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PREFACE

FEATURES
CONTINUED FROM
THE SIXTH EDITION

Organic chemistry is changing rapidly. From its early days dealing primarily
with soaps and dyes, organic chemistry has moved to center stage in many fields,
from molecular biology to medicine and from agriculture to advanced electronics.
Today’s organic chemists are learning new languages—particularly those of
medicine and molecular biology—to shape the world we live in, and practitioners
in many other fields are finding themselves having to learn something of organic
chemistry. More than ever before, a fundamental understanding of organic
chemistry is critical to addressing complex, interdisciplinary problems.

This seventh edition of Fundamentals of Organic Chemistry addresses some
of the changes that are occurring by placing a greater emphasis on the applica-
tions of organic chemistry, especially applications to medicine and agriculture.
Many new examples of biological organic reactions have been added in this
edition; Interlude boxes at the end of each chapter are rich in the chemistry
of drugs and agrochemicals; and problem categories such as “In the Field” and
“In the Medicine Cabinet” reinforce the emphasis on applications.

This book is written for a one-semester course in organic chemistry, where
content must be comprehensive but to the point. Only those topics needed for
a brief course are covered, yet the important pedagogical tools commonly
found in larger books are also maintained. In this seventh edition, Fundamen-
tals of Organic Chemistry continues its clear explanations, thought-provoking
examples and problems, and the trademark vertical format for explaining
reaction mechanisms.

The primary organization of this book is by functional group, beginning
with the simple (alkanes) and progressing to the more complex. Within the
primary organization, there is also an emphasis on explaining the fundamen-
tal mechanistic similarities of reactions, and several chapters even have a
dual title: Chapter 7 (Organohalides: Nucleophilic Substitutions and Elimina-
tions), Chapter 9 (Aldehydes and Ketones: Nucleophilic Addition Reactions),
and Chapter 10 (Carboxylic Acids and Derivatives: Nucleophilic Acyl Substi-
tution Reactions), for instance. Through this approach, memorization is mini-
mized and understanding is maximized.

The first six editions of this text were widely regarded as the clearest and
most readable treatments of introductory organic chemistry available. I hope
you will find that this seventh edition of Fundamentals of Organic Chemistry
builds on the strengths of the first six and serves students even better. I have
made every effort to make this seventh edition as effective, clear, and readable
as possible; to show the beauty, logic, and relevance of organic chemistry; and
to make the subject interesting to learn. I welcome all comments on this new
edition as well as recommendations for future editions.

e Trademarked vertical reaction mechanisms give students easy-to-
follow descriptions of each step in a reaction pathway. The number of
these vertical mechanisms has increased in every edition; see Figure
11.1 on page 375, for example, where the mechanisms of enol formation
under both acid-catalyzed and base-catalyzed conditions are compared.

xi



xii Preface

Full color throughout the text highlights the reacting parts of mole-
cules to make it easier to focus on the main parts of a reaction.

Nearly 100 electrostatic potential maps display the polarity pat-
terns in molecules and the importance of these patterns in determining
chemical reactivity.

More than 100 Visualizing Chemistry problems challenge students
to make the connection between typical line-bond drawings and molec-
ular models.

Each chapter contains many Worked Examples that illustrate how
problems can be solved, followed by a similar problem for the student
to solve. Each worked-out problem begins with a Strategy discussion
that shows how to approach the problem.

More than 900 Problems are included both within the text and at the
end of every chapter.

Current IUPAC nomenclature rules, as updated in 1993, are used to
name compounds in this text.

CHANGES AND The primary reason for preparing a new edition is to keep the book up-to-date,
ADDITIONS FOR THE both in its scientific coverage and in its pedagogy. Global changes to the text
SEVENTH EDITION for this new edition include:

Writing has been revised at the sentence level.

Chemical structures have been redrawn.

Titles have been added to Worked Examples.

Brief paragraphs titled “Why This Chapter” have been added to chapter
introductions to explain the relevance of the chapter material to students.
Many biologically oriented problems and examples have been added.

Specific changes and additions in individual chapters include:

Chapter 1: A new Section 1.11, Organic Acids and Organic Bases, has
been added.

Chapter 4: Coverage of epoxide formation and cleavage has been
added to Section 4.6.

Chapter 5: A new Interlude, Aspirin, NSAIDs, and COX-2 Inhibitors,
has been added.

Coverage of biologically important aromatic heterocycles has been added
to Section 5.9.

Chapter 7: Coverage of alkyl fluoride preparation from alcohols has
been added to Section 7.2.

Coverage of the biologically important E1cB reaction has been added to
Section 7.8.

Chapter 8: Coverage of the Grignard reaction has been added to
Section 8.3.

Periodinane oxidation of alcohols has been added to Section 8.4.

A new Interlude, Epoxy Resins and Adhesives, has been added.
Chapter 9: The former Sections 9.6 and 9.11 have been combined in a
new Section 9.6, Nucleophilic Addition of Hydride and Grignard
Reagents: Alcohol Formation.

A new Interlude, Vitamin C, has been added.
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e Chapter 10: Coverage of the DCC method of amide synthesis has been
added to Section 10.10.
A new Section 10.12, Biological Carboxylic Acid Derivatives: Thioesters
and Acyl Phosphates, has been added.
Coverage of biodegradable polymers has been added to Section 10.13.

e Chapter 11: A new Interlude, Barbiturates, has been added.

e Chapter 12: Coverage of the azide synthesis of amines has been added
to Section 12.4.
A new Interlude, Green Chemistry, has been added.

e Chapter 13: The chapter has been reorganized to cover IR before UV.

e Chapter 14: A new subsection, Biological Ester Formation: Phosphory-
lation, has been added to Section 14.7.
A new Section 14.8, The Eight Essential Monosaccharides, has been
added.

e Chapter 15: Coverage of major coenzymes has been added to
Section 15.9.
A new Interlude, X-Ray Crystallography, has been added.

e Chapter 16: All material on nucleic acid chemistry has been updated.

e Chapter 17: A new Interlude, Statin Drugs, has been added.
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Authored by Steve Hixson, Peter Lillya, and Peter Samal, all of the University
of Massachusetts, Amherst. End-of-chapter questions authored by David W.
Brown, Florida Gulf Coast University.

Featuring a modern, intuitive interface, OWL for Organic Chemistry is a
customizable, online learning system and assessment tool that reduces fac-
ulty workload and facilitates instruction. You can select from various types of
assignments—including tutors, simulations, and short answer questions.
Questions are numerically, chemically, and contextually parameterized and
can accept superscript and subscript as well as structure drawings. With
parameterization, OWL for Organic Chemistry offers more than 6000 ques-
tions (including end-of-chapter questions specific to this textbook) and includes
MarvinSketch, an advanced molecular drawing program for drawing gradable
structures. In addition, when you become an OWL user, you can expect service
that goes far beyond the ordinary.

OWL is continually enhanced with online learning tools to address the
various learning styles of today’s students such as:

¢ e-Books, which offer a fully integrated electronic textbook correlated to
OWL questions

¢ Quick Prep review courses that help students learn essential skills to
succeed in General and Organic Chemistry

e Jmol molecular visualization program for rotating molecules and mea-
suring bond distances and angles

e Parameterized end-of-chapter questions developed specifically for
this text

For more information or to see a demo, please contact your Cengage Learn-
ing representative or visit us at www.cengage.com/owl.
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Organic chemistry is all around us. The reactions
and interactions of organic molecules allow us to see,
smell, fight, and fear. Organic chemistry provides the
molecules that feed us, treat our illnesses, protect our
crops, and clean our clothes. Anyone with a curiosity
about life and living things must have a basic under-
standing of organic chemistry.

Historically, the term organic chemistry dates to the
late 1700s, when it was used to mean the chemistry of
compounds found in living organisms. Little was known
about chemistry at that time, and the behavior of the
“organic” substances isolated from plants and animals
seemed different from that of the “inorganic” substances
found in minerals. Organic compounds were generally
low-melting solids and were usually more difficult to
isolate, purify, and work with than high-melting inor-
ganic compounds. By the mid-1800s, however, it was
clear that there was no fundamental difference between

UWL organic and inorganic compounds. The same principles explain the behav-
iors of all substances, regardless of origin or complexity. The only distin-

Online homework for this chapter can be
assigned in OWL, an online homework

guishing characteristic of organic chemicals is that all contain the element

assessment tool. carbon (Figure 1. 1).
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Figure 1.1 The position of carbon Group
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But why is carbon special? Why, of the more than 37 million presently
known chemical compounds, do more than 99% of them contain carbon? The
answers to these questions come from carbon’s electronic structure and its
consequent position in the periodic table. As a group 4A element, carbon can
share four valence electrons and form four strong covalent bonds. Further-
more, carbon atoms can bond to one another, forming long chains and rings.
Carbon, alone of all elements, is able to form an immense diversity of com-
pounds, from the simple methane, with one carbon atom, to the staggeringly
complex DNA, which can have more than 100 million carbons.

Not all carbon compounds are derived from living organisms of course.
Modern chemists have developed a remarkably sophisticated ability to design
and synthesize new organic compounds in the laboratory—medicines, dyes,
polymers, and a host of other substances. Organic chemistry touches the lives
of everyone; its study can be a fascinating undertaking.

WHY THIS CHAPTER?

We’ll ease into the study of organic chemistry by first reviewing some ideas
about atoms, bonds, and molecular geometry that you may recall from your
general chemistry course. Much of the material in this chapter is likely to be
familiar to you, but some of it may be new and it’s a good idea to make sure
you understand it before going on.

MV Atomic Structure

As you probably know from your general chemistry course, an atom consists
of a dense, positively charged nucleus surrounded at a relatively large dis-
tance by negatively charged electrons (Figure 1.2). The nucleus consists of
subatomic particles called neutrons, which are electrically neutral, and pro-
tons, which are positively charged. Because an atom is neutral overall, the
number of positive protons in the nucleus and the number of negative elec-
trons surrounding the nucleus are the same.

Although extremely small—about 1014 to 10715 meter (m) in diameter—
the nucleus nevertheless contains essentially all the mass of the atom. Elec-
trons have negligible mass and circulate around the nucleus at a distance of
approximately 10710 m. Thus, the diameter of a typical atom is about



Figure 1.2 A schematic view of an
atom. The dense, positively charged
nucleus contains most of the atom’s
mass and is surrounded by nega-
tively charged electrons. The three-
dimensional view on the right shows

calculated electron-density surfaces.

Electron density increases steadily
toward the nucleus and is 40 times
greater at the blue solid surface than
at the gray mesh surface.

Figure 1.3 Representations
of s and p orbitals. An s orbital
is spherical, while a p orbital

is dumbbell-shaped and can
be oriented along any of three
mutually perpendicular direc-
tions. Each p orbital has two
lobes separated by a node. The
two lobes have different alge-
braic signs in the correspond-
ing wave function, as indicated

1.1 | Atomic Structure 3

2 X 10710 m, or 200 picometers (pm), where 1 pm = 10~12 m. To give you an
idea of how small this is, a thin pencil line is about 3 million carbon atoms
wide. Many organic chemists and biochemists still use the unit angstrom (A)
to express atomic distances, where 1 A =100 pm = 10710 m, but we'll stay
with the SI unit picometer in this book.

Nucleus (protons + neutrons)

\Volume around nucleus .
occupied by orbiting electrons NS

A specific atom is described by its atomic number (Z), which gives the num-
ber of protons (or electrons) it contains, and its mass number (A), which gives
the total number of protons plus neutrons in its nucleus. All the atoms of a
given element have the same atomic number—1 for hydrogen, 6 for carbon,
15 for phosphorus, and so on—but they can have different mass numbers
depending on how many neutrons they contain. Atoms with the same atomic
number but different mass numbers are called isotopes.

The weighted average mass in atomic mass units (amu) of an element’s
naturally occurring isotopes is called the element’s atomic mass (or atomic
weight)—1.008 amu for hydrogen, 12.011 amu for carbon, 30.974 amu for
phosphorus, and so on. Atomic masses of the elements are given in the peri-
odic table in the back of this book.

What about the electrons? How are they distributed in an atom? According to
the quantum mechanical model of atomic structure, the behavior of a specific
electron in an atom can be described by a mathematical expression called a wave
equation—the same sort of expression used to describe the motion of waves in a
fluid. The solution to a wave equation is a wave function, or orbital, denoted by
the Greek letter psi, ¢. An orbital can be thought of as defining a region of space
around the nucleus where the electron can most likely be found.

What do orbitals look like? There are four different kinds of orbitals,
denoted s, p, d, and f, each with a different shape. Of the four, we’ll be con-
cerned only with s and p orbitals because these are the most common in
organic and biological chemistry. An s orbital is spherical, with the nucleus at
its center, while a p orbital is dumbbell-shaped and can be oriented in space
along any of three mutually perpendicular directions, arbitrarily denoted py,
Dy, and p, (Figure 1.3). The two parts, or lobes, of a p orbital have different
algebraic signs (+ and —) in the wave function and are separated by a region
of zero electron density called a node.

y y y

[
90 -3
w e

by the different colors. An s orbital A 2p, orbital A 2p, orbital A 2p, orbital
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Figure 1.4 The energy levels of elec-
trons in an atom. The first shell holds a
maximum of 2 electrons in one 1s orbital;
the second shell holds a maximum of

8 electrons in one 2s and three 2p orbit-
als; the third shell holds a maximum of
18 electrons in one 3s, three 3p, and five
3d orbitals; and so on. The 2 electrons in
each orbital are represented by up and
down arrows, 1. Although not shown,
the energy level of the 4s orbital falls
between 3p and 3d.

Orbitals are organized into different layers around the nucleus of succes-
sively larger size and energy. Different layers, or electron shells, contain dif-
ferent numbers and kinds of orbitals, and each orbital can be occupied by
2 electrons. The first shell contains only a single s orbital, denoted 1s, and
thus holds only 2 electrons. The second shell contains an s orbital (designated
2s) and three mutually perpendicular p orbitals (each designated 2p) and thus
holds a total of 8 electrons. The third shell contains an s orbital (3s), three
p orbitals (3p), and five d orbitals (3d), for a total capacity of 18 electrons.
These orbital groupings are shown in Figure 1.4.

‘. o 30 4 4 4
(capacity—18 electrons) 3p Sialnialiniz
3s H-
>
g 2nd shell 2p H+ H H
ity—8 elect
& (capacity—8 electrons) 2s H-
1st shell
(capacity—2 electrons) 1s +

=Y Atomic Structure: Electron Configurations

RULE 1

RULE 2

RULE 3

Table 1.1

Element

Hydrogen

Carbon

Atomic
number

The lowest-energy arrangement, or ground-state electron configuration, of an
atom is a listing of the orbitals that the atom’s electrons occupy. We can pre-
dict this arrangement by following three rules.

The orbitals of lowest energy are filled first, according to the order 1s — 2s —
2p — 3s — 3p — 4s — 3d, as shown in Figure 1.4.

Only two electrons can occupy an orbital, and they must be of opposite spin.
(Electrons act in some ways as if they were spinning on an axis, somewhat
as the earth spins. This spin can have two orientations, denoted as up 1 and

down |.)

Iftwo or more empty orbitals of equal energy are available, one electron occu-
pies each with the spins parallel until all orbitals are half-full.

Some examples of how these rules apply are shown in Table 1.1. Hydrogen,
for instance, has only one electron, which must occupy the lowest-energy

Ground-State Electron Configuration of Some Elements

Atomic

Element number  Configuration

1 1s -+ Phosphorus 15 3p 4+~ 4+~ 4+
6 2p - + — 3s +H
25 4 w4
1s + 2s +H
1s -H—

Configuration
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orbital. Thus, hydrogen has a 1s ground-state electron configuration. Carbon
has six electrons and the ground-state electron configuration 1s2 2s2 2p2. Note
that a superscript is used to represent the number of electrons in a particular
orbital.

Assigning an Electron Configuration to an Element
Give the ground-state electron configuration of nitrogen.

Find the atomic number of nitrogen to see how many electrons it has, and then
apply the three rules to assign electrons into orbitals according to the energy
levels given in Figure 1.4.

Nitrogen has atomic number 7 and thus has seven electrons. The first two
electrons go into the lowest-energy orbital (1s2), the next two go into the second-
lowest-energy orbital (2s2), and the remaining three go into the next-lowest-
energy orbitals (2p3), with one electron in each. Thus, the configuration of
nitrogen is 1s2 2s2 2p3.

How many electrons does each of the following elements have in its outermost
electron shell?

(a) Potassium (b) Calcium (¢) Aluminum

Give the ground-state electron configuration of the following elements:
(a) Boron (b) Phosphorus (¢) Oxygen (d) Argon

MICY Development of Chemical Bonding Theory

By the mid-1800s, 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 is tetravalent; that is, it always
forms four bonds when it joins other elements to form chemical compounds.
Furthermore, said Kekulé, carbon atoms can bond to one another to form
extended chains of linked atoms and chains can double back on themselves
to form rings.

Although Kekulé and Couper were 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 organic compounds. They proposed that the
four bonds of carbon are not oriented randomly but have specific spatial
directions. Van’t Hoff went 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 1.5. Note
the conventions used to show three-dimensionality: solid lines represent
bonds in the plane of the page, the heavy wedged line represents a bond com-
ing out of the page toward the viewer, and the dashed line represents a bond
receding back behind the page away from the viewer. These representations
will be used throughout this text.
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Figure 1.5 Arepresentation of
van't Hoff’s tetrahedral carbon atom.
The solid lines represent bonds in the
plane of the paper, the heavy wedged
line represents a bond coming out of
the plane of the page, and the dashed
line represents a bond going back
behind the plane of the page.

Problem 1.3

Problem 1.4

Bonds in plane
Bond receding of page

into page
N T%
g i
H
Bond coming

A regular out of plane
tetrahedron

A tetrahedral
carbon atom

Draw a molecule of chloromethane, CH3Cl, using solid, wedged, and dashed
lines to show its tetrahedral geometry.

Convert the following molecular model of ethane, CoHg, into a structure that
uses wedged, normal, and dashed lines to represent three-dimensionality.

Ethane

MP-Y The Nature of Chemical Bonds

Why do atoms bond together, and how can bonds be described electronically?
The why question is relatively easy to answer: atoms bond together because
the compound that results is more stable and lower in energy than the sepa-
rate atoms. Energy (usually as heat) is always released and flows out of the
chemical system when a bond forms. Conversely, energy must be put into the
system to break a bond. Making bonds always releases energy, and breaking
bonds always absorbs energy. The how question is more difficult. To answer it,
we need to know more about the electronic properties of atoms.

We know through observation that eight electrons—an electron octet—in
an atom’s outermost shell, or valence shell, impart special stability to the
noble-gas elements in group 8A of the periodic table: Ne (2 + 8); Ar (2 + 8 +
8); Kr (2 + 8 + 18 + 8). We also know that the chemistry of main-group ele-
ments is governed by their tendency to take on the electron configuration of
the nearest noble gas. The alkali metals in group 1A, for example, achieve a
noble-gas configuration by losing the single s electron from their valence shell
to form a cation, while the halogens in group 7A achieve a noble-gas configu-
ration by gaining a p electron to fill their valence shell and form an anion. The
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resultant ions are held together in compounds like Na* CI~ by an electro-
static attraction that we call an ionic bond.

How, though, do elements near the middle of the periodic table form bonds?
Look at methane, CHy4, the main constituent of natural gas, for example. The
bonding in methane is not ionic because it would take too much energy for
carbon (1s2 252 2p2) to either gain or lose four electrons to achieve a noble-gas
configuration. As a result, carbon bonds to other atoms, not by gaining or los-
ing electrons, but by sharing them. Such a shared-electron bond, first pro-
posed in 1916 by G. N. Lewis, is called a covalent bond. The neutral group of
atoms held together by covalent bonds is called a molecule.

A simple way of indicating the covalent bonds in molecules is to use what
are called Lewis structures, or electron-dot structures, in which the valence-
shell electrons of an atom are represented as dots. Thus, hydrogen has one dot
representing its 1s electron, carbon has four dots (252 2p2), oxygen has six dots
(252 2p4), and so on. A stable molecule results whenever a noble-gas configura-
tion is achieved for all the atoms—eight dots (an octet) for main-group atoms
or two dots for hydrogen. Simpler still is the use of Kekulé structures, or
line-bond structures, in which a two-electron covalent bond is indicated as a
line drawn between atoms.

H H
Electror_l-dot structures H:C:H HiN:H H:O:H H: G5
(Lewis structures) o . o byt
H H
| i
Line-bond structures .o . .o
(Kekulé structures) H_f_H H=h—H H—0—H H—f—Q—H
H H
Methane Ammonia Water Methanol
(CHy) (NH3) (H,0) (CH30H)

The number of covalent bonds an atom forms depends on how many addi-
tional valence electrons it needs to reach a noble-gas configuration. Hydrogen
has one valence electron (1s) and needs one more to reach the helium configu-
ration (1s2), so it forms one bond. Carbon has four valence electrons (2s2 2p2)
and needs four more to reach the neon configuration (2s2 2p%), so it forms four
bonds. Nitrogen has five valence electrons (252 2p3), needs three more, and
forms three bonds; oxygen has six valence electrons (252 2p%), needs two more,
and forms two bonds; and the halogens have seven valence electrons, need one
more, and form one bond.

| . iF— G-
H— —C— —N— —0— . .
| \ :Br— I—
S ~— — — —_—
One bond Four bonds Three bonds Two bonds One bond

Valence electrons that are not used for bonding are called lone-pair
electrons, or nonbonding electrons. The nitrogen atom in ammonia (NHg), for
instance, shares six valence electrons in three covalent bonds and has its
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Worked Example 1.2

Strategy

Solution

Worked Example 1.3

Strategy

Solution

Problem 1.5

Problem 1.6

Problem 1.7

remaining two valence electrons in a nonbonding lone pair. As a time-saving
shorthand, nonbonding electrons are often omitted when drawing line-bond
structures, but you still have to keep them in mind since they’re often crucial
in chemical reactions.

Nonbonding,
lone-pair electrons

i | |

H:N:H  or  H—N—H or H—N—H
H H

Ammonia

Predicting the Number of Bonds Formed by an Atom
How many hydrogen atoms does phosphorus bond to in forming phosphine, PH>?

Identify the periodic group of phosphorus, and tell from that how many elec-
trons (bonds) are needed to make an octet.

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

Drawing Electron-Dot and Line-Bond Structures

Draw both electron-dot and line-bond structures for chloromethane, CH3Cl.

Remember that a bond—that is, a pair of shared electrons—is represented as a
line between atoms.

Hydrogen has one valence electron, carbon has four valence electrons, and chlo-
rine has seven valence electrons. Thus, chloromethane is represented as

H i
H:g:gl: H—C—CI Chloromethane
A

What are likely formulas for the following molecules?
(a) CCl (b) AlH? (c) CH2Cly (d) SiF9

Write both electron-dot and line-bond structures for the following molecules,
showing all nonbonded electrons:

(a) CHClg, chloroform (b) HsS, hydrogen sulfide
(c) CH3NHy, methylamine

Why can’t an organic molecule have the formula CoH7?
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1.5 Forming Covalent Bonds: Valence Bond Theory

Figure 1.6 A plot of energy versus
internuclear distance for two hydrogen
atoms. The distance at the minimum
energy point is the bond length.

How does electron sharing lead to bonding between atoms? According to
valence bond theory, a covalent bond forms when two atoms approach each
other closely and a singly occupied orbital on one atom overlaps a singly occu-
pied orbital on the other atom. The electrons are now paired in the overlap-
ping orbitals and are attracted to the nuclei of both atoms, thus bonding the
atoms together. In the Hg molecule, for example, the H-H bond results from
the overlap of two singly occupied hydrogen 1s orbitals.

1s 1s H, molecule

During the bond-forming reaction 2 H- — Hy, 436 kJ/mol (104 kcal/mol)
of energy is released. Because the product Hg molecule has 436 kdJ/mol less
energy than the starting 2 H- atoms, we say that the product is more stable
than the reactant and that the new H-H bond has a bond strength of
436 kdJ/mol. In other words, we would have to put 436 kd/mol of energy into
the H-H bond to break the Hg molecule apart into two H atoms. [For
convenience, we’ll generally give energies in both the SI unit kilojoules
(kJ) and the older unit kilocalories (kcal): 1 kJ = 0.2390 kcal; 1 kecal =
4.184 kJ.]

How close are the two nuclei in the Hg 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 1.6). Called the bond length, this distance is 74 pm in the
Hy molecule. Every covalent bond has both a characteristic bond strength
and bond length.

@

HH (too close)

H (too far)

Energy
o

i<— Bond length
74 pm

Internuclear distance —
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1.6 sp3 Hybrid Orbitals and the Structure of Methane

2p,

/
B — e
/
Hybridization

The bonding in the Hg molecule is fairly straightforward, but the situation is
more complicated in organic molecules with tetravalent carbon atoms. Take
methane, CHy, for instance. Carbon has four valence electrons (2s2 2p?) and
forms four bonds. Because carbon uses two kinds of orbitals for bonding,
2s and 2p, we might expect methane to have two kinds of C—H bonds. In fact,
though, all four C-H bonds in methane are identical and are spatially ori-
ented toward the corners of a regular tetrahedron (Figure 1.5). How can we
explain this?

An answer was provided in 1931 by Linus Pauling, who proposed that an
s orbital and three p orbitals can combine, or hybridize, to form four equiva-
lent atomic orbitals with tetrahedral orientation. Shown in Figure 1.7, these
tetrahedrally oriented orbitals are called sp3 hybrids. Note that the super-
script 3 in the name sp3 tells how many of each type of atomic orbital combine

to form the hybrid, not how many electrons occupy it.

