed his ideas regarding the asymmetric carbon atom.

Today, we would describe Pasteur’s work by saying that he had discov-
ered the phenomenon of enantiomerism. The enantiomeric tartaric acid salts
that Pasteur separated are physically identical in all respects except for
their interaction with plane-polarized light. They have the same melting
point, the same boiling point, the same solubilities, and the same spectro-
scopic properties.

9.6 Sequence Rules for Specification of
Configuration

Although drawings provide a pictorial representation of stereochemistry,
they are difficult to translate into words. Thus, a verbal method for indi-
cating the three-dimensional arrangement of atoms (the configuration) at
a stereogenic center is also necessary. The standard method employs the
same Cahn-Ingold—Prelog sequence rules used for the specification of
alkene geometry (Z versus E) in Section 6.6. Let’s briefly review the sequence
rules to see how theyre used to specify the configuration of a stereogenic
center. Refer to Section 6.6 for an explanation of each rule.

1. Look at the four atoms directly attached to the stereogenic center
and assign priorities in order of decreasing atomic number. The
atom with highest atomic number is ranked first; the atom with
lowest atomic number is ranked fourth.

2. If a decision about priority can’t be reached by applying rule 1,
compare atomic numbers of the second atoms in each substituent,
continuing on as necessary through the third or fourth atoms until
a point of difference is reached.

3. Multiple-bonded atoms are considered equivalent to the same num-
ber of single-bonded atoms. For example:

III }II
3C=0 isequivalent to %—(IJ —(i)
O)m (€
Having assigned priorities to the four groups attached to a stereogenic

carbon, we describe the stereochemical configuration around the carbon by
comparing the four groups to the thumb and fingers of a hand. Hold up one
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of your hands, with fingers curled and thumb outstretched, and orient it so
that the thumb points from the carbon to the group of lowest priority (4).
If you are using your right hand and the fingers curl in the direction of
decreasing priority (1 — 2 — 3) for the remaining three groups, we say that
the stereogenic center has the R configuration (Latin rectus, “right”).3 If it’s
the fingers of your left hand that curl in the 1 — 2 — 3 direction, the
stereogenic center has the S configuration (Latin sinister, “left”). The assign-
ments are shown in Figure 9.8.

(a) Right hand (b) Left hand
R configuration S configuration

Figure 9.8 Assigning configuration to a stereogenic carbon.
Priorities are assigned to the four groups, and the molecule is
compared to a hand oriented so that the thumb points from the
carbon to the group of lowest priority (4). (a) If the fingers of
your right hand curl in the direction of decreasing priority

(1 — 2 — 3) for the remaining three groups, the stereogenic
center has the R configuration. (b} If the fingers of your left
hand curl in the 1 — 2 — 3 direction, the stereogenic center
has the S configuration.

Look at (—)-lactic acid to see how configuration can be assigned.
Sequence rule 1 says that —OH has priority 1 and —H has priority 4, but it
doesn’t allow us to distinguish between —CH3; and —-COOH because both
groups have carbon as their first atom. Sequence rule 2, however, says that
—COOH is higher priority than —CH; because oxygen outranks hydrogen
(the second atom in each group).

3Rectus actually means “right” in the sense of “correct,” whereas dexter is the Latin word
for “right” in the directional sense. In some European societies, however, left-handedness has
historically been looked on with disfavor, and it has been considered “correct” to be right-
handed.
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Priorities
o 4 —H (Low)
/..COOH 3 —CH,
H—C
N 0
CH;4
2 C—OH
(-)-Lactic acid
1 —OH (High)

When a right hand is held so that the thumb points from the carbon to
the fourth-priority group (—H), the fingers of the hand curl from 1 - 2 —
3, so we assign R configuration to (—)-lactic acid. Applying the same proce-
dure to (+)-lactic acid leads to the opposite assignment, as shown in Figure
9.9.

(R)-(-)-Lactic acid (S)-(+)-Lactic acid
(right hand) (left hand)
Figure 9.9 Assignment of configuration to (R)-(—)-lactic acid

and ($)-(+)-lactic acid.

Further examples are provided by naturally occurring (+)-alanine and
(—)-glyceraldehyde, which have the S configurations shown in Figure 9.10.
Note that the sign of optical rotation, (+) or (—), is not related to the R,S
designation. (S)-Alanine happens to be dextrorotatory (+), and (S)-glycer-
aldehyde happens to be levorotatory (—). There is no simple correlation
between R,S configuration and direction or magnitude of optical rotation.

One further point needs mentioning: the matter of absolute configu-
ration. How do we know that our assignments of R,S configuration are
correct in an absolute, rather than a relative, sense? Since we can’t see the
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H

2 C 3
OHC-"/*™~CH,OH
N\

HO__~

1

4 4

.
H,N /" ~COOH

He.
3

(S)-Glyceraldehyde (S)-Alanine
[(S)-(-)-2,3-Dihydroxypropanal) [(S)-(+)-2-Aminopropanoic acid)
[alp = —8.7° [alp = +8.5°

Figure 9.10 Assignment of configuration to (—)-glyceraldehyde and (+}-alanine. Both happen
to have the S configuration, although one is levorotatory and the other is dextrorotatory.

molecules themselves, how do we know for certain that it is the dextrorota-
tory enantiomer of lactic acid that has the R configuration? This difficult
question was not solved until 1951 when J. M. Bijvoet of the University of
Utrecht reported an X-ray spectroscopic method for determining the abso-
lute spatial arrangement of atoms in a molecule. Based on his results, we
can say with certainty that the R,S conventions are correct.

PRACTICE PROBLEM. ... ... it ieaens

PROBLEM. .

9.6

Draw a tetrahedral representation of (R)-2-chlorobutane.

Solution The four substituents bonded to the stereogenic carbon of (R)-2-chlorobu-
tane can be assigned the following priorities: (1) -Cl, (2) ~-CH,CH3, (3) ~CHj,
(4) —-H. To draw a tetrahedral representation of the molecule, it’s easiest to orient
the low-priority ~H group toward the top and then arrange the other three groups
so that the direction of travel from 1 — 2 — 3 corresponds to the curl of your right
hand:

H

Assign priorities to these sets of substituents:
(a) —H, —Br, —CH,CH,;, —CH,CH,OH

(b) —CO3H, —CO,CH3;, —CH,OH, —OH
(C) —CN, _CH2NH2, ‘—'CHzNHCH:;, “'NH2
(d) —Br, —CH3Br, —Cl, —CH,Cl
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PROBLEM. .. ....0coiteeironeeassorevaaseassssssosossossssssssanssnans

9.7 Assign R,S configurations to the following molecules:

(a) CH;, (b) OH (c) u NHz
I | ~ /~CH;
7~ HO™ N b

PROBLEM. ... .c0ccoetsnecceocaccassosocssscataasssssssasssssssessaens

9.8 Draw a tetrahedral representation of (S)-2-pentanol (2-hydroxypentane).

9.7 Diastereomers

Molecules like lactic acid, alanine, and glyceraldehyde are relatively simple
because each has only one stereogenic center and can exist in only two
enantiomeric forms. The situation becomes more complex, however, with

molecules that have more than one stereogenic center.

Look at the amino acid threonine (2-amino-3-hydroxybutanoic acid), for
example. Since threonine has two stereogenic centers (C2 and C3), there
are four possible stereoisomers, as shown in Figure 9.11. Check for yourself

that the R,S configurations are correct as indicated.

Mirror Mirror
COOH : COOH COOH | COOH
H ! NH, | HN! .H H ! ,NH, | HN ! _H
\C Ve 2 E 2 \C Ve ~ C Ve 2 i 28V N C Ve
| I
C ' C C | C
H”{>oH | HO” | H HO” [MH | H”|>NoH
CH, | CH, CH, ! CH,
| .’
| 1
| 1
I |
| |
| I
| ]
| I
| |
| |
| |
| |
| |
| |
| 1
| I
| I
| |
2R,3R
Enantiomers Enantiomers

Figure 9.11 The four sterecisomers of 2-amino-3-hydroxybutanoic acid (threonine).
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The four threonine stereoisomers can be classified into two pairs of
enantiomers, or mirror images. The 2R 3R stereoisomer is the mirror image
of 2S,3S, and the 2R,3S stereoisomer is the mirror image of 2S,3R. But
what is the relationship between any two configurations that are not mirror
images? What, for example, is the relationship between the 2R,3R isomer
and the 2R,3S isomer? They are stereoisomers, yet they aren’t enantiomers.
To describe such a relationship, we need a new term—diastereomer.