Four tetrahedral
sp3 orbitals

Figure 1.7 Four sp3 hybrid orbitals (green), oriented to the corners of a regular tetrahedron, are
formed by combination of an atomic s orbital (red) and three atomic p orbitals (red/blue). The

sp3 hybrids have two lobes and are unsymmetrical about the nucleus, giving them a directionality
and allowing them to form strong bonds when they overlap an orbital from another atom.

The concept of hybridization explains how carbon forms four equivalent
tetrahedral bonds but not why it does so. The shape of the hybrid orbital sug-
gests the answer. When an s orbital hybridizes with three p orbitals, the
resultant sp3 hybrid orbitals are unsymmetrical about the nucleus. One of the
two lobes is much larger than the other (Figure 1.7) and can therefore overlap
better with another orbital when it forms a bond. As a result, sp3 hybrid orbit-
als form stronger bonds than do unhybridized s or p orbitals.

The asymmetry of sp3 orbitals arises because, as noted in Section 1.1, the
two lobes of a p orbital have different algebraic signs, + and —. Thus, when a
p orbital hybridizes with an s orbital, the positive p lobe adds to the s orbital



Figure 1.8 The structure of methane,
showing its 109.5° bond angles.

Problem 1.8

Problem 1.9
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but the negative p lobe subtracts from the s orbital. The resultant hybrid
orbital is therefore unsymmetrical about the nucleus and is strongly oriented
in one direction.

When each of the four identical sp3 hybrid orbitals of a carbon atom over-
laps with the 1s orbital of a hydrogen atom, four identical C-H bonds are
formed and methane results. Each C—H bond in methane has a strength of
439 kd/mol (105 kcal/mol) and a length of 109 pm. Because the four bonds
have a specific geometry, we also can define a property called the bond angle.
The angle formed by each H—C—H is 109.5°, the so-called tetrahedral angle.
Methane thus has the structure shown in Figure 1.8.

Bond :
angle - Bond
109.5 | length
Cezz--+- 109 pm
H~ \ TH D

Draw a tetrahedral representation of tetrachloromethane, CCly, using the stan-
dard convention of solid, dashed, and wedged lines.

Why do you think a C—H bond (109 pm) is longer than an H-H bond (74 pm)?

WPV sp3 Hybrid Orbitals and the Structure of Ethane

The same kind of orbital hybridization that accounts for the methane struc-
ture also accounts for the bonding together of carbon atoms into chains and
rings to make possible many millions of organic compounds. Ethane, CoHg, is
the simplest molecule containing a carbon—carbon bond.

HH "
H:C:CtH  H—C—C—H  CH3CHz
HH Lol

Some representations of ethane

We can picture the ethane molecule by imagining that the two carbon
atoms bond to each other by overlap of an sp3 hybrid orbital from each
(Figure 1.9). The remaining three sp3 hybrid orbitals of each carbon overlap
with the 1s orbitals of three hydrogens to form the six C-H bonds. The
C-H bonds in ethane are similar to those in methane, although a bit
weaker—421 kd/mol (101 kcal/mol) for ethane versus 439 kJ/mol for meth-
ane. The C-C bond is 154 pm long and has a strength of 377 kdJ/mol
(90 kcal/mol). All the bond angles of ethane are near, although not exactly
at, the tetrahedral value of 109.5°.
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Figure 1.9 The structure of ethane.
The carbon-carbon bond is formed by
overlap of two carbon sp3 hybrid orbit-
als. For clarity, the smaller lobes of the
hybrid orbitals are not shown.

Problem 1.10

90?—

sp carbon sp carbon sp3-sp3a-bond

./’H

1154 pm:

\

\

\
\
\
C
|

"4 s

Ethane

Draw a line-bond structure for propane, CH3CH9oCHg. Predict the value of each
bond angle, and indicate the overall shape of the molecule.

MR=Y Other Kinds of Hybrid Orbitals: sp> and sp

The bonds we've seen in methane and ethane are called single bonds
because they result from the sharing of one electron pair between bonded
atoms. It was recognized more than 100 years ago, however, that in some
molecules carbon atoms can also form a double bond by sharing two elec-
tron pairs between atoms or a triple bond by sharing three electron pairs.
Ethylene, for instance, has the structure HoC=CHy and contains a carbon—
carbon double bond, while acetylene has the structure HC=CH and con-
tains a carbon—carbon triple bond. How are multiple bonds described by
valence bond theory?

When discussing sp3 hybrid orbitals in Section 1.6, we said that the
2s orbital of carbon combines with all three 2p orbitals to form four equiva-
lent sp? hybrids. Imagine instead, however, that the 2s orbital combines
with only one or two of the three available 2p orbitals. If the 2s orbital com-
bines with only two 2p orbitals, three sp? hybrids result and one unhybrid-
ized 2p orbital remains unchanged. If the 2s orbital combines with only one
2p orbital, two sp hybrids result and two unhybridized 2p orbitals remain
unchanged.

Like sp3 hybrids, sp2 and sp hybrid orbitals are unsymmetrical about the
nucleus and are strongly oriented in a specific direction so they can form
strong bonds. In an sp2-hybridized carbon atom, for instance, 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 (Figure 1.10a). In an
sp-hybridized carbon atom, the two sp orbitals are oriented 180° apart, with
the remaining two p orbitals perpendicular both to the sp hybrids and to
each other (Figure 1.10b).
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Figure 1.10 (a) An sp?-hybridized
carbon. The three equivalent sp? hybrid
orbitals (green) lie in a plane at angles
of 120° to one another, and a single
unhybridized p orbital (red/blue) is
perpendicular to the sp? plane. (b) An
sp-hybridized carbon atom. The two
sp hybrid orbitals (green) are oriented
180° away from each other, perpen-
dicular to the two remaining p orbitals
(red/blue).

2
sp
T 1200

\

Top view

One sp hybrid  Another sp hybrid

When two sp2-hybridized carbon atoms approach each other, they form a
strong bond by sp?—sp? head-on overlap. At the same time, the unhybridized
p orbitals interact by sideways overlap to form a second bond. Head-on over-
lap gives what is called a sigma (o) bond, while sideways overlap gives a
pi (7) bond. The combination of sp?—sp? o overlap and 2p—2p 7 overlap results
in the net sharing of two electron pairs and the formation of a carbon—carbon
double bond (Figure 1.11). Note that the electrons in a ¢ bond occupy the
region centered between nuclei, while the electrons in a 7 bond occupy regions
on either side of a line drawn between nuclei.

Figure 1.11 The structure of p orbitals o bond
ethylene. Orbital overlap of two
sp%-hybridized carbons forms a
carbon-carbon double bond. One
part of the double bond results from
o (head-on) overlap of sp? orbitals
(green), and the other part results
from 7 (sideways) overlap of unhy-
bridized p orbitals (red/blue). The

7 bond has regions of electron den- sp? orbitals 7 bond
sity above and below a line drawn
between nuclei.

s;:v2 carbon sp2 carbon Carbon-carbon double bond

121 3°

108.7 p\ c—c 117.4°

ITI\
| pm: H
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Figure 1.12 The structure of acety-
lene. The two sp-hybridized carbon
atoms are joined by one sp-sp o bond
and two p-p 7 bonds.

p orbitalsV %

Worked Example 1.4

To complete the structure of ethylene, four hydrogen atoms form o bonds to
the remaining four carbon sp? orbitals. The resultant ethylene molecule has a
planar structure with H-C-H and H-C=C bond angles of approximately 120°.
As you might expect, the double bond in ethylene is both shorter and stronger
than the single bond in ethane because it has four electrons bonding the nuclei
together rather than two. Ethylene has a C=C bond length of 134 pm and
a strength of 728 kJ/mol (174 kcal/mol) versus a C—C length of 154 pm and a
strength of 377 kJ/mol for ethane. The carbon—carbon double bond is less than
twice as strong as a single bond because the sideways overlap in the 7 part of
the double bond is less favorable than the head-on overlap in the o part.

Just as the C=C double bond in ethylene consists of two parts, a o part
formed by head-on overlap of sp2 hybrid orbitals and a 7 part formed by side-
ways overlap of unhybridized p orbitals, the C=C triple bond in acetylene
consists of three parts. When two sp-hybridized carbon atoms approach each
other, sp hybrid orbitals from each overlap head-on to form a strong sp—sp
o bond. At the same time, the p, orbitals from each carbon form a p,—p, 7 bond
by sideways overlap, and the py orbitals overlap similarly to form a py—py
7 bond. The net effect is the formation of one o bond and two = bonds—
a carbon—carbon triple bond. Each of the remaining sp hybrid orbitals forms
a o bond to hydrogen to complete the acetylene molecule (Figure 1.12).

sp orbital

& p orbitals 7 bond
- sp orbital
i/ —

106 pm

:<—>i 180°

7 bond

sp orbitals o bond

Carbon-carbon triple bond

H—c_c—H

120 pm

As suggested by sp hybridization, acetylene is a linear molecule with
H-C=C bond angles of 180°. The C=C bond has a length of 120 pm and a
strength of about 965 kJ/mol (231 kcal/mol), making it the shortest and stron-
gest of any carbon—carbon bond.

Drawing Electron-Dot and Line-Bond Structures
Formaldehyde, CH50, contains a carbon—oxygen double bond. Draw electron-dot

and line-bond structures of formaldehyde, and indicate the hybridization of the
carbon atom.
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Strategy =~ We know that hydrogen forms one covalent bond, carbon forms four, and oxygen
forms two. Trial and error, combined with intuition, must be used to fit the

atoms together.

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

combine:
H 0 H :ﬁ:
.C. _Co
H H H H
Electron-dot Line-bond
structure structure

Like the carbon atoms in ethylene, the carbon atom in formaldehyde is
sp2-hybridized.

Problem 1.11 Draw both an electron-dot and a line-bond structure for acetaldehyde,
CH3CHO.

Problem 1.12 Draw a line-bond structure for propene, CH3CH=CHsy. Indicate the hybrid-
ization of each carbon, and predict the value of each bond angle.

Problem 1.13 Draw a line-bond structure for propyne, CH3C=CH. Indicate the hybridization
of each carbon, and predict a value for each bond angle.

Problem 1.14 Draw a line-bond structure for buta-1,3-diene, HoC=CH—CH=CHs. Indicate
the hybridization of each carbon, and predict a value for each bond angle.

Problem 1.15 Convert the following molecular model of aspirin into a line-bond structure, and
identify the hybridization of each carbon atom (gray = C, red = O, ivory = H).

ﬁ o
Q

Aspirin
(acetylsalicylic acid)

MR=Y Polar Covalent Bonds: Electronegativity

Up to this point, we've treated chemical bonds as either ionic or covalent. The
bond in sodium chloride, for instance, is ionic. Sodium transfers an electron to
chlorine to give Na* and Cl~ ions, which are held together in the solid by
electrostatic attractions between the unlike charges. The C—C bond in ethane,
however, is covalent. The two bonding electrons are shared equally by the two
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Figure 1.13 The continuum in bond-
ing from covalent to ionic is a result
of an unequal distribution of bonding

electrons between atoms. The symbol 6

(lowercase Greek delta) means partial
charge, either partial positive (6 +) for

the electron-poor atom or partial nega-

tive (6-) for the electron-rich atom.

Figure 1.14 Electronegativity
values and trends. Electronegativity
generally increases from left to right
across the periodic table and
decreases from top to bottom.

The values are on an arbitrary

scale, with F = 4.0and Cs = 0.7.
Elements in orange are the most
electronegative, those in yellow are
medium, and those in green are the
least electronegative.

equivalent carbon atoms, resulting in a symmetrical electron distribution in
the bond. Most bonds, however, are neither fully ionic nor fully covalent
but are somewhere between the two extremes. Such bonds are called polar
covalent bonds, meaning that the bonding electrons are attracted more
strongly by one atom than the other so that the electron distribution between
atoms is not symmetrical (Figure 1.13).

Ionic character

@ @ 8

Covalent bond

Polar covalent bond Ionic bond

Bond polarity is due to differences in electronegativity (EN), the intrinsic
ability of an atom to attract the shared electrons in a covalent bond. As shown
in Figure 1.14, electronegativities are based on an arbitrary scale, with fluo-
rine the most electronegative (EN = 4.0) and cesium the least (EN = 0.7).
Metals on the left side of the periodic table attract electrons weakly and have
lower electronegativities, while oxygen, nitrogen, and halogens on the right
side of the periodic table attract electrons strongly and have higher electro-
negativities. Carbon, the most important element in organic compounds, has
an electronegativity value of 2.5.

2.1 He
Li | Be B C N | O F Ne
1.0 1.6 20(25|30|35]| 4.0

Na | Mg Al | Si | P S | Cl Ar
09 (1.2 15|18 |2.1| 25| 3.0

K | Ca|Sc| T V [Cr|Mn|Fe |[Co| Ni [Cu|Zn|Ga | Ge| As| Se | Br Kr
08(10(|13|15(16|16|15[18|19|19(19|1.6|1.6|1.8|2.0]| 24|28
Rb|Sr| Y | Zr [Nb|Mo| Tc [Ru|Rh|Pd|Ag|[Cd|[In |Sn|Sb| Te| I Xe
08(10(12|14(16|18|19(22|22|22(19|17|17[18]|19]| 21|25
Cs|Ba|La|Hf | Ta| W |Re|[Os| Ir | Pt [Au|Hg| Tl | Pb | Bi | Po| At Rn
07[09(|10|13|15|17|19|22|22|22|24|19|18|19]|19]|2.0] 2.1

As a rough guide, a bond between atoms with similar electronegativities
is covalent, a bond between atoms whose electronegativities differ by less
than 2 units is polar covalent, and a bond between atoms whose electro-
negativities differ by 2 units or more is largely ionic. A carbon-hydrogen
bond, for instance, is relatively nonpolar because carbon and hydrogen have
similar electronegativities. A bond between carbon and a more electro-
negative element such as oxygen or chlorine, however, is polar covalent. The
electrons in such a bond are drawn away from carbon toward the more
electronegative atom, leaving the carbon with a partial positive charge,
denoted 6+, and leaving the more electronegative atom with a partial



Figure 115 (a) Methanol, CH;0H,
has a polar covalent C-O bond, and

(b) methyllithium, CH,Li, has a polar
covalent C-Li bond. The computer-
generated representations, called
electrostatic potential maps, use color
to show calculated charge distributions,
ranging from red (electron-rich; §-) to
blue (electron-poor; 6 +).

1.9 | Polar Covalent Bonds: Electronegativity 17

negative charge, denoted 6— (6 is the lowercase Greek letter delta). An
example is the C—O bond in methanol, CH3OH (Figure 1.15a).

A bond between carbon and a less electronegative element is polarized so
that carbon bears a partial negative charge and the other atom bears a partial
positive charge. An example is the C-Li bond in methyllithium, CHgLi (Fig-
ure 1.15b).

(a)

Carbon: EN=2.5

H
ol Oxygen: EN =3.5
_é8+

H"/ ~H
H Difference = 1.0
Methanol
(b)
Lio+ Carbon: EN =25
I T Lithium: EN = 1.0
-C%Z
H’/ H
H Difference = 1.5
Methyllithium

Note in the representations of methanol and methyllithium in Figure 1.15
that a crossed arrow +—— is used to indicate the direction of bond polarity.
By convention, electrons are displaced in the direction of the arrow. The tail of
the arrow (which looks like a plus sign) is electron-poor (§+), and the head of
the arrow is electron-rich (6-).

Note also in Figure 1.15 that charge distributions in a molecule can be dis-
played visually with what are called electrostatic potential maps, which use
color to indicate electron-rich (red) and electron-poor (blue) regions. In meth-
anol, oxygen carries a partial negative charge and is colored red, while the
carbon and hydrogen atoms carry partial positive charges and are colored
blue-green. In methyllithium, lithium carries a partial positive charge (blue),
while carbon and the hydrogen atoms carry partial negative charges (red).
Electrostatic potential maps are useful because they show at a glance the
electron-rich and electron-poor atoms in molecules. We’ll make frequent use
of these maps throughout the text and will see how electronic structure often
correlates with chemical reactivity.

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 o bond in response to the electronegativity of nearby atoms. Metals, such as
lithium and magnesium, inductively donate electrons, whereas reactive non-
metals, such as oxygen and nitrogen, inductively withdraw electrons. Induc-
tive 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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Worked Example 1.5 / Predicting the Polarity of Bonds

Strategy

Solution

Problem 1.16

Problem 1.17

Problem 1.18

Problem 1.19

Predict the extent and direction of polarization of the O—H bonds in HsO.

Look at the electronegativity table in Figure 1.14 to see which atoms attract
electrons more strongly.

Oxygen (electronegativity = 3.5) is more electronegative than hydrogen (electro-
negativity = 2.1) according to Figure 1.14, and it therefore attracts electrons
more strongly. The difference in electronegativities (3.5 — 2.1 = 1.4) implies
that an O—H bond is strongly polarized.

5+H/ \H5+

Which element in each of the following pairs is more electronegative?
(a) LiorH (b) Be or Br (e) Clorl

Use the §+/6— convention to indicate the direction of expected polarity for each
of the bonds shown:

(a) H3C—Br (b) H3C—NHy (¢) HoN—H

(d) H3C—SH (e) H3C—MgBr ) H3C—F

Order the bonds in the following compounds according to their increasing ionic
character: CCly, MgCls, TiCls, Cl50.

Look at the following electrostatic potential map of chloromethane, and tell the
direction of polarization of the C—ClI bond:

(|II
Chloromethane |_|,7C\|_|

H

4B *Y Acids and Bases: The Brgnsted-Lowry Definition

A further important concept related to electronegativity and bond 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. You may recall from
a course in general chemistry that two definitions of acidity are frequently
used: the Brgnsted—-Lowry definition and the Lewis definition. Let’s look at the
Brgnsted—Lowry definition first.
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A Brgnsted-Lowry acid is a substance that donates a hydrogen ion (H™),
and a Brgnsted-Lowry base is a substance that accepts a hydrogen ion. (The
name proton is often used as a synonym for H* because loss of the valence
electron from a neutral hydrogen atom leaves only the hydrogen nucleus—a
proton.) When hydrogen chloride gas dissolves in water, for instance, HCI
donates a proton and a water molecule accepts the proton, yielding hydro-
nium ion (H3O%) and chloride ion (C17). Chloride ion, the product that results
when the acid HCI loses a proton, is called the conjugate base of the acid, and
H30%, the product that results when the base HyO gains a proton, is called
the conjugate acid of the base.

. oo 4
H—CI + 0 — 0~ + CI™
H” " >H H-”~H
H
Acid Base Conjugate acid Conjugate base

Acids differ in their ability to donate H*. Stronger acids, such as HCI, react
almost completely with water, whereas weaker acids, such as acetic acid
(CH3CO9H), react only slightly. The exact strength of a given acid HA in water
solution can be expressed by its acidity constant, Ka. Remember from general
chemistry that the concentration of solvent is ignored in the equilibrium
expression and that brackets [ ] around a substance refer to the concentration
of the enclosed species in moles per liter.

HA + HO —— A~ + H;0*

K = [HgO*][A~]
g = —S
[HA]

Stronger acids have their equilibria toward the right and thus have larger
acidity constants; weaker acids have their equilibria toward the left and have
smaller acidity constants. The range of K, values for different acids is enor-
mous, running from about 101° for the strongest acids to about 10~60 for the
weakest. The common inorganic acids such as HoSO4, HNO3, and HCI] have
K.’s in the range 102 to 109, while many organic acids have K,’s in the range
1075 to 10715, As you gain more experience, you'll develop a rough feeling for
which acids are “strong” and which are “weak” (remembering that the terms
are always relative).

Acid strengths are normally given using pK, values rather than K, values,
where the pKj is the negative common logarithm of the K.

pK, = —logK,
A stronger acid (larger K,) has a smaller pK,, and a weaker acid (smaller K,)

has a larger pK,. Table 1.2 lists the pK,’s of some common acids in order of
their strength.
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Table 1.2

Weaker
acid

Stronger
acid

Relative Strengths of Some Common Acids and Their Conjugate Bases

Acid

CH3CH,OH

H,0

HCN

H2P04_

CH3CO3H

H3PO4

HNO3

HCI

Conjugate

Name pKa base Name

Ethanol 16.00 CH3CH,O~  Ethoxide ion Stronger
base

Water 15.74 HO~ Hydroxide ion

Hydrocyanic acid 9.31 CN- Cyanide ion

Dihydrogen phosphate ion 7.21  HPO42~ Hydrogen phosphate ion

Acetic acid 4.76  CH3CO,~ Acetate ion

Phosphoric acid 2.16  HyPO4~ Dihydrogen phosphate ion

Nitric acid -1.3 NO3~ Nitrate ion

Hydrochloric acid -7.0 Cl— Chloride ion Weaker
base

Notice that the pK, value shown in Table 1.2 for water is 15.74, which
results from the following calculation. Because water is both the acid and the
solvent, the equilibrium expression is

—

H2O + H20 pa—4

(acid)  (solvent)

OH- + H;0*

x - HO'JAT] _ [HzO*JOH"] _ [1.0 x 107][1.0 x 1077]
a [HAI [Hy0] [55.4]
pK, = 15.74

= 1.8 x 10716

The numerator in this expression is the so-called ion-product constant for
water, Ky, = [H30*][OH™] = 1.00 X 10~14, and the denominator is the molar
concentration of pure water, [HoO] = 55.4 M at 25 °C. The calculation is arti-
ficial in that the concentration of “solvent” water is ignored while the concen-
tration of “acid” water is not, but it is nevertheless useful in allowing us to
make a comparison of water with other weak acids on a similar footing.

Notice also in Table 1.2 that there is an inverse relationship between the
acid strength of an acid and the base strength of its conjugate base. A strong
acid yields a weak conjugate base, and a weak acid yields a strong conjugate
base. To understand this inverse relationship, think about what is happening
to the acidic hydrogen in an acid—base reaction: a strong acid is one that loses
HT easily, meaning that its conjugate base holds the H* weakly and is there-
fore a weak base. A weak acid is one that loses H* with difficulty, meaning
that its conjugate base does hold the proton tightly and is therefore a strong
base. The fact that HCl is a strong acid, for example, means that Cl1~ does not
hold H* tightly and is thus a weak base. Water, on the other hand, is a weak
acid, meaning that OH™~ holds H* tightly and is a strong base.



Worked Example 1.6 /

Strategy

Solution
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A proton always goes from the stronger acid ¢o the stronger base in an acid—
base reaction. That is, an acid donates a proton to the conjugate base of any acid
with a larger pK,, and the conjugate base of an acid removes a proton from any
acid with a smaller pK,. For example, the data in Table 1.2 indicate that OH~
reacts with acetic acid, CH3gCO9H, to yield acetate ion, CH3CO9~, and HyO.
Because water (pK, = 15.74) is a weaker acid than acetic acid (pK, = 4.76),
hydroxide ion holds a proton more tightly than acetate ion does.

) i
H .. _H +  :0—H — H v +  :0—H
\C\/ \Q/ o \C\/ \Q: ‘
VAN VAN H
H H H H
Acetic acid Hydroxide ion Acetate ion Water
(pK, = 4.76) (pK, = 15.74)

Another way to predict acid-base reactivity is to remember that the prod-
uct conjugate acid in an acid-base reaction must be weaker and less reactive
than the starting acid and that the product conjugate base must be weaker
and less reactive than the starting base. In the reaction of acetic acid with
hydroxide ion, for example, the product conjugate acid (H9O) is weaker than
the starting acid (CH3CO9H) and the product conjugate base (CH3CO97) is
weaker than the starting base (OH™).

i i
CH3COH + HO™ =—— HOH + CH3CO~

Stronger Stronger Weaker Weaker
acid base acid base

Predicting Acid-Base Reactions

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

? -
H—C=C—H + OH~ —— H—C=C! + H,0

Acetylene

In comparing two acids, the one with the smaller pKj is stronger. Thus, water is
a stronger acid than acetylene.

Because water loses a proton more easily than acetylene, the HO™ ion has less
affinity for a proton than the HC=C:~ ion. In other words, the anion of acetylene is
a stronger base than hydroxide ion, and the reaction will not proceed as written.
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Worked Example 1.7 /

Strategy

Solution

Problem 1.20

Problem 1.21

Problem 1.22

Calculating K3 from pKj

Butanoic acid, the substance responsible for the odor of rancid butter, has
pK, = 4.82. What is its K,?

Since pKj 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, (4.82), change
the sign (—4.82), and then find the antilog (1.5 X 10~5).

K, =15 x 1075

Formic acid, HCOoH, has pK, = 3.75, and picric acid, CgH3gN3gO7, has
pK, = 0.38.

(a) What is the K, of each?
(b) Which is stronger, formic acid or picric acid?

Amide ion, HoN™, is a stronger base than hydroxide ion, HO~. Which is the
stronger acid, HoON—H (ammonia) or HO—H (water)? Explain.

Is either of the following reactions likely to take place according to the pK, data
in Table 1.2?

(a) HCN + CH3COy~ Na* —— Nat* ~“CN + CH3CO9H

(b) CH3CH90OH + Na* "CN —— CH3CH30~ Na* + HCN

4 MV Organic Acids and Organic Bases

Many of the reactions we’ll be seeing in future chapters, including essen-
tially all biological reactions, involve organic acids and organic bases.
Organic acids are characterized by the presence of a positively polarized
hydrogen atom (blue in electrostatic potential maps) and are of two main
kinds: those acids such as methanol and acetic acid that contain a hydrogen
atom bonded to an electronegative oxygen atom (O—H) and those such as
acetone that contain a hydrogen atom bonded to a carbon atom next to a
C=0 double bond (O=C—C—H). We’ll see the reasons for this behavior in
Chapters 8 and 11.

i i
: H (e} H C H H C H
So_me organic Se” TNy e N7 o N e
acids VAN VAN VANEEYAN
H H H H H HH H
Methanol Acetic acid Acetone

(pK, = 15.54) (pK, = 4.76) (pK, = 19.3)
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Compounds called carboxylic acids, which contain the ~-CO9H grouping, are
particularly common. They occur abundantly in all living organisms and are
involved in almost all metabolic pathways. Acetic acid, pyruvic acid, and citric
acid are examples.

?I) ﬁ HO COyH
HsC HO,C._ _C.___COpH
H3C OH Cli OH N A\
o H HH H
Acetic acid Pyruvic acid Citric acid

Organic bases are characterized by the presence of an atom (reddish in
electrostatic potential maps) with a lone pair of electrons that can bond to H*.
Nitrogen-containing compounds such as methylamine are the most common
organic bases, but oxygen-containing compounds can also act as bases when
reacting with a sufficiently strong acid. Note that some oxygen-containing
compounds can act as both acids and bases depending on the circumstances,
just as water can. Methanol and acetone, for instance, act as acids when they
donate a proton but act as bases when their oxygen atom accepts a proton.

| i
s i Ho N Ho _O Ho. _C H
lOomeorganlc \C/"\H \C/"\H \C/ \C/
ases VAN
H H H H H HH H
Methylamine Methanol Acetone

We'll see in Chapter 15 that substances called amino acids, so named
because they are both amines (-NHy) and carboxylic acids (~COgH), are the
building blocks from which the proteins present in all living organisms are
made. Twenty different amino acids go into making up proteins; alanine is an
example. Interestingly, alanine and other amino acids exist primarily in a
doubly charged form called a zwitterion rather than in the uncharged form.
The zwitterion form arises because amino acids have both acidic and basic
sites within the same molecule and therefore undergo an internal acid—base
reaction.

(0] (0]
H-oN \ H Iq g
2 ~c” T NoH — 3 e N0
/\ /\
H CHj H CHj
Alanine Alanine

(uncharged form) (zwitterion form)
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MM I-Y Acids and Bases: The Lewis Definition

The Lewis definition of acids and bases is broader and more encompassing
than the Brgnsted-Lowry definition because it’s not limited to substances
that donate or accept protons. A Lewis acid is a substance that accepts an elec-
tron pair, and a Lewis base is a substance that donates an electron pair. The
donated electron pair is shared between the acid and the base in a covalent
bond.

Filled Vacant
orbital orbital
N P
BQ + OA — B—A
Lewis base Lewis acid

The fact that a Lewis acid is able to accept an electron pair means that it
must have either a vacant, low-energy orbital or a polar bond to hydrogen so
that it can donate H* (which has an empty 1s orbital). Thus, the Lewis defini-
tion of acidity includes many species in addition to H*. For example, various
metal cations, such as Mg2+, and metal compounds, such as AlCls, are Lewis
acids because they have unfilled valence orbitals and can accept electron pairs
from Lewis bases.

Some neutral proton donors:

HyO HCI  HBr HNO3  HySO,

9 OH
/C\
H3C OH CH3CH,0H
Some

Leyvis A carboxylic acid A phenol An alcohol
acids

Some cations:

Lit M92+

Some metal compounds:

AlCl;  TiCly  FeCly  ZnCly

The Lewis definition of a base—a compound with a pair of nonbonding elec-
trons that it can use in bonding to a Lewis acid—is similar to the Brgnsted—
Lowry definition. Thus, HoO, with its two pairs of nonbonding electrons on
oxygen, acts as a Lewis base by donating an electron pair to an H* in forming
the hydronium ion, H3O". Similarly, trimethylamine acts as a Lewis base by
donating an electron pair on its nitrogen atom to aluminum chloride. In a more



Worked Example 1.8

Strategy

Solution

Problem 1.23
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general sense, most oxygen- and nitrogen-containing organic compounds can
act as Lewis bases because they have lone pairs of electrons.

ﬂ m /H _+O/.H

Cl—H + 10\: — H + CI7
H H
Hydrogen Water Hydronium
chloride (Lewis base) ion
(Lewis acid)
/CI H3C\ CI\ /CH3
Cl -
C—AI" + MN—CHy =—— ~ SAI=N_
\ / / \ "CH3
Cl H3C Cl CH3
Aluminum Trimethylamine
trichloride (Lewis base)
(Lewis acid)

Look closely at the two acid—base reactions just shown. In the first reaction,
the Lewis base water uses an electron pair to abstract H* from the polar HCI
molecule. In the second reaction, the Lewis base trimethylamine donates an
electron pair to a vacant valence orbital of an aluminum atom. In both reac-
tions, the direction of electron-pair flow from the electron-rich Lewis base to the
electron-poor Lewis acid is shown using curved arrows. A curved arrow always
means that a pair of electrons moves from the atom at the tail of the arrow to the
atom at the head of the arrow. We'll use this curved-arrow notation frequently
in the remainder of this text to indicate electron flow during reactions.

Using Curved Arrows to Show Electron Flow

Using curved arrows, show how acetaldehyde, CH3CHO, can act as a Lewis base
in a reaction with a strong acid, H*.

A Lewis base donates an electron pair to a Lewis acid. We therefore need to

locate the electron lone pairs on acetaldehyde and use a curved arrow to show
the movement of an electron pair from the oxygen toward a strong acid.

Acetaldehyde

Which of the following are likely to act as Lewis acids and which as Lewis
bases? Which might act both ways?

(a) CH3CH,0OH (b) (CHj3)oNH (¢) MgBry

(d) (CH3)3B (e) H3C* (f) (CHj3)sP
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Problem 1.24 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 reac-

tion with OH™.

(a) CH5CH,0H, (CH3)oNH, (CHj)5P
(b) H3C*, (CH3)3B, MgBry

Problem 1.25 Imidazole, which forms part of the structure of the amino acid histidine, can act
as both an acid and a base. Look at the electrostatic potential map of imidazole,
and identify the most acidic hydrogen atom and the most basic nitrogen atom.

@INTERLUDE

| H H O
LN/
N/ %C/C\C/ ~o-
A\ / / \+

C—N H NHg
/ \

Imidazole Histidine

Organic Foods: Risk versus Benefit

Purestock/Jupiter Images

How dangerous is the pesticide
being sprayed on this crop?

ontrary to what you may hear in supermarkets or on television, all

foods are organic—complex mixtures of organic molecules. Even
so, when applied to food, the word organic has come to mean an absence
of synthetic chemicals, typically pesticides. How concerned should we be
about traces of pesticides in the food we eat? Or toxins in the water we
drink? Or pollutants in the air we breathe?

Life is not risk-free—we all take many risks each day without even
thinking about it. We decide to ride a bike rather than drive, although
there is a ten times greater likelihood per mile of dying in a bicycling
accident than in a car. We decide to walk down stairs rather than take
an elevator, although 7000 people die from falls each year in the United
States. Some of us even decide to smoke cigarettes, although it increases
our chance of getting cancer by 50%. But what about risks from chemi-
cals like pesticides?

One thing is certain: without pesticides, whether they target weeds
(herbicides), insects (insecticides), or molds and fungi (fungicides), crop
production would drop significantly and food prices would increase.
Take the herbicide atrazine, for instance. In the United States alone,

continued
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approximately 100 million pounds of atrazine are used each year to kill
weeds in corn, sorghum, and sugar cane fields, greatly improving the
yields of these crops. Nevertheless, the use of atrazine continues to be a
concern because traces persist in the environment. Indeed, heavy atrazine
exposure can pose health risks to humans and some animals, but the U.S.
Environmental Protection Agency (EPA) is unwilling to ban its use
because doing so would result in significantly lower crop yields and
increased food costs, and because there is no suitable alternative herbicide
available.

How can the potential hazards from a chemical like atrazine be deter-
mined? Risk evaluation of chemicals is carried out by exposing test ani-
mals, usually mice or rats, to the chemical and then monitoring the animals
for signs of harm. To limit the expense and time needed, the amounts
administered are typically hundreds or thousands of times greater than
those a person might normally encounter. The results obtained in animal
tests are then distilled into a single number called an LDj5p value, the
amount of substance per kilogram body weight that is a lethal dose for 50%
of the test animals. For atrazine, the LD5( value is between 1 and 4 g/kg
depending on the animal species. Aspirin, for comparison, has an LDgg of
1.1 g/kg, and Table 1.3 lists values for some other familiar substances. The
lower the value, the more toxic the substance. Note, though, that LD val-
ues tell only about the effects of very heavy exposure for a relatively short
time. They say nothing about the risks of long-term exposure, such as
whether the substance can cause cancer or interfere with development in
the unborn.

Table 1.3 Some LD, Values

Substance LD, (g/kg) Substance LD, (g/kg)
Strychnine 0.005 Chloroform 1.2
Arsenic trioxide 0.015 Iron(II) sulfate 1.5
DDT 0.115 Ethyl alcohol 10.6
Aspirin 1.1 Sodium cyclamate 17

So, should we still use atrazine? All decisions involve tradeoffs, and the
answer is rarely obvious. Does the benefit of increased food production out-
weigh possible health risks of a pesticide? Do the beneficial effects of a new
drug outweigh a potentially dangerous side effect in a small number of
users? Different people will have different opinions, but an honest evalua-
tion of facts is surely the best way to start. At present, atrazine is approved
for continued use in the United States because the EPA believes that the
benefits of increased food production outweigh possible health risks. At the
same time, though, atrazine use is being phased out in Europe.

27
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WORKING PROBLEMS

The purpose of this chapter has been to get you up to speed—to review some
ideas about atoms, bonds, and molecular geometry. As we've seen, organic
chemistry is the study of carbon compounds. Although a division into inor-
ganic and organic chemistry occurred historically, there is no scientific reason
for the division.

An atom is composed of a positively charged nucleus surrounded by nega-
tively charged electrons that occupy specific regions of space called orbitals.
Different orbitals have different energy levels and shapes. For example,
s orbitals are spherical and p orbitals are dumbbell-shaped.

There are two fundamental kinds of chemical bonds: ionic bonds and
covalent bonds. The ionic bonds commonly found in inorganic salts result from
the electrical attraction of unlike charges. The covalent bonds found in organic
molecules result from the sharing of one or more electron pairs between
atoms. Electron sharing occurs when two atoms approach and their atomic
orbitals overlap. Bonds formed by head-on overlap of atomic orbitals are
called sigma (¢) bonds, and bonds formed by sideways overlap of p orbitals are
called pi (7) bonds.

In the valence bond description, carbon uses hybrid orbitals to form bonds
in organic molecules. When forming only single bonds with tetrahedral geom-
etry, carbon uses four equivalent sp3 hybrid orbitals. When forming double
bonds, carbon has three equivalent sp? orbitals with planar geometry and one
unhybridized p orbital. When forming triple bonds, carbon has two equivalent
sp orbitals with linear geometry and two unhybridized p orbitals.

Organic molecules often have polar covalent bonds because of unsymmetri-
cal electron sharing caused by the electronegativity of atoms. A carbon—oxy-
gen bond, for instance, is polar because oxygen attracts the bonding electrons
more strongly than carbon does. A carbon—metal bond, by contrast, is polar-
ized in the opposite sense because carbon attracts electrons more strongly
than metals do.

A Brgnsted-Lowry acid is a substance that can donate a proton (hydrogen
ion, HY), and a Brgnsted-Lowry base is a substance that can accept a proton.
The strength of an acid is given by its acidity constant, K,. A Lewis acid is a
substance that can accept an electron pair. A Lewis base is a substance that
can donate an unshared electron pair. Most organic molecules that contain
oxygen and nitrogen are Lewis bases.

There is no surer way to learn organic chemistry than by working prob-
lems. Although careful reading and rereading of this text are important,
reading alone isn’t enough. You must also be able to use the information
you’ve read and be able to apply your knowledge in new situations. Work-
ing 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
several types. They begin with a short section called “Visualizing Chemis-
try,” which helps you “see” the microscopic world of molecules and provides

continued
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Visualizing Chemistry

(Problems 1.1-1.25 appear within
the chapter.)

UWL

Interactive versions of these
problems are assignable in OWL.
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practice for working in three dimensions. After the visualizations are many
“Additional Problems” that are grouped according to topic.

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 problem, check the accompanying Study Guide and Solu-
tions Manual for an explanation that will help clarify the difficulty. Work-
ing problems takes effort, but the payoff in knowledge and understanding
is immense.

1.26 Convert each of the following molecular models into a line-bond structure,
and give the formula of each (gray = C, red = O, blue = N, ivory = H).

(a)

Coniine (the toxic substance Alanine (an amino acid)
in poison hemlock)

1.27 The following model is a representation of citric acid, a substance in the
so-called citric acid cycle by which food molecules are metabolized in the
body. Only the connections between atoms are shown; multiple bonds are
not indicated. Complete the structure by indicating the positions of mul-
tiple bonds and lone-pair electrons (gray = C, red = O, ivory = H).
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1.28 The following model is that of acetaminophen, a pain reliever sold in drug-
stores under a variety of names, including Tylenol. Identify the hybrid-
ization of each carbon atom in acetaminophen, and tell which atoms have
lone pairs of electrons (gray = C, red = O, blue = N, ivory = H).

1.29 The following model is that of aspartame, C14H1gN9O5, known commer-
cially under many names, including NutraSweet. Only the connections
between atoms are shown; multiple bonds are not indicated. Complete the
structure by indicating the positions of multiple bonds (gray = C, red = O,
blue = N, ivory = H).

1.30 Electrostatic potential maps of (a) acetamide and (b) methylamine are
shown. Which of the two has the more basic nitrogen atom? Which of the
two has the more acidic hydrogen atoms?

(a) (b)

i |
Ho _C H H N
\C\/ \N/ \C\/ \H
VAN AN
H H H H H

Acetamide Methylamine



Additional Problems

ELECTRON
C ONFIGURATIONS

ELEcTRON-DOT
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1.33
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How many valence electrons does each of the following atoms have?
(a) Oxygen (b) Magnesium (¢) Fluorine

Give the ground-state electron configuration of the following elements. For
example, carbon is 1s2 252 2p2.
(a) Lithium (b) Sodium

(¢) Aluminum (d) Sulfur

What are the likely formulas of the following molecules?
(a) AlCl? (b) CFQCI? (c) NI? (d) CH?O

Write an electron-dot structure for acetonitrile, CH3C=N. How many elec-
trons does the nitrogen atom have in its valence shell? How many are used
for bonding, and how many are not used for bonding?

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

(a) s CHs (b) 0 (c) 0
H3C/ g~ |c|: (l.l
HsC” “NH, HaC” SO~

Dimethyl disulfide Acetamide Acetate ion

Why can’t molecules with the following formulas exist?
(a) CH5 (b) C2H6N (c) 03H5BI‘2

Draw both an electron-dot structure and a line-bond structure for vi-
nyl chloride, CoH3Cl, the starting material from which PVC [poly(vinyl
chloride)] plastic is made.

There are two structures with the formula C4H{y. Draw them, and tell how
they differ.

Convert the following line-bond structures into molecular formulas:

CH,0H (b) Ho_ N __H (c) CH,OH
e o T on o "~c g
/N o / o
/C/ ¢ H/C%C/C\C//N H e e
H \C_C/ I i HO~~ eed! SOH
= Z _
\ H 4—C~¢/ HO T [ H
HO OH / |\H H OH
Ho oy
Vitamin C Nicotine Glucose

(ascorbic acid)

1.40 Convert the following molecular formulas into line-bond structures:

1.41

(a) C3H8
(e¢) CsHg (two possibilities)

(b) C3H7Br (two possibilities)
(d) CoHgO (two possibilities)

Draw a three-dimensional representation of the OH-bearing carbon atom
in ethanol, CH3CHoOH.
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ELECTRONEGATIVITY

1.42

1.43

1.44

1.45

1.46

1.47

1.48

1.49

1.50

Draw line-bond structures for the following molecules:

(a) Ethyl methyl ether, C3HgO, which contains an oxygen atom bonded to
two carbons

(b) Butane, C4H7(, which contains a chain of four carbon atoms

(¢) Cyclohexene, CgH{(, which contains a ring of six carbon atoms and
one carbon—carbon double bond

Oxaloacetic acid, an important intermediate in food metabolism, has the
formula C4H4O5 and contains three C=0 bonds and two O—H bonds. Pro-
pose two possible structures.

Identify the bonds in the following molecules as covalent, polar covalent, or
ionic:

(a) BeFy (b) SiHy (¢) CBry

Indicate which of the bonds in the following molecules are polar covalent,

using the symbols 6+ and §-.
(a) Bry  (b) CH3Cl (¢c) HF (d) CH3CH,OH

Sodium methoxide, NaOCHg, contains both ionic and covalent bonds. Indi-
cate which is which.

Identify the most electronegative element in each of the following
molecules:

(a) CHzFCl (b) FCHzCHgCHgBI‘

(c) HOCHZCHzNHz (d) CH300H2Li

Use the electronegativity values in Figure 1.14 to predict which of the indi-
cated bonds in each of the following sets is more polar. Tell the direction of
the polarity in each.

(a) C1—CHj; or C1—Cl1 (b) H—CHg or H—C1

(c) HO—CH3 or (CHg)gSi—CHg

Use Figure 1.14 to order the following molecules according to increasing
positive character of the carbon atom:

CH;F, CH30H, CHsLi, CHsl, CHsCHs;, CH;3NH,

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 1.14 to predict the polarity of the
following functional groups:

(0] (b) (c) (0] (d) —C=N
I \ / g

c c
= " oH " NH,

(a)

Ketone Alcohol Amide Nitrile
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What is the hybridization of each carbon atom in acetonitrile, CH3C=N?
What values do you expect for the indicated bond angles in each of the

following molecules, and what kind of hybridization do you expect for the
central atom in each?

(a) ﬁ (b) H\C4N\C/H (c) OH O
HaN—CH, —C—OH I | CHz3—CH—C—OH
|
H
Glycine Pyridine Lactic acid
(an amino acid) (in sour milk)

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

(a) ll-l (I? H CHy—CHg (b) ?HZOH
N\ / ~

H C C CH, *N c_ o o)
\C& \C/ \0/ \CH/Z \CHZ—CH3 H/ /\C/ \C4

(I: g H O\ C/

Ho,NT ¢ H ¢l /N
| HO OH

H
Procaine Vitamin C

(ascorbic acid)

1.54 What is the hybridization of each carbon atom in benzene? What shape do
you expect benzene to have?

H H
\
/C=C
H—C C—H Benzene
\ /
/ \
H H

1.55 Propose structures for molecules that meet the following descriptions:
(a) Contains two sp2-hybridized carbons and two sp3-hybridized carbons
(b) Contains only four carbons, all of which are sp2-hybridized
(¢) Contains two sp-hybridized carbons and two sp2-hybridized carbons
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Acibs AND BASES 1.56 Ammonia, HoON—H, has pK,; =~ 36, and acetone has pK, =~ 19. Will the
following reaction take place? Explain.

(0} 0
2 oy L
+ Na*t":NH, —— _ + NH3
HsC”~ CHg Hyc” CP Na*
/\
Acetone H H

1.57 Which of the following substances are likely to behave as Lewis acids and
which as Lewis bases?
(a) AlBrg (b) CH3CHoNH, (¢c) HF (d) CH3SCHg

1.58 Is the bicarbonate anion (HCOg™) a strong enough base to react with
methanol (CH3OH)? In other words, does the following reaction take place
as written? (The pK, of methanol is 15.5; the pK, of HoCOg is 6.4.)

?
CH3OH + HCO3_ — CH30_ + H2CO3

1.59 Identify the acids and bases in the following reactions:
(a) CH30H +Ht — CH30H2+
(b) CH30H + NHo~ —— CH30~ + NH3
(c)

e oz, — I

1.60 Rank the following substances in order of increasing acidity:

I
H\C4C\C/OH
I ]

I [ HTReT i
CH3CCH3 CH3CCH,CCH3 H CH3COH
Acetone Pentane-2,4-dione Phenol Acetic acid

(pKy = 19.3) (PKy=9) (pKy =9.9) (pK, = 4.76)

1.61 Which, if any, of the four substances in Problem 1.60 are strong enough
acids to react almost completely with NaOH? (The pK, of HyO is 15.7.)

1.62 The ammonium ion (NHy*, pK, = 9.25) has a lower pK, than the methyl-
ammonium ion (CH3NH3*, pK, = 10.66). Which is the stronger base,
ammonia (NH3) or methylamine (CH3NHs)? Explain.
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1.63 Predict the structure of the product formed in the reaction of the organic
base pyridine with the organic acid acetic acid, and use curved arrows to
indicate the direction of electron flow.

|
H 4C\ _H ﬁ)
| | + C — ?
PN
T NN H3C OH
Pyridine Acetic acid

1.64 Complete the electron-dot structure of caffeine, showing all lone-pair elec-
trons, and identify the hybridization of the indicated atoms.

| I C—H Caffeine

1.65 The ammonium ion, NH4*, has a geometry identical to that of methane,
CHy4. What kind of hybridization do you think the nitrogen atom has?
Explain.

1.66 Why do you suppose no one has ever been able to make cyclopentyne as a
stable molecule?

H H
\C/
Ho "~ . _H
C Cc Cyclopentyne
H- { / ~H yclopenty!

1.67 Draw an orbital picture of allene, HoC=C=CHjy. What hybridization must
the central carbon atom have to form two double bonds? What shape does
allene have?

1.68 Draw an electron-dot structure and an orbital picture for carbon dioxide,
COs9. What kind of hybridization does the carbon atom have? What is the
relationship between CO9 and allene (Problem 1.67)?

1.69 Although most stable organic compounds have tetravalent carbon atoms,
high-energy species with trivalent carbon atoms also exist. Carbocations
are one such class of compounds. If the positively charged carbon atom
has planar geometry, what hybridization do you think it has? How many
valence electrons does the carbon have?

H

H—C\Jr A carbocation
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In THE MEDICINE CABINET  1.70 Nonsteroidal anti-inflammatory drugs, often referred to as NSAIDs, are
commonly used to treat minor aches and pains. Four of the most common

NSAIDs are:
0o CH
%C/ 3 H H H
e _C 0 co e m
H
\C/ §C/ 3H> SN A §C/ o
I | I [I | I
H/C\C4C\C/OH CHSH/C\C4C\C/C\OH
~
I [I | | "H
H 0o H CH3
Acetylsalicylic acid Ibuprofen
(aspirin) (Advil, Nuprin, Motrin)
T |
ch/o\c4c\c/c*c/H o N T
| [I | I [I |
C C H C
H/ %l/ \|4 \?<H\OH \l/ \cl:& \H
H H CH C H
3 Hae” o
Naproxen Acetaminophen
(Nlaprosyn, Aleve) (Tylenol)

(a) How many sp3-hybridized carbons are present in aspirin?

(b) How many sp2-hybridized carbons are present in naproxen?

(¢) What is the molecular formula of acetaminophen?

(d) Aspirin, ibuprofen, and naproxen are all believed to target the
same enzyme, cyclooxygenase, which produces substances called
prostaglandins, that mediate inflammation. Discuss any similarities
in the structures of these drugs.
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IN THE FIELD 1.71 Herbicides that differ greatly in structure also often differ in how they act.

Cl H H H
| I | N
H\C& ~.H HO™ \C<H CI\C4C\ _Cl H—C/ c—H
L] NS O G,
HT S Sl ~cl HT Sc” H fFN )
' P ' VAN
=P— C
MO | N N0 o=c  N—CH
i o HaC—C—CH o=
HO” X0 3 I 3 \C—C/ \H
C 7 N\
Ml H—C C—H
\
H / \
H CF3
2,4-D Glyphosate Pronamide Fluridone
(Hi-Dep or (Roundup) (Propyzamide) (Sonar)
Weedar 64) Inhibits amino Interferes with Inhibits pigment

Disrupts growth
regulation signals

acid synthesis

cell division

biosynthesis

(a) How many sp3-hybridized carbons are present in 2,4-D?
(b) How many sp2-hybridized carbons are present in Roundup?
(e) How many sp-hybridized carbons are present in pronamide?

(d) What is the molecular formula of fluridone?
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Cyclohexane

Conformational Mobility

of Cyclohexane

Interlude—Where Do Drugs

Come From?

There are more than 37 million known organic compounds.
Each of these compounds has its own physical properties, such as
melting point, and each has its own chemical reactivity. Chemists
have learned through 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 reactivity. Instead of 37 million compounds with random
reactivity, there are a few dozen families of compounds whose
chemistry is reasonably predictable. We'll study the chemistry of
specific families of organic molecules throughout this book, begin-
ning in this chapter with a look at the simplest family, the
alkanes.

WHY THIS CHAPTER?

Alkanes are relatively unreactive and are rarely involved in
chemical reactions, but they nevertheless provide a useful way to

introduce some important general ideas. In this chapter, we’ll use alkanes to
introduce the basic approach to naming organic compounds and to take an
initial look at some of the three-dimensional aspects of molecules, a topic of
particular importance in understanding biological organic chemistry.
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="V Functional Groups

The structural features that make it possible to classify compounds into
families are called functional groups. A functional group is a group of atoms
within a molecule that has a characteristic chemical behavior. Chemically, a
given functional group behaves almost the same way in every molecule it’s
a part of. For example, compare ethylene, a plant hormone that causes fruit
to ripen, with menthene, a much more complicated molecule found in pep-
permint oil. Both substances contain a carbon—carbon double-bond func-
tional group, and both therefore react with Bry in the same way to give
products in which a Br atom has added to each of the double-bond carbons
(Figure 2.1). This example is typical: the chemistry of every organic molecule,
regardless of size and complexity, is determined by the functional groups it

contains.
Double
bond ]
CH H
Y
Cc=C
H C/ \CH
2 \ / 2
H H H,C—CH
\ \
C=C C—CHg
/\
H H H3C H
Ethylene Menthene
lBrz lBrZ
Bromine added
here B B
B B r r
N HaCY, M
H//C_C\\H H C/ \CH
H H 2 < / 2
HZC—C{-I
C—CH
AV
HsC H

Figure 2.1 The reactions of ethylene and menthene with bromine. In both molecules, the
carbon-carbon double-bond functional group reacts with Br, in the same way. The size and
complexity of the molecules are not important.