Diastereomers are stereoisomers that are not mirror images of each
other. Diastereomers have opposite configurations at some (one or more)
stereogenic centers, but have the same configuration at others. Enantiomers,
by contrast, have opposite configurations at all stereogenic centers. A full
description of the four threonine stereoisomers is given in Table 9.2.

Table 9.2 Relationships Among Four Stereoisomers of Threonine

Stereoisomer Enantiomeric with Diastereomeric with
2R,3R 2S,3S 2R,3S and 2S,3R
2S,3S 2R,3R 2R,3S and 2S,3R
2R ,3S 2S,3R 2R,3R and 2S,3S
2S,3R 2R,3S 2R,3R and 2S,3S

Of the four stereoisomers of threonine, only the 2S,3R isomer, [alp=
—29.3°, occurs naturally in plants and animals. This result is typical: Most
biologically important molecules are chiral, and usually only a single stereo-
isomer is found in nature.

Assign R,S configurations to each stereogenic center in the following molecules.
Which are enantiomers and which are diastereomers?

@ . Br 0 CH,
i ,CH ! _Br
\(ll/ 3 \(lj/
C C
H” | “oH H,C” | VH
CH, OH
@ CHy @ _ H
r ! H | ,CH;
C C
H” | >CH, H,C” | YOH
OH H

Chloramphenicol, a powerful antibiotic isolated in 1949 from the Streptomyces vene-
zuelae bacterium, is active against a broad spectrum of bacterial infections and is
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particularly valuable against typhoid fever. Assign R,S configurations to the stereo-
genic centers in chloramphenicol.

NO,

HO\ ~H

i
”~ C\
NHCOCHCI,
CH,OH

H

Chloramphenicol
[alp = +18.6°

9.8 Meso Compounds

Let’s look at one more example of a compound with two stereogenic centers:
tartaric acid. We're already acquainted with tartaric acid because of its role
in Pasteur’s discovery of optical activity, and we can now draw the four

stereoisomers:
Mirror 7 Mirror
1COOH : 1COOH 1COOH : 1COOH
i L il =
| |
3C : 3C 3C : 3C
HO{>H 1 H”{S0H H”|YOH | HO”“H
4(‘()()H | 4( OOH 4( OOH | 4(‘()()H
2R.3R 2S,3S 2R,3S 2S,3R

The mirror-image 2R,3R and 2S,3S structures are not identical and are
therefore a pair of enantiomers. A careful look, however, shows that the
2R,3S and 2S,3R structures are identical, as can be seen by rotating one
structure 180°:

1COOH 1COOH
) ~0H HOL/ H

Zl Rotate 2|

5C 180° 5C
\H/ i ~OH HO” | “H

sCOOH LOOH

2R,3S 2S,3R

Identical
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The 2R,3S and 2S,3R structures are identical because the molecule has
a plane of symmetry and is therefore achiral. The symmetry plane cuts
through the C2—-C3 bond, making one half of the molecule a mirror image
of the other half (Figure 9.12).

HO (| _,COOH

Symmetry plane

HO“ | “NCOOH

T --- O —— Q- T

Stereo View

Figure 9.12 A symmetry plane through the C2-C3 bond of
meso-tartaric acid makes the molecule achiral.

Because of the plane of symmetry, the tartaric acid stereoisomer shown
in Figure 9.12 must be achiral, despite the fact that it has two stereogenic
centers. Compounds that are achiral, yet contain stereogenic centers, are
called meso compounds(me-zo). Thus, tartaric acid exists in three stereo-
isomeric forms: two enantiomers and one meso form.

RIRAGCTICE PROBLEM. .....occocvovne b dbid o iiaeie veeeen
Does cis-1,2-dimethylcyclobutane have any stereogenic centers? Is it chiral?

Solution A look at the structure of cis-1,2-dimethylcyclobutane shows that both
methyl-bearing ring carbons (C1 and C2) are stereogenic centers. Overall, though,
the compound is achiral because there is a symmetry plane bisecting the ring between
C1 and C2. Thus, the molecule is a meso cempound.

Symmetry plane

H,C CH,
1 2
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PROBLEM. . . c.uciutechissosscesecsooossososossssosendsonsasanecscosns

9.11 Which of the following structures represent meso compounds?

(a) H (b) 0 (c) CH; (d) :
’ . Br\ [ /CH3
C
H,c” | “H
Br
PROBLEM. « . e eeeetneineseae s e aeteaneansanesnannenasanenasnnes
9.12 Which of the following substances have a meso form?
(a) 2,3-Dibromobutane (b) 2,3-Dibromopentane (¢) 2,4-Dibromopentane

9.9 Molecules with More Than Two
Stereogenic Centers

We've seen now that a single stereogenic center in a molecule gives rise
to two stereoisomers (one pair of enantiomers) and that two stereogenic
centers in a molecule give rise to a maximum of four stereoisomers (two
pairs of enantiomers). In general, a molecule with n stereogenic centers has
a maximum of 2" stereoisomers (2"~! pairs of enantiomers). Cholesterol,
for example, contains eight stereogenic centers, making possible 2% = 256
stereoisomers (128 enantiomeric pairs), although many are too strained to
exist. Only one, however, is produced in nature.

Cholesterol
(eight stereogenic centers)

PROBLEM

9.13 How many stereogenic centers does morphine have? How many stereoisomers of
morphine are possible in principle?
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N—CHj;
HO 0 OH
Morphine

9.10 Racemic Mixtures and Their
Resolution

To conclude this discussion of stereoisomerism, let’s return for a final look
at Pasteur’s pioneering work. Pasteur took an optically inactive tartaric
acid salt and found that he could crystallize from it two optically active
forms having the 2R,3R and 2S,3S configurations. But what was the opti-
cally inactive form he started with? It couldn’t have been meso-tartaric
acid, because meso-tartaric acid is a different chemical compound and can’t
interconvert with the two chiral enantiomers without breaking and re-
forming chemical bonds.

The answer is that Pasteur started with a 50:50 mixture of the two
chiral tartaric acid enantiomers. Such a mixture is called a racemic (ray-
see-mic) mixture, or racemate, and is denoted either by the symbol (+)
or by the prefix d,/ to indicate a mixture of dextrorotatory and levorotatory
forms. Racemic mixtures must show zero optical rotation because they con-
tain equal amounts of (+) and (—) forms. The (+) rotation from one enantio-
mer exactly cancels the (—) rotation from the other. Through good fortune,
Pasteur was able to separate, or resolve, racemic tartaric acid into its
(+) and (—) enantiomers by fractional crystallization. Unfortunately, this
method doesn’t work for most racemic mixtures, so other techniques are
required.

The most common method of resolution uses an acid—base reaction
between a racemic mixture of chiral carboxylic acids (RCOOH) and an amine
(RNH,) to yield an ammonium salt:

I i
R—C—OH + RNH, —-» R—C—O- RNH,*

Carboxylic Amine Ammonium salt
acid base

To understand how this method of resolution works, let’s see what happens
when a racemic mixture of chiral acids, such as (+)- and (—)-lactic acids,
reacts with an achiral amine base, such as methylamine, CH;NH,, to yield
the ammonium salt. Stereochemically, the situation is analogous to what
happens when left and right hands (chiral) pick up a tennis ball (achiral).



314 CHAPTER 9 Stereochemistry

Both left and right hands pick up the ball equally well, and the prod-
ucts—ball in right hand versus ball in left hand—are mirror images. In the
same way, both (+)- and (—)-lactic acid react with methylamine equally
well, and the product is a racemic mixture of two mirror-image salts, methyl-
ammonium (+)-lactate and methylammonium (—)-lactate (Figure 9.13).

+
(l,‘()OH ) (IJOO‘ H;NCH;
|
(R) (C A
H/ DCH H°/ “CH
HO . HO -
R salt \
+ _GHigitly - -Mirror -—————— Enantiomers
HQ HQ /
H-. CH;, H\\ CH;
© e ‘(lz/
i E
COOH | | COO~ H3NCH,4
S salt
Racemic lactic acid Racemic ammonium salt
(50% R, 50% S) (50% R, 50% S)

Figure 9.13 Reaction of racemic lactic acid with methylamine
leads to a racemic mixture of ammonium salts.

Now let’s see what happens when the racemic mixture of (+)- and (—)-
lactic acids reacts with a single enantiomer of a chiral amine base, such
as (R)-1-phenylethylamine (Figure 9.14). Stereochemically, the situation is
analogous to what happens when a hand (a chiral reagent) puts on a right-
handed glove (also a chiral reagent). Left and right hands do not put on the
same glove in the same way. The products—right hand in right glove versus
left hand in right glove—are not mirror images, they’re altogether different.

In the same way, (+)- and (—)-lactic acids react with (R)-1-phenylethyl-
amine to give two different products. (R)-Lactic acid reacts with (R)-1-
phenylethylamine to give the R,R salt, and (S)-lactic acid reacts with R
amine to give the S,R salt. These two salts are diastereomers; they are
different compounds and therefore have different chemical and physical
properties. It may therefore be possible to separate them by crystallization
or some other means. Once separated, acidification of the two diastereomeric
salts with mineral acid then allows us to isolate the two pure enantiomers
of lactic acid and to recover the chiral amine for further use.




COOH

®  .C
H'/ CH
HO ¢

S

NH
H——CH

(R)-1-Phenylethylamine

|
COOH

Racemic lactic acid
(50% R, 50% S)

9.11 Physical Properties of Stereoisomers
OO0~ H,N
H/ > ;
y CH; H/
HO * H,C
An R,R salt
+
HO H,N
H\\ (‘/H;;
0 C.
[ H/
coo-  Hal
An S,R salt

Figure 9.14 Reaction of racemic lactic acid with (R}-1-phenyl-
ethylamine yields a mixture of diastereomeric ammonium salts.

92.11

Physical Properties of

Stereoisomers

315

N

Diastereomers

1

Some physical properties of the three stereoisomers of tartaric acid and of
the racemic mixture are listed in Table 9.3. As indicated, the (+)- and (—)-
tartaric acids have identical melting points, solubilities, and densities. They
differ only in the sign of their rotation of plane-polarized light. The meso
isomer, by contrast, is diastereomeric with the (+) and (—) forms. As such, it
has no mirror-image relationship to (+)- and (—)-tartaric acids, is a different

compound altogether, and has different physical properties.

Table 9.3 Some Properties of the Stereoisomers of Tartaric Acid

Melting [alp Density Solubility at 20°C
Stereoisomer point (°C) (degrees) (g/em?®) (g/100 mL H,0)
(+) 168-170 +12 1.7598 139.0
=) 168-170 =11% 1.7598 139.0
Meso 146-148 0 1.6660 125.0
(£) 206 0 1.7880 20.6
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The racemic mixture is different still. Though a mixture of enantiomers,
racemates usually act as though they were pure compounds, different from
either enantiomer. Thus, the physical properties of racemic tartaric acid
differ from those of the two enantiomers and from those of the meso form.

9.12 A Brief Review of Isomerism
e T T T T e e e I

As noted on several previous occasions, isomers are compounds that have
the same chemical formula but different structures. We've seen several kinds
of isomers in the past few chapters, and it’s a good idea at this point to see
how they relate to one another by looking at the flowchart in Figure 9.15.
There are two fundamental types of isomerism, both of which we’ve now
encountered: constitutional isomerism and sterecisomerism.

= ==

Figure 9.15 A flow diagram summarizing the different kinds of
isomers.

Constitutional isomers (Section 3.2) are compounds whose atoms are
connected differently. Among the kinds of constitutional isomers we’ve seen
are skeletal, functional, and positional isomers.

Constitutional isomers—different connections among atoms:

Ly
Different carbon skeletons: CH;CHCH; and CH;CH,CH,CH3
Is-obutane Butane
Different functional groups: CH3;CH,0OH and CH;0CH;

Ethyl alcohol Dimethyl ether
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. NH,
Different position of |
functional groups: CH3;CHCH; and CH;CH,CH,NH,
Isopropylamine Propylamine

Stereoisomers (Section 3.9) are compounds whose atoms are connected
in the same order but with a different geometry. Among the kinds of stereo-
isomers we’ve seen are enantiomers, diastereomers, and cis—trans isomers
(both in alkenes and in cycloalkanes). To be accurate, though, cis—trans
isomers are really just another kind of diastereomers, because they are non-
mirror-image stereoisomers.

Stereoisomers—same connections among atoms, but different geometry:

Enantiomers COOH HOOC
(nonsuperimposable ) .
mirror-image N PN
stereoisomers) H,C"/ ~OH HO” \ CH,
H H
(R)-Lactic acid (S)-Lactic acid
Diastereomers (IIOOH (?OOH
(nonsuperimposable, H{! /NHZ H{ /NH2
non-mirror-image C (I:
stereoisomers) (IJ C
AR 7N
Configurational H” : “OH HO™ | “H
diastereomers CH; CH;
2R,3R-2-Amino-3- 2R,3S-2-Amino-3-
hydroxybutanoic acid hydroxybutanoic acid
Cis—trans diastereomers H,C H H,C CH,
(substituents on same b / \ _
. . =C and =C
side or opposite side of \ /
double bond or ring) H CH; H H
trans-2-Butene cis-2-Butene
H;C H H,C CH,
H” “CH; and H” ~H
trans-1,3-Dimethyl- cis-1,3-Dimethyl-
cyclopentane cyclopentane

PROBLEM. . .. ... iiiiiiiiien et ieosncontasesaasasassscasosscsssasns

9.14 What kinds of isomers are the following pairs?
(a) (S)-5-Chloro-2-hexene and chlorocyclohexane
(b) (2R,3R)-Dibromopentane and (2S,3R)-dibromopentane
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9.13 Fischer Projections
B e e B e ——— e e L =

When learning to visualize chiral molecules, it’s best to begin by building
molecular models. As more experience is gained, it becomes easier to draw
pictures and work with mental images. To do this successfully, though, a
standard method of representation is needed for depicting the three-dimen-
sional arrangement of atoms on a page. In 1891, Emil Fischer suggested a
method based on the projection of a tetrahedral carbon atom onto a flat
surface. These Fischer projections were soon adopted and are now a
standard means of depicting stereochemistry at stereogenic centers.

A tetrahedral carbon atom is represented in a Fischer projection by two
perpendicular lines. The horizontal lines represent bonds coming out of the
page, and the vertical lines represent bonds going into the page:

Press
flat
W. X
N
C
/ . i
¢7Z — W—cCc—x p—— w+x
Y N
Fischer
projection

For example, (R)-lactic acid can be drawn as follows:

COOH COOH
| |
H—"/C\CH, = H—C—OH

HO (|‘H,.,

Bonds out COOH Stereo View

of page Bonds into
CHS 0H / page

CH,

Fischer projection
(R)-Lactic acid




COOH
H\é,OH

CH,
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Because a given chiral molecule can be drawn in many different ways,
it’s often necessary to compare two projections to see if they represent the
same or different enantiomers. To test for identity, Fischer projections can
be moved around on the paper, but care must be taken not to change the
meaning of the projection inadvertently. Only two kinds of motions are
allowed:

1.

A Fischer projection can be rotated on the page by 180°, but not by
90° or 270°. A 180° rotation maintains the Fischer convention by
keeping the same substituent groups going into and coming out of
the plane. In the following Fischer projection of (R)-lactic acid, for
example, the ~H and —OH groups come out of the plane both before
and after a 180° rotation:

COOH /\ . CH,
H H COOH CH;4 HO H

LAY

_ | 180° | - Lo
C: = H | OH rotation HO | H = ?
CH, @ GOOH COOH
(R)-Lactic acid (R)-Lactic acid

A 90° rotation, however, breaks the Fischer convention by
exchanging the groups that go into the plane and those that come
out. In the following Fischer projection of (R)-lactic acid, for exam-
ple, the ~H and —OH groups come out of the plane before rotation
but go into the plane after a 90° rotation. As a result, the rotated
projection represents (S)-lactic acid:

/ COOH i H IEI ‘
H ‘ OH rotation HqC COOH = H;;C \C/( OOH
/ :
CH, OH OH

(R)-Lactic acid (S)-Lactic acid

90
rotation
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2. AFischer projection can have one group held steady while the other
three rotate in either a clockwise or a counterclockwise direction.
For example:

/—Hold steady
(QOH COOH
qu OH same as Ho_l_ CH,
\.cny H

These are the only kinds of motion allowed. Moving a Fischer projection
in any other way inverts its meaning.

Knowing the two rules provides a way to see if two projections represent
the same or different enantiomers. For example, three different Fischer
projections of 2-butanol follow. Do they all represent the same enantiomer,
or is one different?

H CH,CH, OH
H:‘C—FCHZCH;, HO+H H—’—CHa
OH CH, CH,CHj

A B c

The simplest way to see if two Fischer projections represent the same
enantiomer is to carry out allowed rotations until fwo groups are superim-
posed. If the other two groups are also superimposed, the Fischer projections
are the same; if the other two groups are not superimposed, the Fischer
projections are different.