Look at Table 2.1, which lists many of the common functional groups and
gives simple examples of their occurrence. Some functional groups have only
carbon—carbon double or triple bonds; others have halogen atoms; and still
others contain oxygen, nitrogen, sulfur, or phosphorus. Much of the chemistry
you’ll be studying in subsequent chapters is the chemistry of these functional

groups.



Table2.1

Name

Alkene
(double bond)

Alkyne
(triple bond)

Arene
(aromatic ring)

Halide

Alcohol

Ether

Monophosphate

Amine

Imine
(Schiff base)

Nitrile

Nitro

*The bonds whose connections aren’t specified are assumed to be attached to carbon or hydrogen
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Structure of Some Common Functional Groups

Structure*
N/
c=C
/ N\

—_C=C—

bis
(X =FCl,Br,I)
i
\C/O\C/

\, \
\, \,

\, \,

\ \

atoms in the rest of the molecule.

Name ending

-ene

-yne

None

None

ether

phosphate

-amine

None

-nitrile

None

Example

H,C=CH,
Ethene

HC=CH
Ethyne

Y,

Benzene

CH3Cl
Chloromethane

CH30H
Methanol

CH30CH3
Dimethyl ether

CH3OPO32_
Methyl phosphate

CH3NH,
Methylamine

WH
CH3CCH3

Acetone imine

CH3C=N
Ethanenitrile

CH3NO,
Nitromethane

continued



Table2.1
Name

Thiol

Sulfide

Disulfide

Carbonyl

Aldehyde

Ketone

Carboxylic acid

Ester

Amide

Carboxylic acid

anhydride

Carboxylic acid
chloride
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Structure of Some Common Functional Groups (continued)

Structure*

\C/SH

\
\,
\,
\

\C/S\C/

\ \
\, \,

\, \,

\ \

\C/C\l'\'l/
O (0}
I [l
\C/C\O/C\C

\ \,
\, \,

\, \,

\ \

(0]
I
e

\,
\

Name ending Example
-thiol CH3SH
Methanethiol
sulfide CH3SCH3
Dimethyl sulfide
disulfide CH3SSCH3
Dimethyl disulfide
-al ?I)
CH3CH
Ethanal
-one |C|)
CH3CCH3
Propanone
-oic acid ﬁ)
CH3COH
Ethanoic acid
-oate (I?
CH3COCH3
Methyl ethanoate
-amide ﬁ
CH3CNH,
Ethanamide
-oic anhydride T
CH3COCCH3

Ethanoic anhydride

-0yl chloride (I?
CH3CCI
Ethanoyl chloride

*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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Alkyl halide
(haloalkane)

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
arenes have alternating double and single bonds in a six-membered ring of
carbon atoms. Because of their structural similarities, these compounds also
have chemical similarities.

N/
C=C
/ N\
Alkene Alkyne

Arene
(aromatic ring)

Functional Groups with Carbon Singly
Bonded to an Electronegative Atom

Alkyl halides (haloalkanes), alcohols, ethers, alkyl phosphates, amines, thiols,
sulfides, and disulfides all have a carbon atom singly bonded to an electro-
negative atom—halogen, oxygen, nitrogen, or sulfur. Alkyl halides have a
carbon atom bonded to halogen (-X), alcohols have a carbon atom bonded to
the oxygen of a hydroxyl group (-OH), ethers have two carbon atoms bonded
to the same oxygen, organophosphates have a carbon atom bonded to the oxy-
gen of a phosphate group (-OPO32~), amines have a carbon atom bonded to a
nitrogen, thiols have a carbon atom bonded to the sulfur of an —~SH group,
sulfides have two carbon atoms bonded to the same sulfur, and disulfides have
carbon atoms bonded to two sulfurs that are joined together. 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—).

Alcohol Ether Phosphate
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\/ \/
O

\ /

/
/
/
~

sC\

Thiol Sulfide Disulfide

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

The carbonyl group, C=0 (pronounced car-bo-neel) is common to many of the
families listed in Table 2.1. Carbonyl groups are present in the great majority
of organic compounds and in practically all biological molecules. These com-
pounds behave similarly in many respects but differ depending on the iden-
tity of the atoms bonded to the carbonyl-group carbon. Aldehydes have at
least one hydrogen bonded to the C=0, ketones have two carbons bonded to
the C=0, carboxylic acids have one carbon and one —~OH group bonded to the
C=0, esters have one carbon and one ether-like oxygen bonded to the C=0,
amides have one carbon and one nitrogen bonded to the C=0, acid chlorides
have one carbon and one chlorine bonded to the C=0, and so on. The carbonyl
carbon atom bears a partial positive charge (6+), and the oxygen bears a par-
tial negative charge (6—).

0] (o] (o] (o]

: @ 44 Y%
\/q/ ~H \/Q/ \/q/ \/Q/ ~OoH \C\/ ~o” TN
Aldehyde Ketone Carboxylic acid Ester

(o] 0]
I \/ | I
\C/C\S/C\ \C/C\ ~ ™~ /C\CI

Thioester Amide Acid chloride



44

cHAPTER 2 | Alkanes: The Nature of Organic Compounds

Problem 2.1

Problem 2.2

Problem 2.3

Identify the functional groups in the following molecules:

a (e} b 0} H (0]

(a) A (b) N © H .z
H  C—OH C—OH |
/C=C\ H—C—OH
H H O\ HO—(|3—H
Acrylic acid //C_CH3 H—C—OH

(2 functional groups) 0] H—C—OH

Aspirin CH,OH

(3 functional groups)
Glucose
(6 functional groups)

Propose structures for simple molecules that contain the following functional
groups:

(a) Alcohol (b) Aromatic ring (¢) Carboxylic acid

(d) Amine (e) Both ketone and amine (f) Two double bonds

Identify the functional groups in the following model of arecoline, a veterinary
drug used to control worms in animals. Convert the drawing into a line-bond
structure (gray = C, red = O, blue = N, ivory = H).

==Y Alkanes and Alkyl Groups: Isomers

Before beginning a systematic study of the different functional groups, let’s
look first at the simplest family of molecules—the alkanes—to develop some
general ideas that apply to all families. We saw in Section 1.7 that the C-C
single bond in ethane results from o (head-on) overlap of carbon sp3 hybrid
orbitals. If we imagine joining three, four, five, or even more carbon atoms by
C—C single bonds, we generate the large family of molecules called alkanes.

| T Y T
H—(ll—H H—(li—(li—H H—?—(li—(lt—H H—(li—(lt—Cli—Cli—H ...and soon
H H H H H H H HHH

Methane Ethane Propane Butane
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Alkanes are often described as saturated hydrocarbons: hydrocarbons
because they contain only carbon and hydrogen atoms; 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
Cp,Hg,+2 where n is any integer. Alkanes are also occasionally called
aliphatic compounds, a word derived from the Greek aleiphas, meaning “fat.”
We’ll see in Chapter 16 that animal fats contain long carbon chains similar
to alkanes.

[l
CHyOCCH,CHyCH,CH,CHpCH,CHyCHoCHCHoCHoCHoCHoCHoCHoCHoCH3
0

[I
CHOCCH,CH,CHyCH,CH,CHoCHCH,CHoCHoCH,CHoCH,CHoCHRCH,CH3

[l
CHyOCCH,CHCH,CHyCHoCHoCHyCH,CHoCHoCHoCH,CHoCHoCHoCHoCHS

A typical animal fat

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, CHy4. Similarly, there is only one possible combination of two car-
bons with six hydrogens (ethane, CH3CHg) and only one possible combination
of three carbons with eight hydrogens (propane, CH3CHyCH3s). If larger num-
bers of carbons and hydrogens combine, however, more than one kind of mole-
cule can form. For example, there are two ways that molecules with the
formula C4H1g can form: the four carbons can be in a row (butane), or they
can branch (isobutane). Similarly, there are three ways in which C5H9 mole-
cules can form, and so on for larger alkanes.

> >
CHy CH3CH3 CH3CH,CH3
Methane, CHy Ethane, CoHg Propane, C3Hg

J @ g ¥
CH3
CH3CH,CH,CH3 CH3CHCH3
Butane, C4H1go Isobutane, C4Hqg

(2-methylpropane)
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Figure 2.2 Some representations

of butane (n-C4H,0). The molecule is
the same regardless of how it's drawn.
These structures imply only that butane
has a continuous chain of four carbon
atoms.

CH3 CH3C|CH3
CH3CH,CH,CH,CH3 CH3CH,CHCH3 CH3
Pentane, C5Hq2 2-Methylbutane, CgHq2 2,2-Dimethylpropane, CsHq2

Compounds like butane, whose carbons are connected in a row, are called
straight-chain alkanes, or normal (n) alkanes, whereas compounds with branched
carbon chains, such as isobutane (2-methylpropane), are called branched-
chain alkanes.

Compounds like the two C4H1y molecules and the three C5Hio molecules,
which have the same formula but different structures, are called isomers,
from the Greek isos + meros, meaning “made of the same parts.” Isomers 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
differently, are called constitutional isomers. We'll see shortly that other kinds
of isomerism are also possible, even among compounds whose atoms are con-
nected in the same order.

A given alkane can be arbitrarily drawn in many ways. The straight-chain,
four-carbon alkane called butane, for instance, can be represented by any of
the structures shown in Figure 2.2. These structures don’t imply any particu-
lar three-dimensional geometry for butane; they only indicate the connections
among atoms. In practice, chemists rarely draw all the bonds in a molecule
and usually refer to butane by the condensed structure, CH3CHoCH9CHg or
CH3(CHg)92CHg. In such representations, the C—C and C—H bonds are “under-
stood” rather than shown. If a carbon has three hydrogens bonded to it, we
write CHg; if a carbon has two hydrogens bonded to it, we write CHg, and so
on. Still more simply, butane can even be represented as n-C4Hpg, where
n signifies normal, straight-chain butane.

HHHH
R N/ N/
H—C—C—C—C—H w O O
[ T VANEYAN
H H HH HHHH
CHy—CHy—CH,—CHs CH3CH,CH,CH3 CH3(CHy),CH3

Straight-chain alkanes are named according to the number of carbon
atoms they contain, as shown in Table 2.2. With the exception of the first four
compounds—methane, ethane, propane, and butane—whose names have his-
torical origins, the alkanes are named based on Greek numbers, according to
the number of carbons. The suffix -ane is added to the end of each name to
identify the molecule as an alkane. Thus, pentane is the five-carbon alkane,
hexane is the six-carbon alkane, and so on.

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 -y/ ending. For example, removal of



Figure 2.3 Alkyl groups generated
from straight-chain alkanes.
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Table2.2 Names of Straight-Chain Alkanes

Number of Formula Number of

carbons (n) Name (ChH2n+2) carbons(n) Name
1 Methane CHy 9 Nonane
2 Ethane CoHg 10 Decane
3 Propane CsHg 11 Undecane
4 Butane C4H1o 12 Dodecane
5 Pentane CsH12 13 Tridecane
6 Hexane CeH14 20 Icosane
7 Heptane C7H1g 30 Triacontane
8 Octane CgH1g

Formula
(CnH2n+2)

CgH20

C1oH22
Cq1H24
C12H26
Cq3Hag
CaoHa12
CsoHe2

a hydrogen atom from methane, CHy, generates a methyl group, ~CHg, and
removal of a hydrogen atom from ethane, CH3CHg, generates an ethyl
group, —CH9CHg. Similarly, removal of a hydrogen atom from the end carbon
of any n-alkane gives the series of n-alkyl groups shown in Table 2.3.

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 2.3).

";3;2

CH3CH,CH3 CH3CH,CHy%-

Propane Propyl

g O ;i- -
ju j’u o)
CH3CH,CH,CH3 CH3CH,CHoCHp3-

Butane Butyl

CHs CH3
CH3CHCH3 CH3CHCH %

Isobutane Isobutyl

s,
j 9
CH3CHCH3

Isopropyl

CH3CH,CHCH3

sec-Butyl

T
CH3—(|3 +
CH3

tert-Butyl
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Worked Example 2.1

Table2.3 Some Straight-Chain Alkyl Groups

Alkane Name Alkyl group Name (abbreviation)
CHy Methane —CH3 Methyl (Me)
CH3CH3 Ethane —CH,CH3 Ethyl (Et)
CH3CH,CH3 Propane —CH,CH,CH3 Propyl (Pr)
CH3CH,CH,CH3 Butane —CH,CH,CH,CH3 Butyl (Bu)
CH3CH2CH,CH,CH3 Pentane —CH,CH,CH,CH,CH3 Pentyl, or amyl

One further word about naming alkyl groups: the prefixes sec- (for second-
ary) and tert- (for tertiary) used for the C4 alkyl groups in Figure 2.3 refer to
the number of other carbon atoms attached to the branching carbon atom.
There are four possibilities: primary (1°), secondary (2°), tertiary (3°), and
quaternary (4°).

/\ /\ /\ /\
H H H H 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 here and throughout this text to represent a general-
ized alkyl group. The R group can be methyl, ethyl, or any of a multitude of
others. You might think of R as representing the Rest of the molecule, which
isn’t specified.

OH OH
R—Cl—R HOZCCHQ_é_CHZCOQH
; Loyt
General class of tertiary Citric acid—a specific
alcohols, R3COH tertiary alcohol

Drawing Isomeric Structures

Propose structures for two isomers with the formula CoHgO.

Strategy We know that carbon forms four bonds, oxygen forms two, and hydrogen forms

one. Put the pieces together by trial and error, along with intuition.

Solution There are two possibilities:

T o
H—clz—clz—o—H and H—(lz—o—cl:—H
H H H H



Problem 2.4

Problem 2.5

Problem 2.6

Problem 2.7

Problem 2.8
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Draw structures for the five isomers of CgH14.

Draw structures that meet the following descriptions:

(a) Three isomers with the formula CgHqg
(b) Two isomers with the formula C4HgO9

Draw the eight possible five-carbon alkyl groups (pentyl isomers).

Draw alkanes that meet the following 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

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

(a) CH3 (b) CH3?HCH3 (c) CH3 CH3
CH3CHCH,CH,CHg CH3CH,CHCH,CH3 CH3CHCH2(|:CH3
CHs3

=<¥ Naming Branched-Chain Alkanes

In earlier times, when few pure organic chemicals were known, new com-
pounds were named at the whim of their discoverer. Thus, urea (CH4N5O) is
a crystalline substance isolated from urine, and morphine (C17H19NOg) is an
analgesic (painkiller) named after Morpheus, the Greek god of dreams. As the
science of organic chemistry slowly grew in the 19th century, so too did the
number of known compounds and the need for a systematic method of naming
them. The system of naming (nomenclature) we’ll use in this book is that
devised by the International Union of Pure and Applied Chemistry (IUPAC,
usually spoken as eye-you-pac).

A chemical name typically has four parts in the IUPAC system of nomen-
clature: prefix, parent, locant, and suffix. The prefix specifies the location and
identity of various substituent groups in the molecule, the parent selects a
main part of the molecule and tells how many carbon atoms are in that part,
the locant gives the location of the primary functional group, and the suffix
identifies the primary functional group.

Prefix—Parent— Locant— Suffix
/ / \ \

Where and what are How many  Where is the primary What is the primary
the substituents? carbons? functional group? functional group?

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 now, let’s see how to name branched-
chain alkanes. All but the most complex branched-chain alkanes can be
named by following four steps.
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STEP 1 Find the parent hydrocarbon.

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

CH,CH3

\
CH3CH,CH,CH—CH3 Named as a substituted hexane

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

CHj CHs3
CH3CHCHCH,CH,CH3 CH3CH—CHCH,CH,CH3
éHZCH3 C‘H2CH3
Named as a hexane with NOT as a hexane with
two substituents one substituent

STEP 2 Number the atoms in the main chain.

Beginning at the end nearer the first branch point, number each carbon atom
in the parent chain.

2 1 6 7
(‘IHZCH3 CH,CH3
CH3—CH(‘:H—CH2CH3 NOT CH3—CHC|H—CH2CH3
3 |4 5 |4
CH,CH,CHg CH,CH,CHs
5 6 7 3 2 1

The first branch occurs at C3 in the proper system of numbering but at C4 in
the improper system.

STEP 3 Identify and number the substituents.

Assign a number, called a locant, to each substituent to specify its point of
attachment to the parent chain. If there are two substituents on the same
carbon, assign them both the same number. There must always be as many
numbers in the name as there are substituents.

9 8
CH3C|H2 H3C|: C|:HZCH3
CH3—CHCH2CH,CHCHCH,CH3 Named as a nonane
7 6 574 3 2™
Substituents:  On C3, CH,CH3  (3-ethyl)
On C4, CH3 (4-methyl)
On C7, CH3 (7-methyl)
CH3 CHj
4
CH3CH,CCH,CHCH3 Named as a hexane
6 "5 |3 "2 1
CH,CH3
Substituents: On C2, CH3 (2-methyl)
On C4, CH3 (4-methyl)

On C4, CH2CH3 (4-ethyl)
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STEP 4 Write the name as a single word.

Use hyphens to separate the various prefixes and commas to separate num-
bers. If two or more different side chains are present, cite them in alphabetical
order. If two or more identical side chains are present, use the appropriate
multiplier prefixes di-, tri-, tetra-, and so forth. Don’t use these prefixes for
alphabetizing, though. Full names for some examples follow:

2 1 8 9
?HzCHg (l:H2CH3 ?H?, (l:H2CH3 (|:H3
CH3CH,CH,CH—CH CH3—CHCH,CH,CH—CHCH,CH CH3CHCHCH,CH,CH
6352423 3 3762524 322‘13 132|3425263
CH,CH3
3-Methylhexane 3-Ethyl-4,7-dimethylnonane 3-Ethyl-2-methylhexane
2 1
CH,CH3 CH3 CHsj
4
CH3CHCHCH,CH CH3CH,CCH,CHCH
334| 22 6352|32213
CH,CH,CH CH,CH
5 26 27 3 2+-M3
4-Ethyl-3-methylheptane 4-Ethyl-2,4-dimethylhexane

For historical reasons, a few simple branched-chain alkyl groups also have
nonsystematic, common names, as noted in Figure 2.3.

e i
CH3CHCH3 CH3CH,CHCHz  CH3CHCHp—%- CH3——?€?
CH3
Isopropyl (i-Pr) sec-Butyl Isobutyl tert-Butyl
(sec-Bu) (t-Butyl or t-Bu)
| —
3-Carbon 4-Carbon
alkyl group alkyl groups

When writing the name of an alkane that contains one of these alkyl
groups, the nonhyphenated prefix iso- is considered part of the alkyl-group
name for alphabetizing purposes, but the hyphenated and italicized 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.

Naming an Alkane

What is the ITUPAC name of the following alkane?

?HZCH3 CHg
CH3CHCH,CH,CH,CHCH3
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Strategy

Solution

Worked Example2.3

Strategy

Solution

Problem 2.9

Problem 2.10

The molecule has a chain of eight carbons (octane) with two methyl substitu-
ents. Numbering from the end nearer the first methyl substituent indicates that
the methyls are at C2 and C6.
7 8
CH,CH3 CHa
CH3CHCH,CH,CHoCHCH3
6 5 4 3 721

2,6-Dimethyloctane

Drawing a Structure from a Name

Draw the structure of 3-isopropyl-2-methylhexane.

First, look at the parent name (hexane) and draw its carbon structure.
Cc-C-C-C-C-C Hexane

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

CH3CHCH3 An isopropyl group at C3
I

c—Cc—C—Cc—C—C

12 3 4 5 6
CH3

A methyl group at C2

Finally, add hydrogens to complete the structure.

CH3CHCH3
CH3?HCHCH2CH2CH3
CHs

3-Isopropyl-2-methylhexane

Give IUPAC names for the following alkanes:

(a) The three isomers of CgH12 (b) CH3
CH3CH,CHCHCH3
C|H2CH3
(c) CH3 CHj3 (d) CH3 CH,CH3
CH3CHCH,CHCH3 CH3—C—CH2CH2(|:HCH3
EHy

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
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Name the following alkane:

=27 Properties of Alkanes

Figure 2.4 Fractional distillation
separates petroleum into fractions
according to boiling point. The tem-
perature in the tower decreases with
increasing height, allowing condensa-
tion of the vapors and collection of
different components.

Many alkanes occur naturally in the plant and animal world. For example,
the waxy coating on cabbage leaves contains nonacosane (CogHgg), and the
wood oil of the Jeffrey pine common to the Sierra Nevada mountains of Cali-
fornia contains heptane (C7Hqg). By far the major sources of alkanes, however,
are the world’s natural gas and petroleum deposits. Laid down eons ago, these
natural deposits are derived from the decomposition of plant and animal mat-
ter, primarily of marine origin. Natural gas consists chiefly of methane but
also contains ethane, propane, and butane. Petroleum is a complex mixture of
hydrocarbons that must first be separated into various fractions and then
further refined before it can be used.

Petroleum refining begins by fractional distillation of crude oil into three
principal cuts, according to their boiling points (bp): straight-run gasoline (bp
20-200 °C), kerosene (bp 175-275 °C), and heating oil, or diesel fuel (bp 250—
400 °C). Finally, distillation under reduced pressure yields lubricating oils
and waxes, and leaves an undistillable tarry residue of asphalt (Figure 2.4).

Gases
—>

Boiling point range
below 20 °C

Gasoline (naphthas)
—>

20-200 °C

Kerosene

—
175-275 °C

Fuel oil
—>

250-400 °C

Lubricating oil
above 400 °C
Crude oil

and vapor are
preheated

Residue (asphalt)
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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
inert to most laboratory reagents. They do, however, react under appropriate
conditions with oxygen, chlorine, and a few other substances.

The reaction of an alkane with O9 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 reacts with oxygen according to the equation:

CH, + 2 03 —> COg + 2 HyO + 890 kJ (213 keal)

The reaction of an alkane with Cly occurs when a mixture of the two is
irradiated with ultraviolet light (denoted Av, where v is the lowercase Greek
letter nu). Depending on the relative amounts of the two reactants and on the
time allowed for reaction, a sequential replacement of the alkane hydrogen
atoms by chlorine occurs, leading to a mixture of chlorinated products. Meth-
ane, for instance, reacts with chlorine to yield a mixture of chloromethane
(CH3Cl), dichloromethane (CHgCly), trichloromethane (CHClg), and tetra-
chloromethane (CCly).

CH, + Cl -, CHscl + Hcl

Cl
Lo CH,Cl, + HCI
Cl
Lo, CHCl3 + HClI
Cly
ccl, + HCl

—M=Y Conformations of Ethane

Figure 2.5 Two conformations
of ethane. Rotation around the
C-C single bond interconverts the
different conformations.

We know from Section 1.7 that a carbon—carbon single bond results from the
head-on overlap of two atomic orbitals. Because the amount of this orbital
overlap is the same regardless of the geometric arrangements of other atoms
attached to the carbons, rotation is possible around carbon—carbon single
bonds. In ethane, for instance, rotation around the C-C bond occurs freely,
constantly changing the geometric relationships between the hydrogens on
one carbon and those on the other (Figure 2.5). The different arrangements of
atoms that result from bond rotation are called conformations, and molecules
that have different arrangements are called conformational isomers, or con-
formers. Unlike constitutional isomers, however, different conformers can’t
usually be isolated because they interconvert too rapidly.

P !

H Il
L ¢
; ~ 1 NN

H” \\H N Rotate H \H H

2N y .

HY H & - /

C C
& H” " >H



Figure 2.6 A sawhorse representation
and a Newman projection of ethane.
The sawhorse representation views

the molecule from an oblique angle,
while the Newman projection views the
molecule end-on. Note that the molec-
ular model of the Newman projection
appears at first to have six atoms
attached to a single carbon. Actually,
the front carbon, with three attached
green atoms, is directly in front of the
rear carbon, with three attached red
atoms.

Figure 2.7 Staggered and eclipsed
conformations of ethane. The staggered
conformation is lower in energy and
more stable by 12.0 kJ/mol.

Figure 2.8 The most stable conforma-
tion of any alkane is the one in which
the bonds on adjacent carbons are
staggered and the carbon chain is fully
extended so that large groups are far
away from one another, as in this model
of decane.

2.5 | Conformations of Ethane 55

Chemists represent different conformations in two ways, as shown in Fig-
ure 2.6. A sawhorse representation views the C—C bond from an oblique angle
and indicates spatial relationships by showing all the C-H bonds. A Newman
projection views the C—C bond directly end-on and represents the two carbon
atoms by a circle. Bonds attached to the front carbon are represented by lines
to a dot in the center of the circle, and bonds attached to the rear carbon are
represented by lines to the edge of the circle.

Back carbon

H H
H
Front carbon
Sawhorse Newman
representation projection

Despite what we’ve just said, we actually don’t observe perfectly free rota-
tion in ethane. Experiments show that there is a slight (12 kJ/mol; 2.9 kcal/
mol) barrier to rotation and that some conformations are more stable than
others. The lowest-energy, most stable conformation is the one in which all
six C—H bonds are as far away from one another as possible (staggered when
viewed end-on in a Newman projection). The highest-energy, least stable con-
formation is the one in which the six C—H bonds are as close as possible
(eclipsed in a Newman projection). At any given instant, about 99% of ethane
molecules have an approximately staggered conformation, and only about 1%
are close to the eclipsed conformation (Figure 2.7).