Let’s keep projection A unchanged and move B so that the -CH3 and
~H substituents match up with those in A:

r. (l‘H\iCH r ?I? . Iil
Hold CH; : Hold CH,CH, s .
HO'Q/H Rotate other > 13 | /CH‘J(’H“ Rotate other H,C ’ CH,CH;
CH. three groups \ CH‘\' three groups OH
clockwise clockwise
B A

By performing two allowed movements on B, we find that it is identical to
A. Now let’s do the same thing to C:

/-OH\ CH,CH, H
( - Rotate / | 3 Hold CH,, L
({ +( H/ 180° H,C \ | I){. Rotate other H,C OH
~ CH,CH *OH three groups TS CTI
counterclock-
C wise Not A

By performing two allowed movements on C, we can match up the —-H and
—CHjs substituents with those in A. After doing so, however, the -OH and
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—-CH,;CHj; substituents dont match up. Thus, C is enantiomeric with A
and B.

BERAGEIICEIRROBUEM 8. 8 . 8. L. ool e IR o

Convert the following tetrahedral representation of (R)-2-butanol into a Fischer
projection.

CH,CH,

C (R)-2-Butanol
H"/ >CH,
HO

Solution Orient the molecule so that two horizontal bonds are facing you and two
vertical bonds are receding from you. Then press the molecule flat into the paper,
indicating the stereogenic carbon as the intersection of two crossed lines.

CH,CH, CH,CH,
H_| OH CH,CH,
-y = g = H+ OH
H”/ ~CH, g ]
HO CH, CH,

(R)-2-Butanol

BROBLEM. . 2. 0. e e o ofdes o vioneioniorssesocfesssesoaseaaiooses osiee

9.15 Which of the following Fischer projections represent the same enantiomer?

COOH COOH H CHj;
H—‘—OH H3C+H H04~—‘CH3 HOOCA}—‘H
CH; OH COOH OH
A B Cc D

PROBLEM. .........cc.co00recesoossossssccsosssanasssssscscncncsnsss

9.16 Are the following pairs of Fischer projections the same, or are they enantiomers?

CH, H

(a) Cl H and OHC 4~—01
CHO CH,
CH,OH CHO

(b) H OH and HO+CH20H
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9.14 Assigning R, S Configurations to
Fischer Projections
= TR RS S S S P e——— ]

The R, S stereochemical designations (Section 9.6) can be assigned to Fischer
projections by following three steps:
1. Assign priorities to the four substituents in the usual way.
2. Perform one of the two allowed motions to place the group of lowest
(fourth) priority at the top of the Fischer projection.

3. Determine the direction of rotation in going from priority 1 to 2

to 3, and assign R or S configuration as in the following practice
problem.

PRACTICE PROBLEM . ... .t it iaanaaees
Assign R or S configuration to this Fischer projection of alanine, an amino acid.

COOH

HzN—{—'H Alanine

CH;

Solution First, assign priorities to the four substituents on the stereogenic carbon.
According to the sequence rules, the priorities are (1) -NH,, (2) -COOH, (3) -CHj,
and (4) -H. Next, perform one of the allowed motions on the Fischer projection to
bring the group of lowest priority (—H) to the top. In the present instance, we might
want to hold the —CHj; group steady while rotating the other three groups
counterclockwise:

Rotate
counterclockwise

OOH
N4
H = 2 HooC +NH2
e

3CH, *CH. 3
\Hold —-CHjsteady

/

Going now from first to second to third highest priority requires a counterclockwise
(left-hand) turn, corresponding to S stereochemistry.

4

’H H

2 1 |
HOOC T — 3 | 1
HOO( ~*-M{2 H:_;C_./C\NHZ

3CH; HOOC 2

S stereochemistry

Fischer projections can be used to specify more than one stereogenic
center in a molecule simply by “stacking” the centers on top of one another.
For example, threose, a simple four-carbon sugar, has the following 2S,3R
configuration:
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1CHO o

HO—2 H HO\(:]/H
H——O0H (]3

H” | NoH

4CH,0H CH,OH

Threose [(2S,3R)-2,3,4-Trihydroxybutanal]

Molecular models are particularly helpful in visualizing these structures.

o 2:dElL L fe, Scorncosooca0t 0000000000000000000MNC0000005090000C 5

9.17 Assign R or S configuration to the stereogenic centers in these molecules:

COOH CH, H
(a) H—l—CHa (b) HO CH,CH, () H0~}—CH0
Br H CH,

9.15 Stereochemistry of Reactions:
Addition of HBr to Alkenes

Many organic reactions, including some that we’ve studied, yield products
with stereogenic centers. For example, addition of HBr to 1-butene yields
2-bromobutane, a chiral molecule. What predictions can we make about the
stereochemistry of this chiral product? If a single enantiomer is formed, is
it R or S? If a mixture of enantiomers is formed, how much of each is
present? In fact, the 2-bromobutane produced is a racemic mixture of R and
S enantiomers. Let’s see why.

Blr
CH,CH,CH— CH, T;g:‘r“’ CH,CH,CHCH,
er *
1-Butene (x)-2-Bromobutane
(achiral) (chiral)

To understand why a racemic product results from the reaction of HBr
with 1-butene, think about what happens during the reaction. 1-Butene is
first protonated by acid to yield an intermediate secondary (2°) carbocation.
Since the trivalent carbon is sp-hybridized, the cation has no stereogenic
centers, has a plane of symmetry, and is achiral. As a result, it can be
attacked by bromide ion equally well from either the top or the bottom.
Attack from the top leads to (S)-2-bromobutane, and attack from the bottom
leads to (R)-2-bromobutane. Since both pathways occur with equal probabil-
ity, a racemic product mixture results (Figure 9.16).
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Br

(IH,(‘,H:/C\"“H

. CH,
:Br:
Top (S)-2-Bromobutane
/\ £ (50%)
CH,;CH,CH = CH, CH,CH, i
1-Butene %
:Br
Carbocation \SJ CH,
intermediate /
(achiral) CH,CH, \(|3 —-H
Br

(R)-2-Bromobutane
(50%)

Figure 9.16 Stereochemistry of the addition of HBr to 1-butene. The achiral intermediate carbo-
cation is attacked equally well from both top and bottom, giving a racemic product mixture.

Another way to think about the reaction is in terms of transition states.
If the intermediate carbocation is attacked from the top, S product is formed
through transition state 1 (TS 1) in Figure 9.17. If the cation is attacked ‘

from the bottom, R product is formed through TS 2. The two transition states
are mirror images. They therefore have identical energies, form at identical
rates, and are equally likely to occur.

TS1 - e
Br I|3r
(‘.}LCH_,'S}C\“*H CH;;CHZ/C\‘“H
Br CH, CH,
/ (S)-2-Bromobutane
CH;CH,—— _

H% —————————————— NilTgioe cm=ms o= o= -

Br i

peosiuivl satien CH,CH,~J.~H CH,CH,~~H
o+ & |

TS 2 s Br Br

(R)-2-Bromobutane

Figure 9.17 Attack of bromide ion on the sec-butyl carbocation. Attack from the top leads to S
product and is the mirror image of attack from the bottom, which leads to R product. Since both

are equally likely, racemic product is formed. The dotted C --- Br bond in the transition state
indicates partial bond formation.
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Stereochemistry of Reactions:
Addition of Br, to Alkenes

Addition of Br; to 2-butene leads to the formation of 2,3-dibromobutane and
to the generation of two stereogenic centers. What stereochemistry should
we predict for such a reaction? Starting with planar, achiral cis-2-butene,
Br;, can add to the double bond equally well from either the top or the bottom
face to generate two intermediate bromonium ions. For the sake of simplicity,
let’s consider only the result of attack from the top face, keeping in mind
that every structure we consider also has a mirror image.

The bromonium ion formed by addition to the top face of cis-2-butene
can be attacked by bromide ion from either the right or the left side of the
bottom face, as shown in Figure 9.18. Attack from the left (path a) leads to
(2S,3S)-dibromobutane, and attack from the right (path b) leads to (2R,3R)-
dibromobutane. Since both modes of attack on the achiral bromonium ion
are equally likely, a 50:50 (racemic) mixture of the two enantiomeric products
is formed. Thus, we obtain (*)-2,3-dibromobutane.

H,C™

H C‘H‘ /Br
3 \b— C\\ K
Patha Br/ \CH.,

e
R (2S,3S)-Dibromobutane

c=cH L. HY

Bre \/ \VH :
~CH, CH.?® (é Oy " W =8-7 A o -

cis-2-Butene Br c Br H
(achiral) - Pathb \ ’ .CH,
! C '

Bromonium ion -
. . H"/ \
intermediate H

(2R,3R)-Dibromobutane

Figure 9.18 Stereochemistry of the addition of Br; to cis-2-
butene. A racemic mixture of 25,35 and 2R, 3R products is

formed.

What about the addition of Bry to trans-2-butene? Is the same racemic
product mixture formed? Perhaps surprisingly at first glance, the answer
is no. trans-2-Butene reacts with Br; to form a bromonium ion, and again
we'll consider only top-face attack for simplicity. Attack of bromide ion on
the bromonium ion intermediate takes place equally well from both right
and left sides of the bottom face, leading to the formation of 2R,3S and
2S,3R products in equal amounts (Figure 9.19, p. 326). A close look at the two
products, however, shows that they are identical. Both structures represent
meso-2,3-dibromobutane.
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He, )
3o\
Ne=¢
/ "CH,
Br H
Path a
a ;ﬁ;?b (25,3R)-Dibromobutane
C/ \C (meso)
Heo_coCHs B |H7\ 7\ cH .
H;‘C/C——C\H CHA({ H 3 mmmeeee Mirror,— —=-———
trans-2-Butene :Br? Br CH,
- Path b \ /H
fum i c—¢”
Bromonium ion -
intermediate H"/ \
H,C Br

(2R,3S)-Dibromobutane
(meso)

Figure 9.19 Stereochemistry of the addition of Br; to trans-2-
butene. A meso product is formed.

The key conclusion from all three addition reactions just discussed is
that an optically inactive product has been formed in each case. Reaction
between two achiral partners always leads to optically inactive prod-
ucts—either racemic or meso. Put another way, optical activity can’t come
from nowhere; optically active products can’t be produced from optically
inactive reactants.

[Frdelz B 560 - o o 0 0 d00600 06k BRIE00.000 db 0 0 obiED A 00006 006065006 A6 o 0 & 0

9.18 What is the stereochemistry of the product that results from addition of Br, to
cyclohexene? Is the product optically active? Explain.

9.19 Addition of Bry to an unsymmetrical alkene such as cis-2-hexene leads to racemic
product, even though attack of bromide ion on the unsymmetrical bromonium ion
intermediate is not equally likely at both ends. Make drawings of the intermediate
and the products, and explain the observed stereochemical result.

9.20 Predict the stereochemical outcome of the reaction of Bry with trans-2-hexene. Show
your reasoning.
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9.17 Stereochemistry of Reactions:
Addition of HBr to a Chiral Alkene

The reactions considered in the previous two sections involve additions to
achiral alkenes, and optically inactive products are formed in all cases.
What would happen, though, if we were to carry out a reaction on a single
enantiomer of a chiral reactant? For example, what stereochemical result
would be obtained from addition of HBr to a chiral alkene, such as (R)-4-
methyl-1-hexene? The product of the reaction, 2-bromo-4-methylhexane, has
two stereogenic centers and four stereoisomeric configurations.

CH,; Br

NP I |
4 + HBr —— CH;CH,CHCH,CHCH;
H CH,
2-Bromo-4-methylhexane
(R)-4-Methyl-1-hexene

Let’s think about the two stereogenic centers separately. What about
the configuration at C4, the methyl-bearing carbon atom? Since C4 has the
R configuration in the starting material, and since this stereogenic center
is unaffected by the reaction, its configuration remains unchanged. Thus,
the configuration of C4 in the product remains R.

What about the configuration at C2, the newly formed stereogenic
center? As illustrated in Figure 9.20, the stereochemistry at C2 is estab-

H;C ,HH\ .H

€=0¢
\)\/ Ny

/ Top Bottom\
H,C HBr H HC H H Br

OSSN AN

CH, CH,

(2S,4R)-2-Bromo-4-methylhexane (2R,4R)-2-Bromo-4-methylhexane

Figure 9.20 Stereochemistry of the addition of HBr to the chiral alkene, (R)-4-
methyl-1-hexene. A mixture of diastereomeric 2R,4 R and 25,4 R products is formed in
unequal amounts, because attack on the chiral carbocation intermediate is not
equally likely from top and bottom.
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PROBLEM. .

9.21

PROBLEM. .

9.18

lished by attack of bromide ion on a carbocation intermediate in the usual
manner. But this carbocation is not symmetrical; it is chiral because of the
presence of the C4 center. Since the carbocation has no plane of symmetry,
it is not attacked equally well from top and bottom faces. One of the two
faces is likely, for steric reasons, to be a bit more accessible than the other
face, leading to a mixture of R and S products in some ratio other than
50:50. Thus, two diastereomeric products, (2R,4R)-2-bromo-4-methylhexane
and (2S,4R)-2-bromo-4-methylhexane, are formed in unequal amounts.

As a general rule, reaction between an achiral reactant (such as HBr)
and a chiral reactant leads to unequal amounts of diastereomeric products.
If the chiral reactant is optically active because only one enantiomer is used,
then the products are also optically active. .

What products are formed, and in what amounts, from reaction of HBr with racemic
(*)-4-methyl-1-hexene? Is the product mixture optically active?

What products are formed, and in what amounts, from reaction of HBr with
4-methylcyclopentene?

Stereoisomerism and Chirality in
Substituted Cyclohexanes

We saw in Section 4.12 that substituted cyclohexane rings adopt a chair-like
geometry and that the conformation of a given compound can be predicted
by looking at steric interactions in the molecule. To complete a study of
cyclohexane stereochemistry, we now need to look at the effect of conforma-
tion on stereoisomerism and chirality.

1,4-Disubstituted Cyclohexanes

1,4-Disubstituted cyclohexanes have a symmetry plane passing through the
two substituents and through carbons 1 and 4 of the ring. As a result, both
cis and trans diastereomers are achiral, as shown in Figure 9.21 for 1,4-
dimethylcyclohexane.

1,3-Disubstituted Cyclohexanes

1,3-Disubstituted cyclohexanes have two stereogenic centers, and four ste-
reoisomers are therefore possible. trans-1,3-Dimethylcyclohexane exists as
a pair of enantiomers, but cis-1,3-dimethylcyclohexane has a symmetry
plane and is thus a meso compound (Figure 9.22).




9.18 Stereoisomerism and Chirality in Substituted Cyclohexanes 329

CH,

H3C

cis-1,4-Dimethylcyclohexane trans-1,4-Dimethylcyclohexane

Diastereomers
(stereoisomers but not enantiomers)

Figure 9.21 The stereochemical relationships among
1,4-dimethylcyclohexanes. Both cis and trans isomers are
achiral.

Mirror

0 L—CH;,

CH,

Enantiomers
(+) and (—)-trans-1,3-Dimethylcyclohexane

CH;

cis-1,3-Dimethylcyclohexane (meso)

Figure 9.22 The stereochemical relationships among
1,3-dimethylcyciohexanes. The trans isomer is a pair of
enantiomers, and the cis isomer is @ meso compound.
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1,2-Disubstituted Cyclohexanes

1,2-Disubstituted cyclohexanes have two stereogenic centers, and four
stereoisomers are again possible. trans-1,2-Dimethylcyclohexane has no
symmetry plane and is therefore a pair of (+) and (—) enantiomers. The
situation with the cis isomer is more complicated, however. Viewed in chair
conformation, cis-1,2-dimethylcyclohexane appears to exist as a pair of opti-
cally active (+) and (—) enantiomers. In fact, though, the two enantiomers
can’t be isolated because they are rapidly interconverted by a ring-flip. As
a result, cis-1,2-dimethylcyclohexane exists as a racemic mixture (Figure
9.23).

Mirror

CHjy

o
o)

Enantiomers
(+) and (—)-frans-1,2-Dimethylcyclohexane

Mirror
I

[}
[}
[}

CHj : H;C
M ’ m
[}

CH; | HsC

\\ S}'mmetlry I’lane //‘

|
i
H,C CH,

I

cis-1,2-Dimethylcyclohexane

Figure 9.23 trans-1,2-Dimethyicyclohexane exists as a pair of
(+) and (=) enantiomers. cis-1,2-Dimethylcyclohexane exists as a
pair of enantiomers that rapidly interconvert by ring-flip. As a
result, the compound is racemic.
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How many stereoisomers of 1-chloro-3,5-dimethylcyclohexane are there? Draw the
most stable conformation.

How many 1,2-dimethylcyclopentane stereoisomers are there? What are the stereo-
chemical relationships among them?

Chirality at Atoms Other Than
Carbon

Since the most common cause of chirality is the presence of four different
substituents bonded to a tetrahedral atom, tetrahedral atoms other than
carbon can also be stereogenic centers. Silicon, nitrogen, phosphorus, and
sulfur are all commonly encountered in organic molecules, and all can be
stereogenic centers under the proper circumstances. We know, for example,
that trivalent nitrogen is tetrahedral, with its lone pair of electrons acting
as the fourth “substituent” (Section 1.12). Is trivalent nitrogen chiral? Does
a compound such as ethylmethylamine exist as a pair of enantiomers?