H HH
H H
Rotate rear
bon 60° H H
H H carl H ¥
H

Ethane—staggered
conformation

Ethane—eclipsed
conformation

What is true for ethane is also true for propane, butane, and all higher
alkanes. The most favored conformation for any alkane is the one in which all
bonds have staggered arrangements (Figure 2.8).

-

o vV v v - o

HHHHHHHHHH
\/ 7 \/ /s \/
O C C C C _H

H C C C C C

\ \ \ \

AN AN AU AN N
H HH HH HH HH H
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Worked Example2.4

Strategy

Solution

Problem 2.12

Problem 2.13

Problem 2.14

Drawing a Newman Projection

Sight along the C1-C2 bond of 1-chloropropane and draw Newman projections
of the most stable and least stable conformations.

The most stable conformation of a substituted alkane is generally a staggered
one in which large groups are as far away from one another as possible. The
least stable conformation is generally an eclipsed one in which large groups are
as close as possible.

Cl HsC Cl
H H
H H R oH
CHj
Most stable (staggered) Least stable (eclipsed)

Sight along a C—C bond of propane and draw a Newman projection of the most
stable conformation. Draw a Newman projection of the least stable conformation.

Looking along the C2-C3 bond of butane, there are two different staggered
conformations and two different eclipsed conformations. Draw them.

Which of the butane conformations you drew in Problem 2.13 do you think is
the most stable? Explain.

=H-¥ Drawing Chemical Structures

In the structures we’ve been using, a line between atoms has represented
the two electrons in a covalent bond. Drawing every bond and every atom is
tedious, however, so chemists have devised a shorthand way of drawing
skeletal structures that greatly simplifies matters. Drawing skeletal struc-
tures is straightforward:

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

e Hydrogen atoms bonded to carbon aren’t shown. Because carbon always
has a valence of four, we mentally supply the correct number of hydro-
gen atoms for each carbon.

e All atoms other than carbon and hydrogen are shown.

The following structures give some examples.

Isoprene, CgsHg Methylcyclohexane, C7H14
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Strategy

Solution

Problem 2.15
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One further comment: although such groupings as ~CHg, ~OH, and -NHy
are usually written with the C, O, or N atom first and the H atom second, the
order of writing is sometimes inverted to H3C—, HO—, and HoN- if needed to
make the bonding connections in a molecule clearer. Larger units such
as ~CH9CHj3 are not inverted, though; we don’t write H3CHoC— because it
would be confusing. There are, however, no well-defined rules that cover all
cases; it’s largely a matter of preference.

Inverted order to
show C-C bond Not inverted

H3C:C[CH3 CH3CH2:C[CH2CH3
HO\ OH HZN\ NH,

Inverted order to Inverted order to
show O-C bond show N-C bond

Interpreting a Skeletal Structure
Carvone, a substance responsible for the odor of spearmint, has the following

structure. Tell how many hydrogens are bonded to each carbon, and give the
molecular formula of carvone.

Carvone

Remember that the end of a line represents a carbon atom with three hydro-
gens, CHg; a two-way intersection is a carbon atom with two hydrogens, CHs; a
three-way intersection is a carbon atom with one hydrogen, CH; and a four-way
intersection is a carbon atom with no attached hydrogens.

3H OH Carvone, CqgH140

Convert the following skeletal structures into molecular formulas, and tell how
many hydrogens are bonded to each carbon:

(a) (b) 0] (c)
| g8
\N N
\
H

Pyridine Cyclohexanone Indole
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Problem 2.16

Problem 2.17

Propose skeletal structures for the following molecular formulas:
(a) C4Hg (b) C3HgO (c) C4HyCl

The following molecular model is a representation of para-aminobenzoic acid
(PABA), the active ingredient in many sunscreens. Indicate the positions of the
multiple bonds, and draw a skeletal structure (gray = C, red = O, blue = N,
ivory = H).

para-Aminobenzoic acid
(PABA)

—¥¥4 Cycloalkanes

STEP 1

We've discussed only open-chain alkanes thus far, but compounds with rings
of carbon atoms are actually more common. Saturated cyclic hydrocarbons are
called cycloalkanes, or alicyclic (aliphatic cyclic) compounds, and have the
general formula (CHy),,, or C,,Hy,,. In skeletal drawings, they are represented
by polygons.

YA\ []

Cyclopropane Cyclobutane Cyclopentane Cyclohexane

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

Find the parent.

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

i>—CH3 l}CH2CH2CH2CH3
—_— —

3 carbons 4 carbons

Methylcyclopentane 1-Cyclopropylbutane

STEP 2 Number the substituents, and write the name.

For substituted cycloalkanes, start at a point of attachment and number
around the ring. If two or more substituents are present, begin numbering at
the group that has alphabetical priority and proceed around the ring so as to
give the second substituent the lowest number.

CHs CH3
1 1
6 2 2 6
NOT

5 3 3 S

1 CHs3 3 CHs3

1,3-Dimethylcyclohexane 1,5-Dimethylcyclohexane
Lower Higher

HaC s _~_ 1 _CHyCHz

2

o

CHj
4 3

1-Ethyl-2,6-dimethylcycloheptane

HsCo g 35 CHyCH3

Higher
5 1 NOT
CHs3
6 7 H3C. 1 2 3 CH,CH3
2-Ethyl-1,4-dimethylcycloheptane 4
! CHs
Lower Lower 6 5

3-Ethyl-1,4-dimethylcycloheptane

|

Higher

Problem 2.18 Give IUPAC names for the following cycloalkanes:

(a) CH3 (b)  CH,CHj (c) CHs

CH3
HsC
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Problem 2.19

Draw structures corresponding to the following IUPAC names:

(a) 1-tert-Butyl-2-methylcyclopentane (b) 1,1-Dimethylcyclobutane
(c) 1-Ethyl-4-isopropylcyclohexane (d) 3-Cyclopropylhexane

==Y Cis-Trans Isomerism in Cycloalkanes

H3C

ol e

H

cis-1,2-Dimethylcyclopropane

In many respects, the behavior of cycloalkanes is similar to that of open-chain,
acyclic alkanes. Both are nonpolar and chemically inert to most reagents.
There are, however, some important differences. One difference is that cyclo-
alkanes are less flexible than their open-chain counterparts. Although open-
chain alkanes have nearly free rotation around their C-C single bonds,
cycloalkanes have much less freedom of motion. Cyclopropane, for example,
must be a rigid, planar molecule. No rotation around a C-C bond can take
place in cyclopropane without breaking open the ring (Figure 2.9).

I? (b) H

3 o
- f? \H/j <,

H” H \
H
Figure 2.9 (a) Rotation occurs around the carbon-carbon bond in ethane, but (b) no rotation is

possible around the carbon-carbon bonds in cyclopropane without breaking open the ring.

Because of their cyclic structures, cycloalkanes have two sides: a “top” side
and a “bottom” side. As a result, isomerism is possible in substituted cyclo-
alkanes. For example, there are two 1,2-dimethylcyclopropane isomers, one
with the two methyl groups on the same side of the ring and one with the
methyls on opposite sides. Both isomers are stable compounds, and neither
can be converted into the other without breaking bonds (Figure 2.10).

"] H
trans-1,2-Dimethylcyclopropane

Figure 2.10 There are two different 1,2-dimethylcyclopropane isomers: one with the methyl
groups on the same side of the ring (cis) and the other with the methyl groups on opposite sides
of the ring (trans). The two isomers do not interconvert.

Unlike the constitutional isomers butane and isobutane (Section 2.2),
which have their atoms connected in a different order, the two 1,2-dimethyl-
cyclopropanes have the same order of connections but differ in the spatial
orientation of the atoms. Such compounds, which have their atoms connected
in the same order but differ in three-dimensional orientation, are called
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Problem 2.20
Problem 2.21

Problem 2.22
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stereochemical isomers, or stereoisomers. More generally, the term
stereochemistry is used to refer to the three-dimensional aspects of chemical
structure and reactivity.

Constitutional isomers CH3
(different connections
between atoms)

CH3—CH—CH3 and CH3—CH2—CH2—CH3

Stereoisomers HsC CH3 H3C H
(same connections > < and > <
but different three-

dimensional geometry) H H H CH3

The 1,2-dimethylcyclopropanes are members of a subclass of stereoisomers
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 and in many cyclic bio-
logical molecules.

Naming Cis-Trans Cycloalkane Isomers
Name the following substances, including the cis- or ¢trans- prefix:

(a H CHs (b) H

cl
HaC™ “H

In these views, the ring is roughly in the plane of the page, a wedged bond pro-
trudes out of the page, and a dashed bond recedes into the page. Two substitu-
ents are cis if they are both out of or both into the page, and they are trans if
one is out of and one is into the page.

(a) trans-1,3-Dimethylcyclopentane (b) cis-1,2-Dichlorocyclohexane

Draw cis-1-chloro-3-methylcyclopentane.
Draw both cis and trans isomers of 1,2-dibromocyclobutane.

Prostaglandin Fy,, a hormone that causes uterine contraction during childbirth,
has the following structure. Are the two hydroxyl groups (-OH) on the cyclo-
pentane ring cis or trans to each other? What about the two carbon chains
attached to the ring?

/”\:/\/\COZH

Prostaglandin Fy,
CHz
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Problem 2.23

Name the following substances, including the cis- or trans- prefix (red-brown
= Br):

(a) (b)

==V Conformations of Some Cycloalkanes

Figure 2.11 The structures of

(a) cyclopropane, (b) cyclobutane,
and (c) cyclopentane. Cyclopropane
is planar, but cyclobutane and
cyclopentane are slightly puckered.

In the early days of organic chemistry, cycloalkanes provoked a good deal of
consternation among chemists. The problem was that if carbon prefers to have
bond angles of 109.5°, how is it possible for cyclopropane and cyclobutane to
exist? After all, cyclopropane must have a triangular shape with bond angles
near 60°, and cyclobutane must have a roughly square shape with bond
angles near 90°. Nonetheless, these compounds do exist and are stable. Let’s
look at the most common cycloalkanes.

Cyclopropane, Cyclobutane, and Cyclopentane

Cyclopropane is a flat, triangular molecule with C—C—C bond angles of 60°, as
indicated in Figure 2.11a. The deviation of bond angles from the normal 109.5°
tetrahedral value causes an angle strain in the molecule that raises its energy
and makes it more reactive than unstrained alkanes. All six of the C-H bonds
have an eclipsed, rather than staggered, arrangement with their neighbors.
Cyclobutane and cyclopentane are slightly puckered rather than flat, as
indicated in Figure 2.11b—c. This puckering makes the C—C-C bond angles a
bit smaller than they would otherwise be and increases the angle strain. At
the same time, though, the puckering relieves the unfavorable eclipsing inter-
actions of adjacent C—H bonds that would occur if the rings were flat.

(a) (b)

Cyclohexane

Substituted cyclohexanes are the most common cycloalkanes and occur widely
in nature. A large number of compounds, including steroids and many phar-
maceutical agents, have cyclohexane rings. The flavoring agent menthol, for
instance, has three substituents on a six-membered ring.



Figure 2.12 The strain-free, chair
conformation of cyclohexane. All
C—C—C bond angles are close to 109°,
and all neighboring C—H bonds are
staggered, as evident in the end-on
view in (c).

(a)

STEP 1

STEP 2

STEP3
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Menthol

Cyclohexane is not flat. Rather, it is puckered into a strain-free, three-

(b)

A chair conformation is drawn in three steps.

Draw two parallel lines, slanted downward
and slightly offset from each other. This
means that four of the cyclohexane carbons
lie in a plane.

Place the topmost carbon atom above and to
the right of the plane of the other four, and
connect the bonds.

Place the bottommost carbon atom below
and to the left of the plane of the middle four,
and connect the bonds. Note that the bonds
to the bottommost carbon atom are parallel
to the bonds to the topmost carbon.

Observer

dimensional shape called a chair conformation because of its similarity to a
lounge chair, with a back, a seat, and a footrest (Figure 2.12). All C-C~C bond
angles are near 109°, and all adjacent C—H bonds are staggered.

(c) H ¢ H
H 2 CH2 4 _H
H 3CH2 H

H H

When viewing cyclohexane, it’s helpful to remember 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 it appear that the reverse is true. For clarity, all
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cyclohexane rings drawn in this book will have the front (lower) bond heavily
shaded to indicate nearness to the viewer.

" This bond is in back.

[~

\_/This bond is in front.

=Ml=¥ Axial and Equatorial Bonds in Cyclohexane

The chair conformation of cyclohexane leads to many consequences. We'll see
in Section 14.5, for instance, that simple carbohydrates, such as glucose, adopt
a conformation based on the cyclohexane chair and that their chemistry is
directly affected as a result.

CH,0H

H o
HO —

HO - OH
H oH
H H
Cyclohexane Glucose
(chair conformation) (chair conformation)

Another consequence of the chair conformation is that there are two kinds
of positions for substituents on the cyclohexane ring: axial positions and equa-
torial positions (Figure 2.13). The six axial positions are perpendicular to the
ring, parallel to the ring axis, and the six equatorial positions are in the rough
plane of the ring, around the ring equator. Each carbon atom has one axial
and one equatorial position, and each side of the ring has three axial and
three equatorial positions in an alternating arrangement.

Figure 2.13 Axial (red) and equatorial Ring axis
(blue) positions 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.

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

Axial and equatorial bonds can be drawn by following the procedure in
Figure 2.14.

Axial bonds: The six axial bonds, one
on each carbon, are parallel and
alternate up-down. )

Equatorial bonds: The six equatorial

bonds, one on each carbon, come in three
sets of two parallel lines. Each set is also % \m\
parallel to two ring bonds. Equatorial

bonds alternate between sides around the
ring.

Completed cyclohexane

Figure 2.14 A procedure for drawing axial and equatorial bonds in cyclohexane.

Problem 2.24 Draw two chair structures for methylcyclohexane, one with the methyl group
axial and one with the methyl group equatorial.

—M MV 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 cyclohexane. In
fact, we don’t. There is only one methylcyclohexane, one bromocyclohexane,
one cyclohexanol (hydroxycyclohexane), and so on, because cyclohexane rings
are conformationally mobile at room temperature. Different chair conforma-
tions readily interconvert by a process called a ring-flip.

The ring-flip of a chair cyclohexane can be visualized as shown in Fig-
ure 2.15 by keeping the middle four carbon atoms in place while folding the
two ends in opposite directions. An axial substituent in one chair form
becomes an equatorial substituent in the ring-flipped chair form and vice
versa. For example, axial methylcyclohexane becomes equatorial methylcyclo-
hexane after ring-flip. Because this interconversion occurs rapidly at room
temperature, the individual axial and equatorial isomers can’t be isolated.
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Ring-flip
P —

P —

Move this
carbon down

Ring-flip

pr—
Move this
carbon up

Figure 2.15 A ring-flip in chair cyclohexane interconverts axial and equatorial positions. What
is axial (red) in the starting structure becomes equatorial in the ring-flipped structure, and what
is equatorial (blue) in the starting structure is axial after ring-flip.

Although axial and equatorial methylcyclohexanes interconvert rapidly,
they aren’t equally stable. The equatorial conformation is more stable than
the axial conformation by 7.6 kJ/mol (1.8 kcal/mol), meaning that about 95%
of methylcyclohexane molecules have their methyl group equatorial at any
given instant. The energy difference is due to an unfavorable spatial, or steric,
interaction that occurs in the axial conformation between the methyl group
on carbon 1 and the axial hydrogen atoms on carbons 3 and 5. This so-called
1,3-diaxial interaction introduces 7.6 kJ/mol of steric strain into the molecule
because the axial methyl group and the nearby axial hydrogen are too close
together (Figure 2.16).

Steric
interference

Ring-flip
Pr———

Figure 2.16 Axial versus equatorial methylcyclohexane. The 1,3-diaxial steric interactions in
axial methylcyclohexane (easier to see in space-filling models) make the equatorial conforma-
tion more stable by 7.6 kJ/mol.
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What is true for methylcyclohexane is also true for other monosubstituted
cyclohexanes: a substituent is always more stable in an equatorial position
than in an axial position. As you might expect, the amount of steric strain
increases as the size of the axial substituent group increases.

Drawing Conformations of Substituted Cyclohexanes

Draw 1,1-dimethylcyclohexane in a chair conformation, indicating which methyl
group in your drawing is axial and which is equatorial.

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
one directly above or below the ring is axial.

/ Axial methyl group
CH3

CH3

\

Equatorial methyl group

Draw two different chair conformations of bromocyclohexane showing all hydro-
gen atoms. Label all positions as axial or equatorial. Which of the two conforma-
tions do you think is more stable?

Draw cis-1,2-dichlorocyclohexane in a chair conformation, and explain why one
chlorine must be axial and one equatorial.

Draw t¢rans-1,2-dichlorocyclohexane in chair conformation, and explain why
both chlorines must be axial or both equatorial.

Identify each substituent as axial or equatorial, and tell whether the conforma-
tion shown is the more stable or less stable chair form (gray = C, yellow-
green = Cl, ivory = H).
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@INTERLUDE

Where Do Drugs Come From?

Approved for sale in March 1998 to
treat male impotency, Viagra has
been used by more than 16 million
men. It is also used to treat
pulmonary hypertension and

is currently undergoing study as

a treatment for preeclampsia,

a complication of pregnancy that
is responsible for as many as
70,000 deaths each year. Where
do new drugs like this come from?

© Charlie Newham/Alamy

It has been estimated that major pharmaceutical companies in the
United States spend some $33 billion per year on drug research and
development, while government agencies and private foundations spend
another $28 billion. What does this money buy? For the period 1981 to
2004, the money resulted in a total of 912 new molecular entities
(NMEs)—new biologically active chemical substances approved for sale as
drugs by the U.S. Food and Drug Administration (FDA). That’s an average
of only 38 new drugs each year spread over all diseases and conditions,
and the number has been steadily falling: in 2004, only 23 NMEs were
approved.

Where do the new drugs come from? According to a study carried out
at the U.S. National Cancer Institute, only 33% of new drugs are entirely
synthetic and completely unrelated to any naturally occurring sub-
stance. The remaining 67% take their lead, to a greater or lesser extent,
from nature. Vaccines and genetically engineered proteins of biological
origin account for 15% of NMEs, but most new drugs come from natural
products, a catchall term generally taken to mean small molecules found
in bacteria, plants, and other living organisms. Unmodified natural
products isolated directly from the producing organism account for 28%
of NMEs, while natural products that have been chemically modified in
the laboratory account for the remaining 24%.

Origin of New Drugs 1981-2004

Natural products
(28%)

Natural _«
product £
related
(24%)

Synthetic (33%)

Biological (15%)

Many years of work go into screening many thousands of substances
to identify a single compound that might ultimately gain approval as an
NME. But after that single compound has been identified, the work has
just begun because it takes an average of 9 to 10 years for a drug to
make it through the approval process. First, the safety of the drug in
animals must be demonstrated and an economical method of manufac-
ture must be devised. With these preliminaries out of the way, an Inves-
tigational New Drug (IND) application is submitted to the FDA for
permission to begin testing in humans.

Human testing takes 5 to 7 years and is divided into three phases.
Phase I clinical trials are carried out on a small group of healthy volun-
teers to establish safety and look for side effects. Several months to a
year are needed, and only about 70% of drugs pass at this point. Phase
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II clinical trials next test the drug for 1 to 2 years in several hundred
patients with the target disease or condition, looking both for safety and for
efficacy, and only about 33% of the original group pass. Finally, phase III
trials are undertaken on a large sample of patients to document defini-
tively the drug’s safety, dosage, and efficacy. If the drug is one of the 25% of
the original group that make it to the end of phase III, all the data are then
gathered into a New Drug Application (NDA) and sent to the FDA for
review and approval, which can take another 2 years. Ten years have
elapsed and at least $500 million has been spent, with only a 20% success
rate for the drugs that began testing. Finally, though, the drug will begin
to appear in medicine cabinets. The following timeline shows the process.

IND application

4
Drug Animal tests, Phase| Phase Il Phase IlI NDA Ongoing
discovery | manufacture | trials| clinical clinical trials oversight
trials
Year 0 1 2 3 4 5 6 7 8 9 10

Summary and Key Words

aliphatic 45

alkane 44

alkyl group 46

angle strain 62

axial position 64
branched-chain alkane 46
chair conformation 63
cis-trans isomers 61
conformation 54
constitutional isomers 46
cycloalkane 58

eclipsed conformation 55
equatorial position 64
functional group 39
hydrocarbon 45

isomers 46

Newman projection 55
normal (n) alkane 46
ring-flip 65

saturated 45

sawhorse representation 55

skeletal structure 56
staggered conformation 55
stereochemistry 61
stereoisomers 61

steric strain 66
straight-chain alkane 46

Even though alkanes are relatively unreactive and rarely involved in chemi-
cal reactions, they nevertheless provide a useful vehicle for introducing some
important general ideas. In this chapter, we've used alkanes to introduce the
basic approach to naming organic compounds and to take an initial look at
some of the three-dimensional aspects of molecules.

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 in which they occur, the reactions
of an organic molecule are largely determined by its functional groups.

Alkanes are a class of saturated hydrocarbons having the general formula
C,Hg, +2 They contain no functional groups, are chemically rather inert, and
can be either straight-chain or branched. Alkanes are named systematically by
a series of IUPAC rules of nomenclature. Isomers—compounds that have the
same chemical formula but different structures—exist for all but the simplest
alkanes. Compounds such as butane and isobutane, which have the same for-
mula but differ in the way their atoms are connected, are called constitutional
isomers.

Because C—-C single bonds are formed by head-on orbital overlap, rotation
is possible about them. Alkanes can therefore adopt any of a large number of
rapidly interconverting conformations. A staggered conformation is more sta-
ble than an eclipsed conformation.

Cycloalkanes contain rings of carbon atoms and have the general formula
C,Hoy,,. Because complete rotation around C—C bonds is not possible in cyclo-
alkanes, conformational mobility is reduced and disubstituted cycloalkanes
can exist as cis—trans stereoisomers. In a cis isomer, both substituents are on
the same side of the ring, whereas in a trans isomer, the substituents are on
opposite sides of the ring.
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Exercises

Visualizing Chemistry

(Problems 2.1-2.28 appear within
the chapter.)

UWL

Interactive versions of these
problems are assignable in OWL.

Cyclohexanes are the most common of all rings because of their wide
occurrence in nature. Cyclohexane exists in a puckered, strain-free chair
conformation in which all bond angles are near 109° and all neighboring
C-H bonds are staggered. Chair cyclohexane has two kinds of bonding posi-
tions: axial and equatorial. Axial bonds are directed up and down, parallel to the
ring axis; equatorial bonds lie in a belt around the ring equator. Chair cyclohex-
anes can undergo a ring-flip that interconverts axial and equatorial positions.
Substituents on the ring are more stable in the equatorial than in the axial
position.

2.29 Give IUPAC names for the following substances, and convert each drawing
into a skeletal structure.

(a)

(c) (d)

2.30 Identify the functional groups in the following substances, and convert
each drawing into a molecular formula (gray = C, red = O, blue = N,
ivory = H).

(a) (b) o)

Phenylalanine

Lidocaine
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2.31 The following cyclohexane derivative has three substituents—red, green,
and blue. Identify each substituent as axial or equatorial, and identify each
pair of relationships (red-blue, red—green, and blue—green) as cis or trans.

2.32 A trisubstituted cyclohexane with three substituents—red, green, and
blue—undergoes a ring-flip to its alternative chair conformation. Identify

each substituent as axial or equatorial, and show the positions occupied by
the three substituents in the ring-flipped form.

Ring-flip
P ———

P—

2.33 Glucose exists in two forms having a 36:64 ratio at equilibrium. Draw a
skeletal structure of each, describe the difference between them, and tell
which of the two you think is more stable (red = O).

a-Glucose
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Additional Problems

FuncTioNnAL GROUPS 2.34
AND |ISOMERISM

(a) CH,0H (b) o] (c) T
[:::I: [:::r7 N ?®
NHCH3 |

(d)

2.35

2.36

2.37

2.38
2.39

2.40

2.41

2.42

Locate and identify the functional groups in the following molecules. Each
intersection of lines and the end of each line represents a carbon atom with
the appropriate number of hydrogens attached.

CHs
ﬁ (e) (f)
CH3CHCOH
| X
NH, N C
(o}
6}
Propose structures for molecules that fit the following descriptions:
(a) An alkene with six carbons (b) A cycloalkene with five carbons
(¢) A ketone with five carbons (d) An amide with four carbons
(e) A five-carbon ester (f) An aromatic alcohol

Propose suitable structures for the following:

(a) An alkene, C7H14 (b) A cycloalkene, C3Hy
(¢) A ketone, C4HgO (d) A nitrile, CsHgN

(e) A dialkene, C5Hg (f) A dialdehyde, C4HgO9

Write as many structures as you can that fit the following descriptions:
(a) Alcohols with formula C4H1(O (b) Amines with formula C5H3N
(¢) Ketones with formula C5H;¢O (d) Aldehydes with formula CsH;9O
(e) Ethers with formula C4H;oO (f) Esters with formula C4HgO9

Draw all monobromo derivatives of pentane, C5sHq1Br.
Draw all monochloro derivatives of 2,5-dimethylhexane.

How many constitutional isomers are there with the formula C3HgO? Draw
them.