Mirror

0

N
H"/ “CH,CH,
H,C

0

N
PR
CH,CH, \'H
ST CH,

i
1
I
I
I
I
i
Ethylmethylamine

The answer is both yes and no. Yes in principle, but no in practice.
Trivalent nitrogen compounds undergo a rapid umbrella-like inversion that
interconverts enantiomers. We therefore can’t isolate individual enantio-
mers except in special cases.

Mirror
|
CH,CH }i | E‘ f—
N@D == @®N
/ , \
H,C : CHe

Rapid
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9.20 Chirality in Nature

Just as different stereoisomeric forms of a chiral molecule have differ-
ent physical properties, they usually have different biological properties
as well. For example, the dextrorotatory enantiomer of carvone has the
odor of caraway seeds, and the levorotatory enantiomer has the odor of
spearmint.

0 O
CH; CH;,
H
\” ﬁ
(+)-Carvone (—)-Carvone
(in caraway seeds) (in spearmint oil)

Another example of how a change in chirality can affect the biological
properties of a molecule is found in the amino acid, dopa. More properly
named 2-amino-3-(3,4-dihydroxyphenyl)propanoic acid, dopa has a single
stereogenic center and can thus exist in two stereoisomeric forms. The
dextrorotatory enantiomer, D-dopa, has no physiological effect on humans,
but the levorotatory enantiomer, L-dopa, is widely used for its potent activ-
ity against Parkinson’s disease, a chronic malady of the central nervous

system.
HO COOH HOOC OH
HO OH

D-Dopa L-Dopa
(no biological effect) (anti-Parkinsonian agent)

Why do different stereoisomers have different biological properties? To
exert its biological action, a chiral molecule must fit into a chiral receptor
at the target site, much as a hand fits into a glove. But just as a right hand
can fit only into a right-hand glove, so a particular stereoisomer can fit
only into a receptor having the proper complementary shape. Any other
stereoisomer will be a misfit like a right hand in a left-hand glove. A sche-
matic representation of the interaction between a chiral molecule and a
chiral biological receptor is shown in Figure 9.24. One enantiomer fits the
receptor perfectly, but the other does not.
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Figure 9.24 (a} One enantiomer fits easily into a chiral receptor site to exert its biological effect,
but (b} the other enantiomer can' fit into the same receptor.

INTERLUDE

Chiral Drugs

The S enantiomer of ibuprofen
soothes the aches and pains
of athletic injuries.

The hundreds of different pharmaceutical agents approved for use by the
U.S. Food and Drug Administration come from many sources. Many drugs
are isolated directly from plants or bacteria, others are made by chemical
modification of naturally occurring compounds, and still others are made
entirely in the laboratory and have no relatives in nature.

Those drugs that come from natural sources, either directly or after
chemical modification, are usually chiral and are generally found only as
a single enantiomer rather than as a racemic mixture. Penicillin V, for
example, an antibiotic isolated from the Penicillium mold, has the
2S,5R,6R configuration. Its enantiomer, which does not occur naturally
but can be made in the laboratory, has essentially no biological activity.

(continued)»
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6R 5p

COOH

Penicillin V (2S5,5R,6R configuration)

In contrast to drugs from natural sources, those drugs that are made
entirely in the laboratory are either achiral or, if chiral, are generally
produced and sold as racemic mixtures. Ibuprofen, for example, contains
one stereogenic center, and only the S enantiomer is an analgesic/anti-
inflammatory agent useful in treating rheumatism. Even though the
R enantiomer of ibuprofen is inactive, the substance marketed under
such trade names as Advil, Nuprin, and Motrin is a racemic mixture of

R and S.
H COOH
v/

c

(S)-Ibuprofen
(an active analgesic agent)

Stereo View

Not only is it chemically wasteful to synthesize and administer an
enantiomer that does not serve the intended purpose, many examples
are now known where the presence of the “wrong” enantiomer in a racemic
mixture either affects the body’s ability to utilize the “right” enantiomer
or has unintended pharmacological effects of its own. The presence of
(R)-ibuprofen in the racemic mixture, for instance, seems to slow down
substantially the rate at which the S enantiomer takes effect.

To get around this problem, pharmaceutical companies are now devis-
ing methods of so-called asymmetric synthesis, which allows them to pre-
pare only a single enantiomer rather than a racemic mixture. Viable
methods have already been developed for the preparation of (S)-ibuprofen,
and the time may not be far off when television ads show famous tennis
players talking about the advantages of chiral drugs.

-
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Summary and Key Words

When a beam of plane-polarized light is passed through a solution of
certain organic molecules, the plane of polarization is rotated. Compounds
that exhibit this behavior are called optically active. Optical activity is
due to the asymmetric structure of the molecules themselves.

An object or molecule that is not superimposable on its mirror image
is said to be chiral, meaning “handed.” For example, a glove is chiral but
a coffee cup is nonchiral, or achiral. A chiral molecule is one that does not
contain a plane of symmetry—a plane that cuts through the molecule so
that one half is a mirror image of the other half. The most common cause of
chirality in organic molecules is the presence of a tetrahedral, sp3-hybridized
carbon atom bonded to four different groups. Compounds that contain such
stereogenic centers exist as a pair of nonsuperimposable, mirror-image
stereoisomers called enantiomers. Enantiomers are identical in all physi-
cal properties except for the direction in which they rotate plane-polarized
light.

The stereochemical configuration of a carbon atom can be depicted
using Fischer projections, in which horizontal lines (bonds) are under-
stood to come out of the plane of the paper and vertical bonds are understood
to go back into the plane of the paper. The configuration can be specified as
either R (rectus) or S (sinister) by using the Cahn—Ingold—Prelog sequence
rules. This is done by first assigning priorities to the four substituents on
the stereogenic carbon atom and then comparing the atom with a hand,
oriented so that the thumb points from the carbon to the group of lowest
priority (4). If the fingers of a right hand curl in the direction of decreasing
priority (1 — 2 — 3) for the remaining three groups, the stereogenic center
has the R configuration. If the fingers of a left hand curl in the 1 - 2 — 3
direction, the stereogenic center has the S configuration.

Some molecules have more than one stereogenic center. Enantiomers
have opposite configuration at all stereogenic centers, whereas diastereo-
mers have the same configuration in at least one center but opposite config-
urations at the others. A compound with n stereogenic centers can have a
maximum of 2" stereoisomers.

Meso compounds contain stereogenic centers, but are achiral overall
because they have a plane of symmetry. Racemic mixtures, or racemates,
are 50:50 mixtures of (+) and (—) enantiomers. Racemic mixtures and indi-
vidual diastereomers differ in their physical properties, such as solubility,
melting point, and boiling point.

Most reactions give chiral products. If the reactants are optically inac-
tive, the products are also optically inactive—either meso or racemic. If one
or both of the reactants is optically active, the product can also be optically
active.

ADDITIONAL PROBLEMS ..........ccoiiiiiiiin,

9.25 Cholic acid, the major steroid found in bile, was found to have a rotation of +2.22°
when a 3.00 g sample was dissolved in 5.00 mL alcohol and the solution was placed
in a sample tube with a 1.00 cm path length. Calculate [a]p for cholic acid.
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9.26

9.27

9.28

9.29

9.30

9.31

9.32

9.33

9.34

9.35

9.36

9.37

9.38

9.39

Polarimeters for measuring optical rotation are very sensitive and can measure
rotations to 0.001°, an important fact when only small amounts of sample are avail-
able. Ecdysone, for example, is an insect hormone that controls molting in the silk-
worm moth. When 7.00 mg ecdysone was dissolved in 1.00 mL chloroform and the
solution was placed in a 2.00 cm path-length cell, an observed rotation of +0.087°
was found. Calculate [a]p for ecdysone.

Suppose you have a sucrose solution that appears to rotate plane-polarized light 90°
to the right (dextrorotatory). How do you know that the solution isn’t rotating the
plane of polarization to the left by 270° (levorotatory)? The analyzer would be in
exactly the same position in either case.

What do these terms mean?
(a) Chirality (b) Stereogenic center (c) Optical activity
(d) Diastereomer (e) Enantiomer (f) Racemate

Which of the following compounds are chiral? Draw them and label the stereogenic
centers.

(a) 2,4-Dimethylheptane (b) 3-Ethyl-5,5-dimethylheptane
(¢) cis-1,4-Dichlorocyclohexane (d) 4,5-Dimethyl-2,6-octadiyne
Draw chiral molecules that meet these descriptions:

(a) A chloroalkane, CsH;;Cl (b) An alcohol, C¢H,,0

(c) An a]kene, CGH]Q (d) An a].kane, CSHIB
Eight alcohols have the formula C5H;30. Draw them. Which are chiral?
Draw the nine chiral molecules that have the formula CgH,3Br.

Draw compounds that fit these descriptions:

(a) A chiral alcohol with four carbons

(b) A chiral carboxylic acid with the formula C5H;,0,
(c) A compound with two stereogenic centers

(d) A chiral aldehyde with the formula C;H;BrO

Which of these objects are chiral?
(a) A basketball (b) A fork (c) A wine glass
(d) A golf club (e) A monkey wrench (f) A snowflake

Penicillin V is an important broad-spectrum antibiotic that contains three stereo-
genic centers. Identify them with asterisks.

OCH,CONH }:I H s GHs
I CH;  Penicillin V
N —H (antibiotic)
0 COOH

Draw examples of the following:

(a) A meso compound with the formula CgH, 5

(b) A meso compound with the formula CoHy,

(c) A compound with two stereogenic centers, one R and the other S

What is the relationship between the specific rotations of (2R,3R)-dichloropentane
and (2S,3S)-dichloropentane? Between (2R,3S)-dichloropentane and (2R,3R)-di-
chloropentane?

What is the stereochemical configuration of the enantiomer of (2S,4R)-dibromo-
octane?

What are the stereochemical configurations of the two diastereomers of (2S,4R)-
dibromooctane?
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9.40 Assign Cahn-Ingold—Prelog priorities to the following sets of substituents:

9.41

9.42

9.43

9.44

9.45

(a) —CH=CH,, —CH(CHj3),, — C(CH3);, —CH,CHj;

(b) —C=CH, — CH=CH,, — C(CHy)s, @

(c) —002CH3, —COCH3, —CHzocHs, —CHZCH;;
(d) —C=N, —CH;,;Br, —CH,CH,Br, —Br
Assign R or S configurations to the stereogenic centers in the following molecules:

(@) H OH (b) cl H (©) H OCH,

HOCH, COOH

Assign R or S configurations to each stereogenic center in the following molecules:

(a) OH (b) H CH,
' _H % -

Draw tetrahedral representations of the following molecules.
(a) (S)-2-Butanol, CH;CH,CH(OH)CHj4 (b) (R)-3-Chloro-1-pentene

Draw tetrahedral representations of the two enantiomers of the amino acid cysteine,

HSCH,CH(NH,)COOH, and identify each as R or S.

Which of the following pairs of Fischer projections represent the same enantiomer,
and which represent different enantiomers?

Br CN
(a) H3C+H and H+Br
CN

CH;
COOH Br
(b) H+CN and H—\»COOH
Br CN
CH,4 OH
(¢) H—+—CHyCH; and H—\»CHs
OH CH,CH;
CH; COOH
(d) H——+—NH; and H3C+NH2

COOH H
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9.46 Assign R or S configurations to the following Fischer projections:

CN CH=CH, Br
(a) H+Br (b) H——CH,CHj © H+®
CH, s CH,CH,
9.47 Assign R or S configurations to each stereogenic center in these molecules:
(a) H (b) AN
H,C——Br | —
Br——H H,C——OH
CHs H,C——H
OH
(c) CO.H (d) NH,
HO——H H——CO,H
H——OH H——OH
H——O0OH H——H
CH,OH | AN
/
9.48 Draw Fischer projections that fit the following descriptions.
(a) The S enantiomer of 2-bromobutane
(b) The R enantiomer of alanine, CH;CH(NH,)COOH
(c) The R enantiomer of 2-hydroxypropanoic acid
(d) The S enantiomer of 3-methylhexane
9.49 Assign R or S configurations to each stereogenic center in ascorbic acid (vitamin C).

9.50

OH

Ascorbic acid

HO——H

CH,OH

Xylose is a common sugar found in many woods, including maple and cherry. Because
it is much less prone to cause tooth decay than sucrose, xylose has been used in
candy and chewing gum. Assign R or S configurations to the stereogenic centers in
xylose.

CHO
H——OH
HO——H (+)-Xylose, [alp = +92°
H——OH

CH,0H
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9.51 Hydroxylation of cis-2-butene with OsO, yields 2,3-butanediol. What stereochemistry
do you expect for the product? (Review Section 7.8 if necessary.)

9.52 Hydroxylation of trans-2-butene with OsQ, also yields 2,3-butanediol. What stereo-
chemistry do you expect for the product?

9.53 We'll see in Chapter 18 that alkenes undergo reaction with peroxycarboxylic acids
(RCO;3H) to give three-membered-ring cyclic ethers called epoxides. For example,
4-octene reacts with peroxyacids to yield 4,5-epoxyoctane:

o)
CH,CH,CH,CH=CHCH,CH,CH, -*¢%H". CH,CH,CH,CH— CHCH,CH,CHj,

4-Octene 4,5-Epoxyoctane

Assuming that this epoxidation reaction occurs with syn stereochemistry, draw the
structure obtained from epoxidation of cis-4-octene. Is the product chiral? How many
stereogenic centers does it have? How would you describe it stereochemically?

9.54 Answer Problem 9.53, assuming that the epoxidation reaction is carried out on trans-
4-octene.

9.55 Write the products of the following reactions, and indicate the stereochemistry
obtained in each instance.

Brz, H20
—_—_ " 5
@ —HMso

<j| ) Br,, CCl,

0504
©  —Namso;

9.56 Draw all possible stereoisomers of cyclobutane-1,2-dicarboxylic acid, and indicate
the interrelationships. Which, if any, are optically active? Do the same for cyclobu-
tane-1,3-dicarboxylic acid.

9.57 Compound A, C;H,,, was found to be optically active. On catalytic reduction over a
palladium catalyst, 2 equiv of hydrogen were absorbed, yielding compound B, C;H,e.
On ozonolysis of A, two fragments were obtained. One fragment was identified as
acetic acid. The other fragment, compound C, was an optically active carboxylic acid,
C5H,00;. Formulate the reactions, and draw structures for A, B, and C.

9.58 Compound A, C,,H,50, was found to be an optically active alcohol. Despite its appar-
ent unsaturation, no hydrogen was absorbed on catalytic reduction over a palladium
catalyst. On treatment of A with dilute sulfuric acid, dehydration occurred, and B,
an optically inactive alkene, C1;H,4, was produced as the major product. Alkene B, on
ozonolysis, gave two products. One product was identified as propanal, CH;CH,CHO.
Compound C, the other product, CgHgO, was shown to be a ketone. How many
multiple bonds and/or rings does A have? Formulate the reactions and identify A,
B, and C.

9.59 Draw the structure of (R)-2-methylcyclohexanone.

9.60 How many stereoisomers of 2,4-dibromo-3-chloropentane are there? Draw them and
indicate which are optically active.

s
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9.61 The so-called tetrahedranes are an interesting class of compounds, the first example
of which was synthesized in 1979. Make a model of a substituted tetrahedrane with
four different substituents. Is it chiral? Explain.

9.62 Allenes are compounds with adjacent carbon—carbon double bonds. Many allenes are
chiral, even though they don’t contain stereogenic centers. Mycomycin, for example, a
naturally occurring antibiotic isolated from the bacterium Nocardia acidophilus, is
chiral and has [a]lp = —130°. Why is mycomycin chiral? Making a molecular model
should be helpful.

HC=C—C=C—CH=C=CH—CH=CH—CH=CH—CH,COOH
Mycomyecin

(an allene)

9.63 Long before chiral allenes were known (Problem 9.62), the resolution of 4-methyl-
cyclohexylideneacetic acid into two enantiomers had been carried out. Why is it
chiral? What geometric relationship does it have to allenes?

COOH

Methylceyclohexylideneacetic acid

9.64 Carboxylic acids react with alcohols to yield esters:

| ]
R—C—OH + ROH — R—C—OR’' + H,0

Carboxylic acid Alcohol Ester

Suppose that racemic lactic acid reacts with methanol, CH;0H, to yield the ester
methyl lactate. What stereochemistry would you expect the product(s) to have? What
is the relationship of one product to another?

9.65 Suppose that (S)-lactic acid reacts with (R)-2-butanol to form an ester. What stereo-
chemistry would you expect the product(s) to have? Draw the starting materials and
product.

9.66 Suppose that racemic lactic acid reacts with (S)-2-butanol to form an ester. What
stereochemistry does the product(s) have? What is the relationship of one product
to another? Assuming that esters can be converted back into carboxylic acids, how
might you use this reaction to resolve (*)-lactic acid?
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A Look Ahead

9.67 We'll see in the next chapter that an alkyl halide reacts with a nucleophile to give
a substitution product by a mechanism that involves inversion of stereochemistry
at carbon:

N e i/
C L Nu—C\ + X-

/

Formulate the reaction of (S)-2-bromobutane with HS™ ion to yield 2-butanethiol,
CH;CH,CH(SH)CHj;. What is the stereochemistry of the product?