Propose structures for compounds that contain the following:
(a) A quaternary carbon

(b) Four methyl groups

(¢) An isopropyl group

(d) Two tertiary carbons

(e) An amino group (-NHjy) bonded to a secondary carbon

What hybridization do you expect for the carbon atom in the following
functional groups?
(a) Carboxylic acid chloride (b) Thiol (¢) Imine (d) Aldehyde
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2.43 In each of the following sets, which structures represent the same com-
pound and which represent different compounds?

(a) ?I’ CH3 CH3
CH3CH?HCH3 CH3CH?HCH3 CH3?HCHCH3
CH3 Br Br
(b) OH HO HO OH
OH HO
(c) CH3 C|H2CH3 CH3 CH3
CH3CH2?HCH2CHCH3 HOCHZ?HCHZCHCH3 CH3CH,CHCH,CHCH,OH
CH,OH CHs

2.44 For each of the following compounds, draw a constitutional isomer with the

same functional groups:
(b)i:ii7//OCH3

(e) CH3CH2CHO (f)

(a) CH3
CH3CHCH2CHzBI‘

(c) CH3CH2CHoC=N

(d) OH CHCOoH

2.45 Draw structures for the following substances:
(a) 2-Methylheptane (b) 4-Ethyl-2-methylhexane
(c¢) 4-Ethyl-3,4-dimethyloctane (d) 2,4,4-Trimethylheptane
(e) 1,1-Dimethylcyclopentane (f) 4-Isopropyl-3-methylheptane

2.46 Give IUPAC names for the following alkanes:

(a) CH3 (b) CH3
CH3CHCH,CH,CHg CH3CH2?CH3
CHs3
(c) H3$ (|3H3 (d) (|:H2CH3 ICH3
CH3CH?CH2CH2CH3 CH3CH,CHCH,CH,CHCHg
CHg
(e) CH3 CH2CH3 (f) H3C CH3

CH3CH2CH2CHCH2?CH3 CH3$——?CH2CH2CH3
CH3 H3C CHs
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C ONFORMATIONS AND
Cis-TRANS ISOMERISM

2.47 Give IUPAC names for the following compounds:

(b) HsC

-0
T
w

CH3 (C)
o
CHs
CHg

IQ
9) T
T
w

H-
(e)
H3C

(a) OCH:;
(d) CH3

I:H\CH3
"CHs

2.48 Draw and name the five isomers of CgH14.

2.49 Propose structures and give IUPAC names for the following:

2.50

2.51

2.52

2.53

2.54

2.55

(a) A dimethyloctane
(b) A diethyldimethylhexane
(¢) A cycloalkane with three methyl groups

The following names are incorrect. Draw the structures represented, and
give the proper ITUPAC names.

(a) 2,2-Dimethyl-6-ethylheptane (b) 4-Ethyl-5,5-dimethylpentane

(e¢) 3-Ethyl-4,4-dimethylhexane (d) 5,5,6-Trimethyloctane

Draw the structures of the following molecules:

(a) Biacetyl, C4HgOo, a substance with the aroma of butter; it contains no
rings or carbon—carbon multiple bonds.

(b) Ethylenimine, CoHsN, a substance used in the synthesis of melamine
polymers; it contains no multiple bonds.

(¢) Glycerol, C3HgOg3, a substance used in cosmetics; it has an ~OH group
on each carbon.

Sighting along the C2-C3 bond of 2-methylbutane, there are two differ-
ent staggered conformations. Draw them both in Newman projections, tell
which is more stable, and explain your choice.

Sighting along the C2—-C3 bond of 2-methylbutane (see Problem 2.52), there
are also two possible eclipsed conformations. Draw them both in Newman
projections, tell which you think is lower in energy, and explain.

cis-1-tert-Butyl-4-methylcyclohexane exists almost exclusively in the con-
formation shown. What does this tell you about the relative sizes of a tert-
butyl substituent and a methyl substituent?
H
CH
SfHs
C—CHs

H |
CH3

cis-1-tert-Butyl-4-methylcyclohexane

CH3

The barrier to rotation about the C—C bond in bromoethane is 15.0 kJ/mol
(3.6 kcal/mol). If each hydrogen—hydrogen interaction in the eclipsed confor-
mation is responsible for 3.8 kJ/mol (0.9 kcal/mol), how much is the hydro-
gen—bromine eclipsing interaction responsible for?
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2.56 Tell whether the following pairs of compounds are identical, constitutional
isomers, stereoisomers, or unrelated.

(a) cis-1,3-Dibromocyclohexane and trans-1,4-dibromocyclohexane
(b) 2,3-Dimethylhexane and 2,3,3-trimethylpentane
(c) Cl

Cl Cl Cl

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

2.59 Draw trans-1,2-dimethylcyclohexane in its more stable chair conformation.
Are the methyl groups axial or equatorial?

2.60 Draw cis-1,2-dimethylcyclohexane in its more stable chair conformation. Are
the methyl groups axial or equatorial? Which is more stable, cis-1,2-dimethyl-
cyclohexane or trans-1,2-dimethylcyclohexane (Problem 2.59)? Explain.

2.61 Which is more stable, cis-1,3-dimethylcyclohexane or ¢trans-1,3-dimethyl-
cyclohexane? Draw chair conformations of both, and explain your answer.

2.62 Malic acid, C4HgOs5, has been isolated from apples. Because malic acid
reacts with 2 equivalents of base, it can be formulated as a dicarboxylic
acid (that is, it has two ~CO9H groups).

(a) Draw at least five possible structures for malic acid.
(b) If malic acid is also a secondary alcohol (has an ~OH group attached
to a secondary carbon), what is its structure?

2.63 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?
N—
m CH3  pLMethylpiperidine

2.64 Identify each pair of relationships among the ~OH groups in glucose (red—
blue, red—green, red—black, blue—green, blue-black, green—black) as cis or
trans.

CH,OH

oOH

OH Glucose

OH
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2.65 Galactose, a sugar related to glucose, contains a six-membered ring in

which all the substituents except the —~OH group indicated below in red
are equatorial. Draw galactose in its more stable chair conformation.

HOCH, 0 OH

N Galactose
HO “OH

OH

2.66 Draw 1,3,5-trimethylcyclohexane using a hexagon to represent the ring.

How many cis—trans stereoisomers are possible?

2.67 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?

2.68 Draw the two chair conformations of menthol, and tell which is more

stable.

CHg
Menthol

CH(CH3)2

2.69 There are four cis—trans isomers of menthol (Problem 2.68), including the

one shown. Draw the other three.

2.70 Here’s a tough one. There are two different substances named t¢rans-

1,2-dimethylcyclopentane. What is the relationship between them? (We'll
explore this kind of isomerism in Chapter 6.)

CHj CHj

S

CH3 H3C

2.71 Hydrocortisone, a naturally occurring hormone produced in the adrenal

glands, is often used to treat inflammation, severe allergies, and numer-
ous other conditions. Is the indicated ~OH group in the molecule axial or
equatorial?

Hydrocortisone
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2.72 Amantadine is an antiviral agent that is active against influenza A infec-
tion. Draw a three-dimensional representation of amantadine showing the
chair cyclohexane rings.

®7NH2 Amantadine

2.73 The so-called statin drugs, such as simvastatin (Zocor), pravastatin (Prava-
chol), and atorvastatin (Lipitor) are the most widely prescribed drugs in
the world, with annual sales estimated at approximately $15 billion.

HO

CO,H

Pravachol (Bristol-Myers Squibb) Lipitor (Pfizer)

(a) Identify the functional groups (or alkyl groups) labeled A-I.
(b) Are the groups C and E on Pravachol cis or trans?
(e) Why can’t groups G, H, and I be identified as cis or trans?

2.74 Metolachlor, a herbicide marketed under the names Bicep, CGA-24705,
Dual, Pennant, and Pimagram, is used to control weeds and grasses in
fields of plants such as corn, soybeans, cotton, and peanuts. Metolachlor
is degraded through oxidation in the environment to produce the water-
soluble derivative shown. Identify the three functional groups in metola-
chlor and the new functional group in the derivative.

CHg O  CHs

ﬁ [l
CI\/C\N)\/OCH3 Degradation |_|02C/C\N)\/OCH"s

in environment
-

HsC HaC
3 CHa 3 CHa

Metolachlor Metolachlor oxanilic acid
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Alkenes, sometimes called olefins, are hydrocarbons that
containacarbon-carbon double bond, C=C, and alkynes
are hydrocarbons that contain a carbon-carbon triple
bond, C=C. Alkenes occur abundantly in nature, but alkynes
are much less common. Ethylene, for instance, is a plant hormone
that induces ripening in fruit, and a-pinene is the major compo-
nent of turpentine. Life itself would be impossible without such
compounds as $-carotene, a polyalkene that contains 11 double
bonds. An orange pigment responsible for the color of carrots,
B-carotene is a valuable dietary source of vitamin A. It was once
thought to offer some protection against some types of cancer, but
that has now been shown not to be true.

H H

\C _C/

VAN Z
Ethylene a-Pinene
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NN\ N\ VNN R

B-Carotene
(orange pigment and vitamin A precursor)

WHY THIS CHAPTER?

Carbon—carbon double bonds are present in most organic and biological
molecules, so a good understanding of their behavior is needed. In this chap-
ter, we'll look at some consequences of alkene stereoisomerism and then
focus in detail on the broadest and most general class of alkene reactions,
the electrophilic addition reaction. Carbon—carbon #¢riple bonds, by contrast,
occur less commonly than double bonds, so we’ll not spend much time on
their chemistry.

MV Naming Alkenes and Alkynes

STEP 1

Because of their multiple bond, alkenes and alkynes have fewer hydrogens
per carbon than related alkanes and are therefore referred to as unsaturated.
Ethylene, for example, has the formula CoHy, and acetylene has the formula
CoHy, whereas ethane has the formula CoHg.

H H H H
c=cC H—C=C—H \c c{"H
/N - H7 N\

H H H H

Ethylene: CoHy Acetylene: CyH, Ethane: CyHg

(Fewer hydrogens—unsaturated) (More hydrogens—saturated)

Alkenes are named using a series of rules similar to those for alkanes (Sec-
tion 2.3), with the suffix -ene used in place of -ane to identify the family. There
are three steps.

Name the parent hydrocarbon.

Find the longest carbon chain that contains the double bond, and name the
compound using the suffix -ene in place of -ane.

CHsCH, H
2
c=C
/
CHsCH,CH,  H

CHsCH,  H
2y
c=cC
/
CH3CH,CH, H

as a hexene, since the double bond is
not contained in the six-carbon chain

Named as a pentene NOT
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STEP 2

STEP 3

Number the carbon atoms in the chain.

Begin numbering at the end nearer the double bond, or, 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.

i
CHgCH,CH,CH=CHCH CH3CHCH=CHCH,CH
6352423 213 1323 45263

Write the full name.

Number the substituents on the main chain according to their position, and
list them alphabetically. Indicate the position of the double bond by giving
the number of the first alkene carbon and placing that number directly
before the -ene suffix. If more than one double bond is present, give the
position of each and use the appropriate multiplier suffix -diene, -triene,
-tetraene, and so on.

i
CH3CH,CHoCH=CHCH CH3CHCH=CHCH,CH
6352423 213 1323 45263
Hex-2-ene 2-Methylhex-3-ene
CH3CH H
N
2c=cC1 CHs
CH3CH C{-I \H H,C=C—CH=CH
§ o4 23 2 2577 3 42
2-Ethylpent-1-ene 2-Methylbuta-1,3-diene

We should also note that IUPAC changed its naming rules in 1993. Prior
to that time, the locant, or number locating the position of the double bond,
was placed before the parent name rather than before the -ene suffix:
2-butene rather than but-2-ene, for instance. Changes always take time to
be fully accepted, so the new rules have not yet been adopted universally
and some texts have not yet been updated. We’ll use the new naming system
in this book, although you may encounter the old system elsewhere. Fortu-
nately, the difference between old and new is minor and rarely causes
problems.

CH3 CH3 CH,CH,CH3g
GGG, Mgty
New naming system: 2,5-Dimethylhept-3-ene 3-Propylhexa-1,4-diene
(Old naming system: 2,5-Dimethyl-3-heptene 3-Propyl-1,4-hexadiene)

Cycloalkenes are named similarly, 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 the first substituent has as low a number as possible. Note



Worked Example 3.1

3.1 | Naming Alkenes and Alkynes 81

that it’s not necessary to specify the position of the double bond in the name
because it’s always between C1 and C2.

CH3
8 CH 2 °
5 ! 3 5 1 4 1
CH3
4 2 4 2 3
3 3 2
1-Methylcyclohexene Cyclohexa-1,4-diene 1,5-Dimethylcyclopentene

(Old name: 1,4-Cyclohexadiene)

For historical reasons, there are a few alkenes whose names don’t conform
to the rules. For example, the alkene corresponding to ethane should be called
ethene, but the name ethylene has been used for so long that it is accepted by
TUPAC. Table 3.1 lists some other common names accepted by IUPAC.

Table 3.1 Common Names of Some Alkenes
Compound Systematic name Common name
H,C=CH, Ethene Ethylene
CH3CH=CH, Propene Propylene
CH3 2-Methylpropene Isobutylene
CH3C=CH,
CHg 2-Methylbuta-1,3-diene Isoprene

H2C=C —CH =CH2

Alkynes are named in the same way as alkenes, with the suffix -yne used
in place of -ene. Numbering the main chain begins at the end nearer the triple
bond so that the triple bond receives as low a number as possible, and the
locant is again placed immediately before the -yne suffix in the post-1993
naming system.

CHs

CH3CH2CHCHC=CCH,CHz  Begin numbering at the end
8 7 6 5 4 32 1 X
nearer the triple bond.
6-Methyloct-3-yne
(Old name: 6-Viethyl-3-octyne)

As with alkyl groups derived from alkanes, alkenyl and alkynyl groups are
also possible.

CH3CH,CHoCHy 5~ CH3CH,CH=CH-$- CH3CH,C=C-%-
Butyl But-1-enyl But-1-ynyl
(an alkyl group) (a vinylic group) (an alkynyl group)

Naming an Alkene

What is the ITUPAC name of the following alkene?
CH3 CH3
CH3CCH,CH,CH=CCH3
g
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Strategy

Solution

Problem 3.1

Problem 3.2

Problem 3.3

Problem 3.4

First, find the longest chain containing the double bond—in this case, a heptene.
Next, number the chain beginning at the end nearer the double bond, and iden-
tify the substituents at each position. In this case, there are three methyl
groups, one at C2 and two at C6.

i e
CH3CCH,CH,CH=CCH
7 36|5 T

CHs

Write the full name, listing the substituents alphabetically and giving the posi-
tion of each. Identify the position of the double bond by placing the number of
the first alkene carbon before the -ene suffix: 2,6,6-trimethylhept-2-ene.

Give IUPAC names for the following compounds:

(a) H3C CH3 (b) CHg
H2C=CHCH(|:CH3 CH3CH2CH:CCH2CH3
CHs3
(c) CH3 CH3 (d) CH3CHCH2CH3
CH3CH=CHCHCH=CHCHCH3 CH3CH2CH2CH=CHCHCH2CH3

Name the following cycloalkenes:

(a) CHs3 (b) CH3 (c) CH(CH3),
@i CHs

CHs

Draw structures corresponding to the following IUPAC names:
(a) 2-Methylhex-1-ene (b) 4,4-Dimethylpent-2-yne
(e) 2-Methylhexa-1,5-diene (d) 3-Ethyl-2,2-dimethylhept-3-ene

Name the following alkynes:

(a) ?H3 ?H3 (b) CH3
CH3CHC=CCHCH3 HCEC?CH3
CH3
(c) CH3 (d) CHs CHs

CH3CH2C|ICECCH2CH2CH3 CH3CH2$CECCHCH3
CHg CHg



Problem 3.5

CH =¥ Electronic Structure of Alkenes

Figure 3.1 The 7 bond must break
momentarily for rotation around a
carbon-carbon double bond to take
place, requiring a large amount of
energy.
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Change the following old names to new, post-1993 names, and draw the struc-
ture of each compound:

(a) 2,5,5-Trimethyl-2-hexene (b) 2,2-Dimethyl-3-hexyne

(¢) 2-Methyl-2,5-heptadiene (d) 1-Methyl-1,3-cyclopentadiene

We saw in Section 1.8 that the carbon atoms in a double bond have three
equivalent sp? hybrid orbitals, which lie in a plane at angles of 120° to one
another. The fourth carbon orbital is an unhybridized p orbital perpendicu-
lar to the sp? plane. When two sp2-hybridized carbon atoms approach each
other, they form a o bond by head-on overlap of sp2 orbitals and a 7 bond by
sideways overlap of p orbitals. The doubly bonded carbons and the four
attached atoms lie in a plane, with bond angles of approximately 120°
(Figure 3.1).

We also know from Section 2.5 that rotation can occur around single bonds
and that open-chain alkanes like ethane and propane therefore have many
rapidly interconverting conformations. The same is not true for double bonds,
however. For rotation to take place around a double bond, the 7 part of the
bond must break momentarily (Figure 3.1). Thus, the energy barrier to rota-
tion around a double bond must be at least as great as the strength of the
7 bond itself, an estimated 350 kJ/mol (84 kcal/mol). Recall that the rotation
barrier for a single bond is only about 12 kJ/mol.

7 bond Broken 7r bond after rotation
(p orbitals are parallel) (p orbitals are perpendicular)

/<Y Cis-Trans Isomers of Alkenes

The lack of rotation around carbon—carbon double bonds is of more than just
theoretical interest; it also has chemical consequences. Imagine the situation
for a disubstituted alkene such as but-2-ene. (Disubstituted means that two
substituents other than hydrogen are bonded to the double-bond carbons.)
The two methyl groups in but-2-ene can be either on the same side of the
double bond or on opposite sides, a situation similar to that in substituted
cycloalkanes (Section 2.8).
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Figure 3.2 Cisand trans
isomers of but-2-ene. The

cis isomer has the two methyl
groups on the same side of
the double bond, and the
trans isomer has the methyl
groups on opposite sides.

Because bond rotation can’t occur, the two but-2-enes can’t spontane-
ously interconvert and are different chemical compounds. As with disub-
stituted cycloalkanes, we call such compounds cis-trans isomers. The
isomer with both substituents on the same side of the double bond
is cis-but-2-ene, and the isomer with substituents on opposite sides is
trans-but-2-ene (Figure 3.2).

H3C CH3 . -
c=c ’J c=c v
\ = ’ /N / A
H H P =2 H3C H &
- -
o
cis-But-2-ene trans-But-2-ene

Cis—trans isomerism is not limited to disubstituted alkenes. It occurs
whenever each double-bond carbon is 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 3.3).

Figure 3.3 The requirement for A D B D
cis-trans isomerism in alkenes. C =C/ = c=cC These two compounds are identical;
Compounds that have one of their / \ / \ they are not cis-trans isomers.
B D A D
carbons bonded to two identical groups
can't exist as cis-trans isomers. Only A D B D
when both carbons are bonded to two \C =C/ % \C =C/ These two compounds are not identical;
different groups are cis-trans isomers / \ / \ they are cis-trans isomers.
possible. B E A E

Although the interconversion of cis and trans alkene isomers doesn’t
occur spontaneously, it can be brought about by treating the alkene with a
strong acid catalyst. If we do, in fact, interconvert cis-but-2-ene with ¢rans-
but-2-ene 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 76:24.

H CH3 ) H3C CH3
\ / Acid \
Cc=cC - — Cc=C
/ \ catalyst / \
H3C H H H
Trans (76%) Cis (24%)

Cis alkenes are less stable than their trans isomers because of steric
(spatial) interference between the large substituents on the same side of the
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Strategy

Solution

Problem 3.6

Problem 3.7
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double bond. This is the same kind of interference, or steric strain, that we
saw in the axial conformation of methylcyclohexane (Section 2.11).

Steric strain

cis-But-2-ene trans-But-2-ene

Drawing Cis and Trans Alkene Isomers
Draw the cis and trans isomers of 5-chloropent-2-ene.

First, draw the molecule without indicating isomers to see the overall structure:
CICHoCHsCH=CHCHg. Then locate the two substituent groups on the same
side of the double bond for the cis isomer and on opposite sides for the trans
isomer.

CICH,CH,  CHg H CHg
\ N
c=C c=C
/TN /TN
H H CICH,CH, H

cis-5-Chloropent-2-ene trans-5-Chloropent-2-ene

Which of the following compounds can exist as cis—trans isomers? Draw each
cis—trans pair.

(a) CH3CH=CHy (b) (CH3)2C=CHCHg

(¢) CICH=CHCI (d) CH3CHoCH=CHCHj3

(e) CH3CHo,CH=C(Br)CHg (f) 3-Methylhept-3-ene

Name the following alkenes, including the cis or trans designation:

(a) (b)
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=FZY Sequence Rules: The E,Z Designation

RULE 1

The cis—trans naming system used in the previous section works only with
disubstituted alkenes—compounds that have two substituents other than
hydrogen on the double bond. With trisubstituted and tetrasubstituted
alkenes, however, a more general method is needed for describing double-bond
geometry. (Trisubstituted means three substituents other than hydrogen on
the double bond, and tetrasubstituted means four substituents other than
hydrogen.)

According to the E,Z system, a set of sequence rules is used to rank the two
substituent groups on each double-bond carbon. If the higher-ranked groups
on each carbon are on opposite sides of the double bond, the alkene is said to
have E stereochemistry, for the German entgegen, meaning “opposite.” If the
higher-ranked groups are on the same side, the alkene has Z stereochemistry,
for the German zusammen, meaning “together.” (You can remember which is
which by noting that the groups are on “ze zame zide” in the Z isomer.)

Lower {Higher E double bond
C=+=C (Higher-ranked groups

Higher iLower are on opposite sides.)

Higher iHigher Z double bond
cqi—_c (Higher-ranked groups

! are on the same side.)
Lower ;Lower
I

Called the Cahn-Ingold-Prelog rules after the chemists who proposed
them, the sequence rules are as follows:

Considering the double-bond carbons separately, look at the atoms
directly attached to each carbon and rank them according to atomic
number. The atom with the higher atomic number has the higher ranking,
and the atom with the lower atomic number (usually hydrogen) has the lower
ranking. Thus, the atoms commonly found attached to a double-bond carbon
are assigned the following rankings. When different isotopes of the same ele-
ment are compared, such as deuterium (2H) and protium (1H), the heavier
isotope ranks higher than the lighter isotope.

Atomic number 35 17 16 15 8 7 6 (2) (1
Higherranking Br > CIl >~ S > P > O > N > C > 24 > H Lower ranking

For example:

Lower Higher Lower Lower
ranked H 1 CI ranked ranked H | CH3z ranked
N \

C=C C=C
Lo /I
Higher CH3 E CHz  Lower Higher CHg E Cl Higher
ranked ranked ranked ranked

(a) (E)-2-Chlorobut-2-ene (b) (2)-2-Chlorobut-2-ene



RULE 2

RULE 3
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Because chlorine has a higher atomic number than carbon, it ranks higher
than a methyl (CHg) group. Methyl ranks higher than hydrogen, however, and
isomer (a) is therefore assigned E stereochemistry (higher-ranked groups on
opposite sides of the double bond). Isomer (b) has Z stereochemistry (higher-
ranked groups on “ze zame zide” of the double bond).

If a decision can’t be reached by ranking the first atoms in the
substituents, look at the second, third, or fourth atoms away
from the double-bond carbons until the first difference is found.
Thus, a -CH9CHg substituent and a —~CHjg substituent are equivalent by rule 1
because both have carbon as the first atom. By rule 2, however, ethyl ranks
higher than methyl because ethyl has a carbon as its highest second atom,
while methyl has only hydrogen as its second atom. Look at the following
examples to see how the rule works:

| T |
%??—H {??—?—H —-4-0—H %?Of?—H
H H H Lower H
Lower Higher Higher

CH3 CH3

H H
\ \

%§?—CH3 %§?—CH3 {?%NHZ %?%c
H H H H

Higher Lower Lower Higher

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 having a carbon atom singly bonded to two oxygens.

H H
Ve < cuival \. O
//C—O\ is equivalent to //C\O<
This carbon is This oxygen This carbon is This oxygen
bonded to is bonded to bonded to is bonded to
H, O, O. C, C. H, O, O. C, C.
As further examples, the following pairs are equivalent:
H H K c
\_ c __c
C=C is equivalent to 7 C
/ \ /\
H H H
This carbon is This carbon This carbon is This carbon is
bonded to is bonded to bonded to bonded to

H, C, C. H,H, C,C. H, C, C. H, H,C,C.
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Worked Example 3.3

Strategy

Solution

cc
\/
—C—C—H

//\
c cC

—C=C—H

N

is equivalent to

This carbon is This carbon This carbon is This carbon
bonded to is bonded to bonded to is bonded to
C,C,C. H, C, C, C. C,C,C. H, C, C, C.

By applying the sequence rules, we can assign the stereochemistry shown
in the following examples. Work through each one to convince yourself the
assignments are correct.

CH3
H H3C—C|:{-| Br fl)
H C=CH, /C:C\ HsC /C—OH
c=cC H2C=C\ H c:c\
H3C CH3 H H CH,OH

(E)-3-Methylpenta-1,3-diene (E)-1-Bromo-2-isopropyl-

buta-1,3-diene

(Z)-2-Hydroxymethyl-
but-2-enoic acid

Assigning E,Z Stereochemistry to an Alkene

Assign E or Z stereochemistry to the double bond in the following compound:

H CH(CHg),
N/
c=C
\
H3C CH,OH

Look at each double-bond carbon individually, and assign rankings. Then see
whether the two higher-ranked groups are on the same or opposite sides of the
double bond.