9.68 (S)-1-Chloro-2-methylbutane undergoes light-induced reaction with Cl, by a radical
mechanism to yield a mixture of products (Section 10.4). Among the products are
1,4-dichloro-2-methylbutane and 1,2-dichloro-2-methylbutane. )
(a) Formulate the reaction, showing the correct stereochemistry of the starting
material.

(b) One of the two products is optically active, but the other is optically inactive.
Which is which?

(c) What can you conclude about the stereochemistry of radical chlorination
reactions?

9.69 Grignard reagents, RMgX, react with aldehydes to yield alcohols (Section 17.7). For
example, the reaction of methylmagnesium bromide with propanal yields 2-butanol:

=

0 OH
I | |
CH,;CH,—C—H .;_(ﬁ”o“ﬁ CHSCHZ—(I','—CHg
. 3
Propanal H

2-Butanol

(a) Is the product chiral? Is it optically active?
(b) How many stereoisomers of butanol are formed, what are their stereochemical
relationships, and what are their relative amounts?
9.70 Imagine that another Grignard reaction similar to that in Problem 9.69 is carried
out between methylmagnesium bromide and (R)-2-phenylpropanal to yield 3-phenyl-
2-butanol:

H CH,
N/ OH

C 0 |
\ -
(Y 7 e ongutnon
H

(R)-2-Phenylpropanal

3-Phenyl-2-butanol

(a) Is the product chiral? Is it optically active?
(b) How many stereoisomers of 3-phenyl-2-butanol are formed, what are their stereo-
chemical relationships, and what are their relative amounts?
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It would be difficult to study organic chemistry for long without becoming
aware of halo-substituted alkanes. Among their many uses, alkyl halides
are employed as industrial solvents, as inhaled anesthetics in medicine, as
refrigerants, and as pesticides and fumigating agents.

Cl Cl F Br F H
H—é—(|3—H F—(|3—(|3—H Cl—(|3—F H—(IJ—BI‘
H B ¢ d & i
1,2-Dichloroethane Halothane Dichlorodifluoro- Bromomethane

(a solvent) (an inhaled anesthetic) methane (a fumigant)

(a refrigerant)

Alkyl halides occur widely in nature, though mostly in marine rather
than terrestrial organisms. It has been estimated, for example, that the
global emission rate of chloromethane, CH3Cl, from natural sources is
approximately 5 million tons per year. In addition, more than 100 differ-
ent halogenated compounds have been found in the edible Hawaiian alga
Asparagopsts taxiformis, and hundreds of others have been found in other
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marine sources. Many of these substances isolated from marine organisms
exhibit interesting biological activity. For example, plocamene B, a trichloro-
cyclohexene derivative isolated from the red alga Plocamium violaceum, is
similar in potency to DDT in its insecticidal activity against mosquito larvae.

a {8 cH

~.

cr H = Cl

Plocamene B
(A trichloride)

In discussing the chemistry of alkyl halides in this chapter, we’ll be
talking primarily about compounds having halogen atoms bonded to satu-
rated, sp3-hybridized carbon atoms. Other classes of organohalides also
exist, such as aromatic (aryl) and alkenyl (vinylic) halides, but much of their
chemistry is different.

Alkyl halide Aryl halide Vinylic halide

10.1 Naming Alkyl Halides

Alkyl halides are named in the same way as alkanes (Section 3.4), by treating
the halogen as a substituent on a parent alkane chain. There are three
rules:

1. Find and name the parent chain. As in naming alkanes, select the
longest chain as the parent. If a double or triple bond is present,
the parent chain must contain it.

2. Number the carbon atoms of the parent chain beginning at the end
nearer the first substituent, regardless of whether it is alkyl or halo.
Assign each substituent a number according to its position on the
chain. For example:

CH,3 Bl’r Blr CH;
| l
cHgCHCHz(leCHCHQCHg CHgCHCHg(iJH CHCH,CHj;
1 2 3 45 6 1 TR . 4 5 6 1

CH, CH.

5-Bromo-2,4-dimethylheptane 2-Bromo-4,5-dimethylheptane
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(a) If more than one of the same kind of halogen is present, number
each and use one of the prefixes di-, tri-, tetra-, and so on. For

example:
Cl Cl
CH;CHCHCHCH,CH3;
1 2 3 4| 5 6

CH;
2,3-Dichloro-4-methylhexane
(b) If different halogens are present, number each according to its
position on the chain and list them in alphabetical order when
writing the name. For example:
(il
BrCH,CH,CHCHCHj;
1 2 34| 5
CH;
1-Bromo-3-chloro-4-methylpentane
3. If the parent chain can be properly numbered from either end by

rule 2, begin at the end nearer the substituent (either alkyl or halo)
that has alphabetical precedence. For example:

(|:H3 B|I'
CH3;CHCH,CH,CHCHj,
6 5 4 3 2 1

2-Bromo-5-methylhexane
(NOT 5-bromo-2-methylhexane)

In addition to their systematic names, many simple alkyl halides are
also named by identifying first the alkyl group and then the halogen. For
example, CH;1I can be called methyl iodide. Such names are well entrenched
in the chemical literature and in daily usage, but they won't be used in this

book.
Br
Cl
|
CH,I CH,;CHCH,4
Iodomethane 2-Chloropropane Bromocyclohexane
(or methyl iodide) (or isopropyl chloride) (or cyclohexyl bromide)

PROBLEM. .. ...ttt ettt et ee et e e tae e tee et te e ie e eiee e eenaeennns
10.1 Give the IUPAC names of these alkyl halides:
(a) CH;CH,CH,CH,1 (b) CH;
CH3(|1HCHQCH201
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(c) CH; (d) CH;
BrCHZCHzCHzéCHzBr CH_;éCHZCHzCl
&, 4
(e) I CH,CH,CI (f) Br Cl
CH3;CHCHCH,CHj3 CH3(|)HCHZCH2(|]HCH3

[ 7 U2 80 00000806 00000 dBo oo ofo 86 o 00006 Joo T M0R0000S Ao BoB S o BEO0- o o

10.2 Draw structures corresponding to these IUPAC names:

(a) 2-Chloro-3,3-dimethylhexane (b) 3,3-Dichloro-2-methylhexane
(¢) 3-Bromo-3-ethylpentane (d) 1,1-Dibromo-4-isopropylcyclohexane
(e) 4-sec-Butyl-2-chlorononane (f) 1,1-Dibromo-4-tert-butylcyclohexane

10.2 Structure of Alkyl Halides

The carbon-halogen bond in an alkyl halide results from the overlap of a
carbon sp? hybrid orbital with a halogen orbital. Thus, alkyl halide carbon
atoms have an approximately tetrahedral geometry with H-C-X bond angles
near 109°. Halogens increase in size going down the periodic table, an
increase that is reflected in the bond lengths of the halomethane series
(Table 10.1). Table 10.1 also indicates that C-X bond strengths decrease
going down the periodic table.

Table 10.1 A Comparison of the Halomethanes
Bond strength
Bond length Dipole moment

Halomethane A) (kJ [ mol) (keal /mol) (D)
CH3F 1.39 452 108 1.85
CH;Cl 1.78 351 84 1.87
CH;Br 1.93 * 293 70 1.81
CH;l1 2.14 234 56 1.62

In an earlier discussion of bond polarity in functional groups (Section
5.4), we noted that halogens are more electronegative than carbon. The C—-X
bond is therefore polar, with the carbon atom bearing a slight positive charge
(8+) and the halogen a slight negative charge (5—):



346 CHAPTER 10 Alkyl Halides

\6? 6—
SCa
w4

(X is the standard abbreviation for a halogen: F, Cl, Br, or I)

We can get an idea of the amount of bond polarity by measuring the dipole
moments of the halomethanes. As indicated by the data in Table 10.1, all
the halomethanes have substantial dipole moments; the specific identity of
the halogen has a fairly small effect.

Since the carbon atom of alkyl halides is positively polarized, alkyl
halides are good electrophiles (Section 5.4). We'll see in the next chapter
that much of the chemistry alkyl halides undergo is dominated by their
electrophilic behavior.

X
5+ I _—— Electrophilic site
// N

10.3 Preparation of Alkyl Halides

We've already seen several methods of alkyl halide preparation, including
the reaction of both HX and X, with alkenes in electrophilic addition reac-
tions (Sections 6.8 and 7.2). HCI, HBr, and HI react with alkenes by a polar
mechanism to give the product of Markovnikov addition; HBr can also add
by a radical pathway to give the non-Markovnikov product. Bromine and
chlorine yield trans 1,2-dihalogenated addition products.

X =Clor Br X =CL Br,orl
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