The left-hand carbon has two substituents, -H and ~CHg, of which ~CHg ranks
higher by rule 1. The right-hand carbon also has two substituents, -CH(CHj3)o
and ~CH9OH, which are equivalent by rule 1. By rule 2, however, -CH,OH
ranks higher than ~CH(CHg)9 because ~-CH9OH has an oxygen as its highest
second atom, whereas —CH(CHg)g has carbon as its highest second atom. The
two higher-ranked groups are on the same side of the double bond, so the com-
pound has Z stereochemistry.

C, C, H bonded
/to this carbon
Low H /c|-|(c|-|3)2 Low
C=C
High HsC CH,0H High
0O, H, H bonded

to this carbon

Z configuration
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Problem 3.8 Which member in each of the following sets ranks higher?

(a) -H or -Br (b) —Cl or -Br (¢c) ~CHg or -CH9CHj3
(d) -NH; or -OH (e) -CH,OH or -CHj (f) -CH0OH or ~-CH=0

Problem 3.9 Assign E or Z stereochemistry to the following compounds:

(a) HsC CH,OH b) C CH,CHg e H CN
N N/ N/
c=C c=C c=C
/7N /TN
CHsCH, Cl CH30 CH,CH,CHg HsC CH,NH,

Problem3.10  Assign E or Z stereochemistry to the following compound (red = O):

A=Y Kinds of Organic Reactions

Now that we know something about alkenes and alkynes, let’s learn about their
chemical reactivity. As an introduction, we’ll first look at some of the basic princi-
ples that underlie all organic reactions. In particular, we’ll develop some general
notions about why compounds react the way they do, and we’ll see some methods
that have been developed to help understand how reactions take place.

Organic chemical reactions can be organized either by what kinds of reac-
tions occur or by how reactions occur. Let’s look first at the kinds of reactions
that take place. There are four particularly broad types of organic reactions:
additions, eliminations, substitutions, and rearrangements.

e Addition reactions occur when two reactants add together to form a single
new product with no atoms “left over.” An example that we’ll be studying
soon is the reaction of an alkene with HCI to yield an alkyl chloride.

H H H CI
These two N,/ [ ... add to give
reactants . . . /C*C\ + H—C > H_(I:i(l:_H this product.

H H H H

Ethylene Chloroethane

(an alkene) (an alkyl halide)
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¢ Elimination reactions are, in a sense, the opposite of addition reactions.
They occur when a single organic reactant splits into two products,
often with formation of a small molecule such as HoO or HCl. An exam-
ple is the acid-catalyzed reaction of an alcohol to yield water and an

alkene.
OH H H
This one [ Acid catalyst N/ ... gives these
reactant . .. H_CI:_(I:_H e — /C*C\ + H0  two products.
H H H H
Ethanol Ethylene
(an alcohol) (an alkene)

e Substitution reactions occur when two reactants exchange parts to give
two new products. An example that we saw in Section 2.4 is the reac-
tion of an alkane with Cly in the presence of ultraviolet light to yield
an alkyl chloride. A —Cl group substitutes for the —~H group of the
alkane, and two new products result.

H H
These two | Light | ...give these
reactants . .. H—(li—H + C—=C =, H_Cl_CI + H=Cl 4wo products.
H H
Methane Chloromethane
(an alkane) (an alkyl halide)

¢ Rearrangement reactions occur when a single organic reactant under-
goes a reorganization of bonds and atoms to yield a single isomeric
product. An example that we saw in Section 3.3 is the conversion of
cis-but-2-ene into its isomer ¢rans-but-2-ene by treatment with an acid

catalyst.
CH3CH» H H3C H
This \ - / Acid catalyst \ - / ...gives this
reactant . .. /C_C\ D /C_C\ isomeric product.
H H H CH3
But-1-ene But-2-ene

Problem 3.11 Classify the following reactions as additions, eliminations, substitutions, or
rearrangements:
(a) CH3Br + KOH — CH30H + KBr
(b) CH3CH,Cl + NaOH — HyC=CHy + NaCl
(¢) HoC=CHy + Hy — CH3CHg
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A=Y How 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 what takes place at each
stage of a chemical transformation—which bonds are broken and in what
order, which bonds are formed and in what order, and what the relative
rates of the steps are.

All chemical reactions involve bond-breaking in the reactant molecules and
bond-making in the product molecules, which means that the electrons in
those bonds must move about and reorganize. Fundamentally, a covalent two-
electron bond can break in two ways: a bond can break in an electronically
symmetrical way so that one electron remains with each product fragment, or
a bond can break in an electronically unsymmetrical way so that both elec-
trons 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.

We’ll develop the point in more detail later, but you might note for now that
the movement of one electron in the symmetrical process is indicated using a
half-headed, or “fishhook,” arrow (~), while the movement of fwo electrons in
an unsymmetrical process is indicated using a full-headed curved arrow (n),
as noted previously in Section 1.12.

A{\‘ 5 A B Symmetrical bond-breaking (radical):
U + one bonding electron stays with each product.
A :/NB R Unsymmetrical bond-breaking (polar):

two bonding electrons stay with one product.

Just as there are two ways in which a bond can break, there are two ways
in which a covalent two-electron bond can form. A bond can form in an elec-
tronically symmetrical way if one electron is donated to the new bond by each
reactant or in an electronically unsymmetrical way if both bonding electrons
are donated by one reactant.

/NN . Symmetrical bond-making (radical):
: one bonding electron is donated by each reactant.

N . Unsymmetrical bond-making (polar):
: : two bonding electrons are donated by one reactant.

Processes that involve symmetrical bond-breaking and bond-making are
called radical reactions. A radical, often called a free radical, is a neutral
chemical species that contains an odd number of electrons and thus has a
single, unpaired electron in one of its orbitals. Processes that involve unsym-
metrical bond breaking and making are called polar reactions. Polar reactions
involve species that have an even number of electrons and thus have
only electron pairs in their orbitals. Polar processes are by far the more
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common reaction type in both organic and biological chemistry, and much of
this book is devoted to their description.

To see how polar reactions occur, we first need to look more deeply into
the effects of bond polarity on organic molecules. We saw in Section 1.9 that
certain bonds in a molecule, particularly the bonds in functional groups, are
often polar. When carbon bonds to a more electronegative atom, such as
chlorine or oxygen, the bond is polarized so that the carbon bears a partial
positive charge (5+) and the electronegative atom bears a partial negative
charge (6—). When carbon bonds to a less electronegative atom, such as a
metal, the opposite polarity results. As always, electrostatic potential maps
show electron-rich regions of a molecule in red and electron-poor regions
in blue.

‘ | 5_(|3Ii 5+|Ti 1’
&+ 6~
’C ’C
:’?~ ) 4 H?¢ H H¢ H
{ . H H

Chloromethane Methyllithium

What effect does bond polarity have on chemical reactions? Because
unlike charges attract, the fundamental characteristic of all polar reactions
is that electron-rich sites in one molecule react with electron-poor sites in
another molecule (or within the same molecule). Bonds are made when an
electron-rich atom shares a pair of electrons with an electron-poor atom,
and bonds are broken when one atom leaves with both electrons from the
former bond.

As noted previously, chemists normally indicate the movement of an elec-
tron pair during a polar reaction by using a curved, full-headed 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 (or bond) at the tail of the arrow to the atom at the head of the
arrow during the reaction.

This curved arrow shows that
/electrons move from :B” to At.

A" + ‘B — A-—B

\ The electrons that moved
from :B” to AT end up here
in this new covalent bond.

Electrophile Nucleophile
(electron-poor) (electron-rich)

In referring to the electron-rich and electron-poor species involved in
polar reactions, chemists use the words nucleophile and electrophile. A
nucleophile is a substance that is “nucleus loving” and thus attracted to a
positive charge. A nucleophile has a negatively polarized, electron-rich atom
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and can form a bond by donating an electron pair to a positively polarized,
electron-poor atom. Nucleophiles can be either neutral or negatively charged
and usually have lone-pairs of electrons: ammonia, water, hydroxide ion, and
chloride ion are examples. An electrophile, by contrast, is “electron-loving.”
An electrophile has a positively polarized, electron-poor atom and can form
a bond by accepting a pair of electrons from a nucleophile. Electrophiles can
be either neutral or positively charged. Acids (H* donors), alkyl halides, and
carbonyl compounds are examples (Figure 3.4).

O O } Some nucleophiles
’ (electron-rich)

6_
0 } Some electrophiles

5+ 5— -
CHz—Br /Cﬁi (electron-poor)

Figure 3.4 Some nucleophiles and electrophiles. Electrostatic potential maps identify the
nucleophilic (red; negative) and electrophilic (blue; positive) atoms.

Note that neutral compounds can often react either as nucleophiles or as
electrophiles, depending on the circumstances. After all, if a compound is neu-
tral yet has an electron-rich nucleophilic site within it, it must also have a
corresponding electron-poor electrophilic site. Water, for instance, acts as an
electrophile when it donates H* but acts as a nucleophile when it donates
a nonbonding pair of electrons. Similarly, a carbonyl compound acts as an
electrophile when it reacts at its positively polarized carbon atom, yet acts as
a nucleophile when it donates a pair of electrons from its negatively polarized
oxygen atom.

If the definitions of nucleophiles and electrophiles sound similar to those
given in Section 1.12 for Lewis acids and Lewis bases, that’s because there is
indeed a correlation. Lewis bases are electron donors and behave as nucleo-
philes, whereas Lewis acids are electron acceptors and behave as electro-
philes. Thus, much of organic chemistry is explainable in terms of acid—base
reactions. The main difference is that the words acid and base are used
broadly in all fields of chemistry, while the words nucleophile and electrophile
are used primarily in organic chemistry when bonds to carbon are involved.
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Worked Example 3.4

Strategy

Solution

Worked Example 3.5

Strategy

Solution

Problem 3.12

Predicting the Polarity of a Bond
What is the direction of bond polarity in the amine functional group, C—NHy?

Look at the electronegativity values in Figure 1.14 on page 16 to see which atoms
withdraw electrons more strongly.

Nitrogen (EN = 3.0) is more electronegative than carbon (EN = 2.5) according
to Figure 1.14, so an amine is polarized with carbon 6+ and nitrogen 6—.

"NH, i
Ofé An amine

// ~

Identifying Electrophiles and Nucleophiles

Which of the following species is likely to behave as a nucleophile and which as
an electrophile?

(a) NOo* (b) CH30~ (c) CH30H

A nucleophile has an electron-rich site, either because it is negatively charged
or because it has a functional group containing an atom that has a lone pair of
electrons. An electrophile has an electron-poor site, either because it is posi-
tively charged or because it has a functional group containing an atom that is
positively polarized.

(a) NOy™* (nitronium ion) is likely to be an electrophile because it is positively
charged.

(b) CH30~ (methoxide ion) is likely to be a nucleophile because it is
negatively charged.

(¢) CH30H (methyl alcohol) can be either a nucleophile, because it has two
lone pairs of electrons on oxygen, or an electrophile, because it has polar
C-0 and O-H bonds.

8_
**CHz—0—H’"

Electrophilic T Electrophilic
Nucleophilic

What is the direction of bond polarity in the following functional groups? (See
Figure 1.14 on page 16 for electronegativity values.)

(a) Aldehyde (b) Ether
(c) Ester (d) Alkylmagnesium bromide, R—MgBr
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Problem3.13  Which of the following are most likely to behave as electrophiles, and which as
nucleophiles? Explain.

(a) NHy4* (b) C=N~ (e¢) Brt (d) CH3NH, (e) H—C=C—H

Problem3.14  An electrostatic potential map of boron trifluoride is shown. Is BFg likely to be
an electrophile or a nucleophile? Draw an electron-dot structure for BF3, and
explain the result.

[CI¥4F The Mechanism of an Organic Reaction:
Addition of HCI to Ethylene

Let’s look in detail at a typical polar reaction, the addition reaction of ethylene
with HCI. When ethylene is treated with hydrogen chloride at room tempera-
ture, chloroethane is produced. Overall, the reaction can be formulated as:

H H H CI
\ /
C=C + H—CI — H—C—C—H
/ \ |
H H H H
Ethylene Hydrogen chloride Chloroethane
(nucleophile) (electrophile)

The reaction is an example of a general polar reaction type known as an
electrophilic addition reaction and can be understood using the general ideas
discussed in the previous section. Let’s begin by looking at the nature of the
two reactants.

What do we know about ethylene? We know from Sections 1.8 and 3.2
that a carbon—carbon double bond results from orbital overlap of two
sp2-hybridized carbon atoms. The o part of the double bond results from
sp?—sp? overlap, and the 7 part results from p—p overlap.

What kind of chemical reactivity might we expect of a C=C bond? Unlike
the valence electrons in alkanes, which are relatively inaccessible because
they are tied up in strong, nonpolar C—C and C—H o bonds between nuclei, the
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7 electrons in alkenes are accessible to external reagents because they are
located above and below the plane of the double bond rather than between the
nuclei (Figure 3.5). Furthermore, an alkene 7 bond is much weaker than an
alkane o bond, so an alkene is more reactive. As a result, C=C bonds behave
as nucleophiles in much of their chemistry. That is, alkenes typically react by
donating an electron pair from the double bond to form a new bond with an
electron-poor, electrophilic partner.

What about HCI? As a strong acid, HCl is a powerful proton (H*) donor and
thus a good electrophile. The reaction of HCl with ethylene is therefore a typi-
cal electrophile—nucleophile combination as in all polar reactions.

H H
>C~67H
H H

Carbon-carbon ¢ bond: Carbon-carbon 7 bond:
stronger; less accessible weaker; more accessible electrons
bonding electrons

Figure 3.5 A comparison of carbon-carbon single and double bonds. A double bond is both
more accessible to approaching reactants than a single bond and more electron-rich (more
nucleophilic). An electrostatic potential map of ethylene indicates that the double bond is the
region of highest negative charge (red).

We can view the electrophilic addition reaction between ethylene and HC1
as taking place in two steps by the pathway shown in Figure 3.6. The reaction
begins when the alkene donates a pair of electrons from its C=C bond to HCI
to form a new C—H bond plus Cl~, as indicated by the path of the curved
arrows in the first step of Figure 3.6. One curved arrow begins at the middle
of the double bond (the source of the electron pair) and points to the hydrogen
atom in HCI (the atom to which a bond will form). This arrow indicates that
a new C—H bond forms using electrons from the former C=C bond. A second
curved arrow begins in the middle of the H-CIl bond and points to the Cl,
indicating that the H-Cl bond breaks and the electrons remain with the
Cl atom, giving Cl—.

When one of the alkene carbon atoms bonds to the incoming hydrogen, 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
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that can accept an electron pair from nucleophilic C1~ anion in a second step,
forming a C—Cl bond and yielding the neutral addition product. Once again, a

curved arrow in Figure 3.6 shows the electron-pair movement from Cl~ to the
positively charged carbon.

MECHANISM

Figure 3.6 The mechanism of

the electrophilic addition of HCl to H=—CI

ethylene. The reaction takes place in

two steps and involves an intermediate . u

carbocation. H— C=C<y
(1 ) hydrogen atom on the electrophile HCl is Ethylene

attacked by = electrons from the nucleophilic
double bond, forming a new C-H bond. This
leaves the other carbon atom with a + charge Ol

and a vacant p orbital. Simultaneously, two
: —-Q\
Q /H
H-L A+
H ©

electrons from the H-CIl bond move onto
-

chlorine, giving chloride anion. :Cl
C-
\NH
®

Carbocation

@ Chloride ion donates an electron pair to the

positively charged carbon atom, forming a Ql
C—-Cl bond and yielding the neutral addition
product.
Cl H
L—C.
HY \H
H H

Chloroethane

© John McMurry

Worked Example 3.6 Predicting the Product of an Electrophilic Addition Reaction
What product would you expect from reaction of HCI with cyclohexene?

Strategy ~ HCI adds to the double-bond functional group in cyclohexene in exactly the
same way it adds to ethylene, yielding an addition product.

Solution H
H Cl
+ HCl —

H H
H

Cyclohexene Chlorocyclohexane
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Problem 3.15

Problem 3.16

Reaction of HCI with 2-methylpropene yields 2-chloro-2-methylpropane. What
is the structure of the carbocation formed during the reaction? Show the mecha-
nism of the reaction.

H3C\ CH3
/C=CH2 + HCl — H3C—(|:—CI
HaC CH3
2-Methylpropene 2-Chloro-2-methylpropane

Reaction of HCI with pent-2-ene yields a mixture of two addition products.
Write the reaction, and show the two products.

“R=Y Describing a Reaction: Transition

States and Intermediates

For a reaction to take place, reactant molecules must collide and a reorganiza-
tion of atoms and bonds must occur. In the addition reaction of HCl and
ethylene, for instance, the two reactants approach each other, the C=C 7 bond
and H-CI bond break, a new C-H bond forms in the first step, and a new
C—Cl bond forms in the second step.

HQ:I
Cl
H H H H H H
\ / [ +/
C=C — |H—C—C —— H—C—C—ClI
TN @ T \| @
H H H H H H

Carbocation

To depict graphically the energy changes that occur during a reaction,
chemists use energy diagrams of the sort shown in Figure 3.7. The vertical
axis of the diagram represents the total energy of all reactants, and the hori-
zontal axis, called the reaction coordinate, represents the progress of the reac-
tion from beginning to end.

At the beginning of the reaction, ethylene and HCI have the total amount
of energy indicated by the reactant level at point A on the left side of the
diagram. As the two molecules crowd together, 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 repulsion until the new C—H bond starts to form and
the H-CI bond starts to break. At some point (B on the diagram), a structure



Figure 3.7 An energy diagram for
the reaction of ethylene with HCI. Two
separate steps are involved, each with
its own activation energy, transition
state, and energy change. The energy
minimum between the two steps
represents the carbocation reaction
intermediate.
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of maximum energy is reached, a structure called the transition state. The
transition state represents the highest-energy structure involved in this
step of the reaction and can’t be isolated or directly observed. Nevertheless,
we can imagine it to be a kind of activated complex of the two reactants in
which the C=C 7 bond is partially broken and the new C-H bond is par-
tially formed.

‘ First transition state

|
I
|
I L .
\ | Carbocation intermediate
: Second transition state
I
I
|

Energy

CH3CH,Cl

Step 1 Step 2

Reaction progress ————

The energy difference between reactants A and transition state B is
called the activation energy, E,ct, and is a measure of how rapidly the reac-
tion occurs. A large activation energy results in a slow reaction because few
of the reacting molecules collide with enough energy to reach the transition
state. A small activation energy results in a rapid reaction because almost
all reacting molecules are energetic enough to climb to the transition state.
As an analogy, think about hikers climbing 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.

Most organic reactions have activation energies in the range 40 to
125 kd/mol (10-30 kcal/mol). Reactions with activation energies less than
80 kJ/mol take place at or below room temperature, while reactions with
higher activation energies often require heating to give the molecules enough
energy to climb the activation barrier.

Once the high-energy transition state B has been reached, energy is
released as the new C-H bond forms fully, so the curve in Figure 3.7 turns
downward until it reaches a minimum at point C, representing the energy
level of the carbocation. We call the carbocation, which is formed transiently
during the course of the multistep reaction, a reaction intermediate. As soon
as the carbocation intermediate is formed in the first step, it immediately
reacts with Cl~ in a second step to give the final product, chloroethane. This
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Worked Example 3.7

Strategy

Solution

Problem 3.17

Problem 3.18

Problem 3.19

second step has its own activation energy, E .2, and its own transition
state (D), which we can think of as an activated complex between
the electrophilic carbocation intermediate and nucleophilic Cl1~ anion
in which the new C-Cl bond is partially formed. Finally, the curve turns
downward as the C—Cl bond forms fully to give the final addition product
at point E.

Each individual step in the reaction has its own energy change, repre-
sented by the difference in levels between reactant and intermediate (step 1)
or intermediate and product (step 2).The overall energy change for the reac-
tion, however, is the energy difference between initial reactants (far left) and
final products (far right), as represented by F in Figure 3.7. Because the
energy level of the final products is lower than that of the reactants, energy
is released and the reaction is favorable. If the energy level of the final prod-
ucts were higher than that of the reactants, energy would be absorbed and the
reaction would not be favorable.

Drawing an Energy Diagram

Sketch an energy diagram for a one-step reaction that is fast and releases a
large amount of energy.

A fast reaction has a low E,., and a reaction that releases a large amount of
energy forms products that are much lower in energy and more stable than
reactants.

OH.

Energy

Reaction progress ———

Which reaction is faster, one with E,;; = 60 kd/mol or one with E, =
80 kJ/mol?

Sketch an energy diagram to represent each of the following situations.

(a) A reaction that releases energy and takes place in one step
(b) A reaction that absorbs energy and takes place in one step

Draw an energy diagram for a two-step reaction whose first step absorbs energy
and whose second step releases energy. Label the intermediate.
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A=Y Describing a Reaction: Catalysis

Figure 3.8 An energy diagram for a
typical, enzyme-catalyzed biological
reaction (blue curve) versus an uncata-
lyzed laboratory reaction (red curve).
The biological reaction takes place in
several steps, each of which has a rela-
tively small activation energy.

How fast a reaction occurs depends on the value of its activation energy, E,,
as noted in the previous section. Unfortunately, there is no way to predict the
size of the activation energy for a reaction, and it may well happen that the
E,; of a process is too large for the reaction to occur easily, even at high tem-
perature. The only solution in such a situation is to find a way to change the
reaction mechanism to an alternative pathway that occurs through different
steps with lower activation energies.

A catalyst is a substance that increases the rate of a chemical transforma-
tion by providing an alternative mechanism. The catalyst does take part in
the reaction, but it is regenerated at some point and thus undergoes no net
change. An example that we’ll see in the next chapter, for instance, is the use
of a metal catalyst such as palladium to effect the reaction of an alkene with
Hy gas and produce an alkane. In the absence of palladium, an alkene under-
goes no reaction with Hg gas even at high temperature, but in the presence of
palladium, reaction occurs rapidly at room temperature. Called a hydro-
genation reaction, the process is used industrially to convert liquid vegetable
oil to solid cooking fats.

H H
N/ Hy N/
/C o C\ Pd catalyst /7C _C\\

An alkene An alkane

The hundreds of thousands of biological reactions that take place in living
organisms almost all involve catalysts. Biological reactions use the same
mechanisms as reactions that take place in the laboratory and can be
described in similar ways, but they are constrained by the fact that they must
have low enough activation energies to occur at moderate temperatures. This
constraint is met through the use of large, structurally complex catalysts
called enzymes, which provide reaction mechanisms that proceed through a
series of small steps rather than through one or two large steps. Thus, a typi-
cal energy diagram for an enzyme-catalyzed biological reaction might look
like that in Figure 3.8.

Uncatalyzed
/

Energy

Enzyme catalyzed

Reaction progress ——



102 cHAPTER 3 | Alkenes and Alkynes: The Nature of Organic Reactions

@INTERLUDE

Terpenes: Naturally Occurring Alkenes

t has been known for centuries that codistillation of many plant mate-
I rials with steam produces a fragrant mixture of liquids called essen-
tial oils. For hundreds of years, such plant extracts have been used as
medicines, spices, and perfumes. The investigation of essential oils also
played a major role in the emergence of organic chemistry as a science
during the 19th century.

Chemically, plant essential oils consist largely of mixtures of com-
pounds known as terpenoids—small organic molecules with an immense
diversity of structure. More than 35,000 different terpenoids are known.
Some are open-chain molecules, and others contain rings; some are hydro-
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: carbons, and others contain oxygen. Hydrocarbon terpenoids, in particu-
The wonderful fragrance of leaves lar, are known as terpenes, and all contain double bonds. For example:
from the California bay laurel is
due primarily to myrcene, a simple CHz
terpene. CHg
HaC
)\/\/U\/ H3C
NN = CHs
CH3 CH3
Myrcene a-Pinene Humulene
(oil of bay) (turpentine) (oil of hops)

Regardless of their apparent structural differences, all terpenoids are
related. According to a formalism called the isoprene rule, they can be
thought of as arising from head-to-tail joining of 5-carbon isoprene units
(2-methylbuta-1,3-diene). Carbon 1 is the head of the isoprene unit, and
carbon 4 is the tail. For example, myrcene contains two isoprene units
joined head to tail, forming an 8-carbon chain with two 1-carbon branches.
a-Pinene similarly contains two isoprene units assembled into a more
complex cyclic structure, and humulene contains three isoprene units. See
if you can identify the isoprene units in a-pinene and humulene.

Tail
Head /
\ —
N s XN =
1 8
Isoprene Myrcene

Terpenes (and terpenoids) are further classified according to the num-
ber of 5-carbon units they contain. Thus, monoterpenes are 10-carbon sub-
stances derived from two isoprene units, sesquiterpenes are 15-carbon
molecules derived from three isoprene units, diterpenes are 20-carbon

continued
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substances derived from four isoprene units, and so on. Monoterpenes and
sesquiterpenes are found primarily in plants, but the higher terpenoids occur
in both plants and animals, and many have important biological roles. The
triterpenoid lanosterol, for example, is the precursor from which all steroid
hormones are made.

Lanosterol
(a triterpene, C3q)

Isoprene itself is not the true biological precursor of terpenoids. Nature
instead uses two “isoprene equivalents”—isopentenyl diphosphate and dimethyl-
allyl diphosphate—which are themselves made by two different routes depend-
ing on the organism. Lanosterol, in particular, is biosynthesized from acetic
acid by a complex pathway that has been worked out in great detail.

Isopentenyl diphosphate Dimethylallyl diphosphate

Summary and Key Words
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All chemical reactions, whether in the laboratory or in living organisms, fol-
low the same “rules.” To understand both organic and biological chemistry, it’s
necessary to know not just what occurs but also why and how chemical reac-
tions take place. In this chapter, we’ve taken a brief look at the fundamental
kinds of organic reactions. We've looked first at alkene stereoisomerism and
then we’ve used alkene chemistry as a vehicle to see why reactions occur and
how they can be described.

Alkenes are hydrocarbons that contain a carbon—carbon double bond, C=C,
and alkynes are hydrocarbons that contain a carbon—carbon triple bond, C=C.
Because they contain fewer hydrogens than related alkanes, alkenes are often
referred to as unsaturated.

A double bond consists of two parts: a o bond formed by head-on overlap of
two sp? orbitals and a 7 bond formed by sideways overlap of two p orbitals.
Because rotation around the double bond is not possible, substituted alkenes
can exist as cis—trans isomers. The geometry of a double bond can be described
by the E,Z system as either E (entgegen) or Z (zusammen) by application of a
series of sequence rules that rank the substituent groups on the double-bond
carbons.
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Exercises

Visualizing Chemistry

(Problems 3.1-3.19 appear within
the chapter.)

UWL

Interactive versions of these
problems are assignable in OWL.

A full description of how a reaction occurs is called its mechanism. There
are two kinds of organic mechanisms: polar and radical. Polar reactions, the
most common kind, involve even-electron species and occur when an electron-
rich reagent, or nucleophile, donates an electron pair to an electron-poor
reagent, or electrophile, in forming a new bond. Radical reactions involve odd-
electron species and occur when each reactant donates one electron in form-
ing a new bond.

A reaction can be described pictorially by using an energy diagram, which
follows the course of the reaction from reactant to product. Every reaction
proceeds through a transition state, which represents the highest-energy point
reached and is a kind of activated complex between reactants. The amount
of energy needed by reactants to reach the transition state is the
activation energy, E . The larger the activation energy, the slower the reac-
tion. A catalyst can sometimes be used to increase the rate of a reaction by
providing an alternative mechanistic pathway.

Many reactions take place in more than one step and involve the formation
of an intermediate. An intermediate is a species that is formed during the
course of a multistep reaction and that lies in an energy minimum between
two transition states. Intermediates are more stable than transition states
but are often too reactive to be isolated.

3.20 Name the following alkenes, and convert each drawing into a skeletal
structure.

(a) (b)

3.21 Assign E or Z stereochemistry to each of the following alkenes, and convert
each drawing into a skeletal structure (red = O, yellow-green = Cl).

(a) (b)
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3.22 The following alkyl chloride can be prepared by addition of HCI to two dif-
ferent alkenes. Name and draw the structures of both (yellow-green = Cl).

3.23 The following carbocation is a possible intermediate in the electrophilic
addition of HCI with two different alkenes. Write structures for both.

3.24 Electrostatic potential maps of (a) formaldehyde (CH90) and (b) methane-
thiol (CH3SH) are shown. Is the formaldehyde carbon atom likely to be
electrophilic or nucleophilic? What about the methanethiol sulfur atom?
Explain.

(a) (b)

Formaldehyde Methanethiol

Additional Problems

3.25 Predict the direction of polarization of the functional groups in each of the
following molecules.

(a) CH3CH,C=N (b) OCH3 (c) ﬁ ?I)
CH3CCH,COCH3
(d) (0] (e) (0] (f) (I?
(0]
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3.26 Which of the following are likely to behave as electrophiles and which as

nucleophiles?
(a) Cl™ (b) N(CH3)s (c) Hg2+

3.27 Identify the likely electrophilic and nucleophilic sites in each of the follow-

(b) NHCH3

Amphetamine

(d) CHsS™ (e) CH3t

ing molecules:

(a)

Testosterone

3.28 Look at the following energy diagram for an enzyme-catalyzed reaction

N

Energy

(a) How many steps are involved?
(b) Which is the fastest step, and which is the slowest?

3.29 Name the following alkenes:

N AMING ALKENES,
ALKYNES, AND
CYCLDALKENES (a) (|:H3 (b) ?H3 CH2CH3 (c) ?H2CH3
H /CHCHZCH3 CH3CHCH2CH2C{-| /CH3 H,C=CCH4,CH4
Cc=cC Cc=C
\ / \
HsC H HsC H
(d) H CHs (e) H H () HC=C=CHCH3
HaC \ / \
3¢ c=cC HsC c=cC
| \ / \
H,C=CHCHCH H £=C CHs3
éH3 CH3CH,CH,  CHg

3.30 Name the following cycloalkenes:

(a) CHg (b) (c) D/\ (d) O{
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3.31

332

333

334

335

3.36

337

3.38

339

3.40

3.41
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Draw structures corresponding to the following ITUPAC names:
(a) 3-Propylhept-2-ene (b) 2,4-Dimethylhex-2-ene
(e¢) Octa-1,5-diene (d) 4-Methylpenta-1,3-diene
(e) cis-4,4-Dimethylhex-2-ene (f) (E)-3-Methylhept-3-ene

Draw the structures of the following cycloalkenes:
(a) cis-4,5-Dimethylcyclohexene (b) 3,3,4,4-Tetramethylcyclobutene

The following names are incorrect. Draw each molecule, tell why its name
is wrong, and give its correct name.

(a) 1-Methylcyclopent-2-ene (b) 1-Methylpent-1-ene

(¢) 6-Ethylcycloheptene (d) 3-Methyl-2-ethylcyclohexene

Correct the following pre-1993 names to current names, and draw each
structure:
(a) 2,5-Dimethyl-3-hexyne (b) (Z)-3-Methyl-2-pentene

Which of the following molecules show cis—trans isomerism?

(a) $H3 (b) H3C|: C|ZH3 (¢) HO _
CH3C=CHCH,CHs CICH,CH,C=CCH,CH,CI \O/\

Draw and name molecules that meet the following descriptions:
(a) An alkene, CgH19, that does not show cis—trans isomerism
(b) The E isomer of a trisubstituted alkene, CgHqg

(e) A cycloalkene, C7Hq9, with a tetrasubstituted double bond

Neglecting cis—trans isomers, there are five substances with the formula
C4Hg. Draw and name them.

Which of the molecules you drew in Problem 3.37 show cis—trans isomer-
ism? Draw and name their cis—trans isomers.

Cyclodecene can exist in both cis and trans forms, but cyclohexene cannot.
Explain.

Rank the following pairs of substituents according to the sequence rules:
{a) —CH,CHz —CH,CH,CH; (b)) O —CH,0H
—C—CHs

(c) _CH(CHg)Z (d) C|H3 —CHchchzBr
—CH,CHCH,CI

Rank the following sets of substituents according to the sequence rules:
(a) -CHjs, -Br,-H, -1

(b) -OH, -OCHg, -H, -CO.H

(¢) -CHg, -CO9H, ~-CH,0H, -CHO

(d) -CH3, -CH=CH,, -CH3CHg3, ~-CH(CHz3)9
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ENERGY DiAGRAMS

3.42

3-43

Assign E or Z stereochemistry to the following alkenes:

(a) HOC{'iZ CH3 (b) H02C H
c=cC c=cC
/ \ / \
H3C H cl OCH3
() NC CH (d) CH30,C CH=CH
\ / 3 3Y2 \ / 2
/C=C C=C\
CHzCH,  CH,OH HO,C CH,CH3

Draw and name the six C5H;g alkene isomers, including E,Z isomers.

3.44 Draw and name all possible stereoisomers of hepta-2,4-diene.

3-45

3.46

3-47

3.48

3-49

3.50

3.51

Menthene, a hydrocarbon found in mint plants, has the JTUPAC name
1-isopropyl-4-methylcyclohexene. What is the structure of menthene?

If a reaction has E .t = 15 kd/mol, is it likely to be fast or slow at room
temperature? Explain.

Draw an energy diagram for a two-step reaction that releases energy and
whose first step is faster than its second step. Label the parts of the dia-
gram corresponding to reactants, products, transition states, intermediate,
activation energies, and overall energy change.

Draw an energy diagram for a two-step reaction whose second step is faster
than its first step.

Draw an energy diagram for a reaction whose products and reactants are
of equal stability.

Describe the difference between a transition state and a reaction
intermediate.

Consider the energy diagram shown:

Reaction progress

(a) Indicate the overall energy change for the reaction. Is it positive or
negative?

(b) How many steps are involved in the reaction?

(¢) Which step is faster?

(d) How many transition states are there? Label them.
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3.52

3.53

3-54

3.55

3.56

3.57

3.58
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Name the following cycloalkenes:
(a) CHs (b) CHs3 () CI Cl
CH3 CH3

a-Farnesene is a constituent of the natural waxy coating found on apples.
What is its [IUPAC name?

= = N N
a-Farnesene

Indicate E or Z stereochemistry for each of the double bonds in a-farnesene
(see Problem 3.53).

Reaction of 2-methylpropene with HCl might, in principle, lead to a mix-
ture of two products. Draw them.

Hydroxide ion reacts with chloromethane in a single step according to the
following equation:

H H
HO: + _.Cc—Cl —— HO—C.. + :Cif
.o H’/ ‘H

H H

Identify the bonds broken and formed, and draw curved arrows to repre-
sent the flow of electrons during the reaction.

Methoxide ion (CH30 ™) reacts with bromoethane in a single step according
to the following equation:

H H H H
. \  /.H N .
CH30: +  .C—C ——  Cc=C + CHsOH + :Br:
- H7 A\ /N -
H Br H H

Identify the bonds broken and formed, and draw curved arrows to repre-
sent the flow of electrons during the reaction.

Follow the flow of electrons indicated by the curved arrows in each of the
following reactions, and predict the products that result:

e
i« H—O: Ho LC = 7
OJ - e Sey
' — ? /N 8
H C/C\/\V ' H H
3C7/"S0cH;

H3C
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3.59 When isopropylidenecyclohexane is treated with strong acid at room tem-
perature, isomerization occurs by the mechanism shown below to yield
1-isopropylcyclohexene:

H ’ H ’ H
CH3 e CH3 CH3
P— - H pr— H + HYt
(Acid
CH3 CH3 CH3
H catalyst) H H
H H
Isopropylidenecyclohexane 1-Isopropylcyclohexene

At equilibrium, the product mixture contains about 30% isopropylidene-
cyclohexane 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 flow in each step.

3.60 We'll see in the next chapter that the stability of carbocations depends on
the number of alkyl groups attached to the positively charged carbon—
the more alkyl groups, the more stable the cation. Draw the two possible
carbocation intermediates that might be formed in the reaction of HC1 with
2-methylpropene (Problem 3.55), tell which is more stable, and predict
which product will form.

InN THE MEDICINE CABINET 3.61 Tamoxifen and clomiphene have similar structures but very different med-
ical uses. Tell whether the alkene double bond in each is E or Z.

(CH3)2N (CH3CH»)oN
T\, N\,

Cl
/

\
CH,CH3

Tamoxifen Clomiphene
(anticancer) (fertility treatment)

3.62 Retin A, or retinoic acid, is a medication commonly used to reduce wrinkles
and treat severe acne. How many different isomers arising from double
bond isomerizations are possible?

XX _COgH

Retin A (retinoic acid)
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IN THE FIELD 3.63 Lycopene, the pigment that gives tomatoes their red color, is a terpene
derived formally by the joining together of numerous isoprene units (see
the Interlude in this chapter). Start at one end of the molecule, and identify
all the contiguous isoprene groupings.

Lycopene
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The Spectra fiber in the bulletproof vests used
by police and military is made of ultra high
molecular weight polyethylene, a simple alkene polymer.

Reactions of Alkenes and Alkynes

Much of the background needed to understand organic

A
A

Addition of HX to Alkenes: reactions has been covered, and it’s now time to begin a
: Markovnikov’s Rule systematic description of the major functional groups.
- 4.2 Carbocation Structure and Stability We'll start in this chapter with a study of the alkene and alkyne
© 4.3 Addition of Water to Alkenes families of compounds, and we’ll see that the most important reac-
. 4.4 Addition of Halogens to Alkenes tion of these two functional groups is the addition to the C=C and
- 4.5 Reduction of Alkenes: Hydrogenation C=C multiple bonds of various reagents X-Y to yield saturated
- 4.6 Oxidation of Alkenes: Epoxidation, products. In fact, all the reactions we'll discuss in this chapter fol-
Hydroxylation, and Cleavage low the same pattern.
: 4.7 Addition of Radicals to Alkenes:
: Polymers
. 4.8 Conjugated Dienes \ \ /
: 4.9  Stability of Allylic Carbocations: c=C + X—-Y —— _C—C_
Resonance /N 7N
: 4.10 Drawingand Interpreting Resonance An alkene An addition product
: Forms

4.11 Alkynes and Their Reactions
g Interlude—Natural Rubber

WHY THIS CHAPTER?

Both in this chapter on alkenes and in future chapters on other functional
UWL groups, we’'ll discuss a variety of reactions but will focus on the general prin-
i ) ciples and patterns of reactivity that tie organic chemistry together. There
Online homework for this chapter can be . .
assigned in OWL, an online homework are no shortcuts; you have to know the reactions to understand organic
assessment tool. chemistry.

112
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=MV Addition of HX to Alkenes: Markovnikov’s Rule

We saw in Section 3.7 that alkenes react with HCI to yield alkyl chloride addi-
tion products. For example, ethylene reacts with HCI to give chloroethane. The
reaction takes place in two steps and involves a carbocation intermediate.

Ethylene Carbocation Chloroethane
intermediate

The addition of halogen acids, HX, to alkenes is a general reaction that
allows chemists to prepare a variety of halo-substituted alkane products.
Thus, HCI, HBr, and HI all add to alkenes.

CH3 cl
Ether |
/C=CH2 + HCI —_— CH3—C|—CH3
CH3 CH3
2-Methylpropene 2-Chloro-2-methylpropane
CH
CHs 3
(T = (S
1-Methylcyclohexene 1-Bromo-1-methylcyclohexane

f
Eth
CH3CH CHoCH=CH, + HI ——-> CH3CH,CH,CHCHz

Pent-1-ene 2-Iodopentane

Look carefully at the three reactions just shown. In each case, an unsym-
metrically substituted alkene has given a single addition product rather than
the mixture that might have been expected. For example, 2-methylpropene
might have reacted with HCI to give 1-chloro-2-methylpropane in addition to
2-chloro-2-methylpropane, but it didn’t. We say that such reactions are regio-
specific (ree-jee-oh-specific) when only one of the two possible orientations of
addition occurs.

A regiospecific reaction:

CHs3 ?' (|3H3
/C=CH2 + HCl —— CH3—C|Z—CH3 CH3CHCH,CI
CH3 CH3
2-Methylpropene 2-Chloro-2-methylpropane 1-Chloro-2-methylpropane
(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:
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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

2 alkyl groups CI\—i3 ?'
on this Carbo”\/C=CH2 + Hol EMT. cHy—C—CH,
CHg3 CH3
2-Methylpropene 2-Chloro-2-methylpropane

2 alkyl groups
on this carbon

CH3
CH3 Br
+ HBr Ether
H H
H
1 alkyl group
on this carbon
1-Methylcyclohexene 1-Bromo-1-methylcyclohexane

When both double-bond carbon atoms have the same degree of substitu-
tion, a mixture of addition products results.

1 alkyl group 1 alkyl group
on this carbon on this carbon

Br Br
Ether

I
CH3CH2CH=CHCH3 + HBr —— CH3CH2CH2CHCH3 + CH3CH2CHCH2CH3
Pent-2-ene 2-Bromopentane 3-Bromopentane

Because carbocations are involved as intermediates in these reactions (Sec-
tion 3.8), Markovnikov’s rule can be restated.

MARKOVNIKOV’S RULE In the addition of HX to an alkene, the more highly substituted carbocation is
(RESTATED) formed as the intermediate rather than the less highly substituted one.

For example, addition of H* to 2-methylpropene yields the intermediate
tertiary carbocation rather than the alternative primary carbocation. Why

should this be?
H Cl
+ cr |
CH3—C|:—CH2 —_— CH3—C|—CH3

CH3 CH3

CHs3 tert-Butyl carbocation 2-Chloro-2-methylpropane

C:CH2 + HCI (tertiary; 30)
/

CH3

H H

2-Methylpropene

|+ cr |
CH3—C|:—CH2 I CH3—C|—CH2C|
CH3 CH3
Isobutyl carbocation 1-Chloro-2-methylpropane

(primary; 1°) (NOT formed)
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Predicting the Product of an Alkene Addition Reaction

What product would you expect from the reaction of HCI with 1-ethyl-

cyclopentene?
CH,CH
@/ 4 Ho — ?

When solving a problem that asks you to predict a reaction product, begin by
looking at the functional group(s) in the reactants and deciding what kind of
reaction is likely to occur. In the present instance, the reactant is an alkene that
will probably undergo an electrophilic addition reaction with HCIl. Next, recall
what you know about electrophilic addition reactions, and use your knowledge
to predict the product. You know that electrophilic addition reactions follow
Markovnikov’s rule, so 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-ethylcyclopentane.

2 alkyl groups
on this carbon

/ CH,CH3
CH,CH3

2

\ 1-Chloro-1-ethylcyclopentane

1 alkyl group
on this carbon

Predict the products of the following reactions:

(a) bl CH
HCI
— 7 CHsC=CHCH,CH; 2 ?
(c) (i:H3 (d) CH2
HB
CH3CHCH,CH=CH, —22 . ? O/ — ?
H,S0,

(Addition of H,0 occurs.)

What alkenes would you start with to prepare the following alkyl halides?

(a) Br (b) CH,CH3 (c) I|3r (d) Cl
I CH3CH,CHCH,CH,CHg
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=N-¥ Carbocation Structure and Stability

To understand why Markovnikov’s rule works, we need to learn more about
the structure and stability of substituted carbocations. With respect to struc-
ture, experimental evidence shows that carbocations are planar. The posi-
tively charged carbon atom is sp2-hybridized, and the three substituents
bonded to it are oriented to the corners of an equilateral triangle, as indicated
in Figure 4.1. Because there are only six valence electrons on carbon and all
six are used in the three o bonds, the p orbital extending above and below the
plane is unoccupied.

Vacant p orbital

Figure 4.1 The structure of a carbocation. The trivalent carbon is sp?-hybridized and has an
unoccupied p orbital perpendicular to the plane of the carbon and three attached groups.

With respect to stability, experimental evidence shows that carbocation
stability increases with increasing substitution. More highly substituted
carbocations are more stable than less highly substituted ones because alkyl
groups tend to donate electrons to the positively charged carbon atom. The
more alkyl groups there are, the more electron donation there is and the more
stable the carbocation.

H H R R
/ / / /
H—C+ R—C+ R—C\+ R—C+
H H H R
Methyl Primary (1°) Secondary (2°) Tertiary (3°)

L S

With this knowledge, we can now explain Markovnikov’s rule. In the reac-
tion of 1-methylcyclohexene with HBr, for instance, the intermediate carbo-
cation might have either three alkyl substituents (a tertiary cation, 3°) or
two alkyl substituents (a secondary cation, 2°). Because the tertiary cation
is more stable than the secondary one, it’s the tertiary cation that forms
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as the reaction intermediate, thus leading to the observed tertiary alkyl
bromide product.

Br
+ CHs CH3
Br-
e
H H
H H
CH3 (A tertiary carbocation) 1-Bromo-1-methylcyclohexane
+ HBr
H H
H CH3
1-Methylcyclo- CH3 Br
hexene
H
>y Br

(A secondary carbocation) 1-Bromo-2-methylcyclohexane
(NOT formed)

Problem 4.3 Show the structures of the carbocation intermediates you would expect in the
following reactions:

(a) CHz CHs (b) CHCH3 HI
| | HBr — ?
CH3CH,C=CHCHCH3 = ?

=M<y Addition of Water to Alkenes

Just as HCI and HBr add to alkenes to yield alkyl halides, HoO adds to
alkenes to yield alcohols, ROH, a process called hydration. Industrially, more
than 300,000 tons of ethanol are produced each year in the United States by
this method.

H H

\ / H3PO, catalyst

/C—C\ + H0 250 °C CH3CH,0H
H H Ethanol
Ethylene

Hydration takes place on treatment of the alkene with water and a strong
acid catalyst by a mechanism similar to that of HX addition. Thus, proton-
ation of the alkene double bond yields a carbocation intermediate, which
reacts with water as nucleophile to yield a protonated alcohol (ROH3™). Loss
of H* from this protonated alcohol then gives the neutral alcohol and regener-
ates the acid catalyst (Figure 4.2). The addition of water to an unsymmetrical
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MECHANISM

Figure 4.2 Mechanism of the acid-
catalyzed hydration of an alkene to
yield an alcohol. Protonation of the
alkene gives a carbocation inter-
mediate, which reacts with water.

alkene follows Markovnikov’s rule just as addition of HX does, giving the
more highly substituted alcohol as product.

N
H—Q"
\
H
H3C--.n )l ~ -H
H3C(C 7C\H
@ A hydrogen atom on the electrophile H30™" is 2-Methylpropene

attacked by 7 electrons from the nucleophilic
double bond, forming a new C-H bond. This
leaves the other carbon atom with a + charge

and a vacant p orbital. Simultaneously, two T
electrons from the H-O bond move onto

oxygen, giving neutral water.

@ The nucleophile H,0O donates an electron pair
to the positively charged carbon atom,
forming a C-O bond and leaving a positive
charge on oxygen in the protonated alcohol
addition product.

H
H—0  H
N
C—C.
HC¢  \'H
H3C H

Protonated alcohol
1

© Water acts as a base to remove H*,

regenerating H3O* and yielding the
neutral alcohol addition product. 91
HO\ /H
/C *C\ + H30+
H3C ¢ N H
HsC H

2-Methylpropan-2-ol

Unfortunately, the reaction conditions required for hydration are severe:
the hydration of ethylene to produce ethanol, for instance, requires a phos-
phoric acid catalyst and reaction temperatures of up to 250 °C. As a result,
sensitive molecules are sometimes destroyed. To get around this difficulty,
chemists have devised several alternative methods of alkene hydration that
take place under nonacidic conditions at room temperature, but we’ll not dis-
cuss them here.

Hydration of carbon—carbon double bonds also occurs in various biological
pathways, although not by the carbocation mechanism. Instead, biological

© John McMurry
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hydrations usually require that the double bond be adjacent to a carbonyl
group (C=O0) for reaction to proceed. Fumarate, for instance, is hydrated to
give malate as one step in the citric acid cycle of food metabolism. We'll see
the function of the nearby carbonyl group in Section 9.10 but might note for
now that the reaction occurs through a mechanism that involves formation of
an anion intermediate followed by protonation by an acid HA.

0 H O H OH O H OH
| | B Il \ / _ I \/ _
_O/C\C4C\C/O H,0, pH = 7.4 _O/C\E'/C\C/O HA _O/C\C/C\ 0
| Il Fumarase | I / \ Il
H 0 H 0 H H o
Fumarate Anion intermediate Malate
Worked Examplea.2 Predicting the Product of an Alkene Hydration Reaction

What product would you expect from acid-catalyzed addition of water to

methylenecyclopentane?
E} CH 2 + H 20 — ?

Methylenecyclopentane

Strategy  According to Markovnikov’s rule, H* adds to the carbon that already has more
hydrogens (the =CHy carbon) and OH adds to the carbon that has fewer hydro-
gens (the ring carbon). Thus, the product will be a tertiary alcohol.

Acid OH
CH, + H,0 —%
CHs

Problem 4.4 What product would you expect to obtain from the acid-catalyzed addition of
water to the following alkenes?

Solution

(a) CH3 (b) 1-Methylcyclopentene (c) 2,5-Dimethylhept-2-ene
CH3CH2C=CHCH2CH3

Problem 4.5 What alkenes might the following alcohols be made from?

(a) (|)H (b) ?H (c) OH
CH3CH,CHCH3 CH3CH2—C|—CH2CH3 cH
3
CHs

CHs
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=He? Addition of Halogens to Alkenes

Many other substances besides HX and H9O add to alkenes. Bromine and
chlorine, for instance, add readily to yield 1,2-dihaloalkanes, a process called
halogenation. More than 10 million tons of 1,2-dichloroethane (also called
ethylene dichloride) are synthesized each year in the United States by addi-
tion of Cly to ethylene. The product is used both as a solvent and as a starting
material for the synthesis of poly(vinyl chloride), PVC.

H H Cl Cl
\ /
C=C + Clp —— H—C—C—H
/ \ |
H H H H
Ethylene 1,2-Dichloroethane

(ethylene dichloride)

Addition of Brg also acts as a simple and rapid laboratory test for unsatura-
tion. A sample of unknown structure is dissolved in dichloromethane, CHoCls,
and several drops of Brg are added. Immediate disappearance of the reddish
Brg color signals a positive test and indicates that the sample molecule con-
tains a double bond.

H
H Br
@i Bry in CHyCly
—_—
H Br
H
Cyclopentene 1,2-Dibromocyclopentane (95%)

Based on what we’ve seen thus far, a possible mechanism for the reaction
of bromine (or chlorine) with an alkene might involve electrophilic addition of
Br* to the alkene, giving a carbocation that could undergo further reaction
with Br~ to yield the dibromo addition product.

(Y .
Br—Br :Br:
Y, oy iy
i \ / / i
Possmle_ c—cC H—C—C+ H—C—C—H POSSIbIe_
mechanism?  / \ N [ mechanism?
H H H H H H

Although this mechanism looks reasonable, it’s not consistent with known
facts because it doesn’t explain the stereochemical (Section 2.8), or three-
dimensional, aspects of halogen addition. That is, the mechanism doesn’t



Figure 4.3 Mechanism of the addition
of Br, to an alkene. A bromonium ion
intermediate is formed, shielding one
face of the double bond and resulting in
trans stereochemistry for the addition
product.
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explain what product stereoisomers are formed. When the halogenation
reaction is carried out on a cycloalkene, such as cyclopentene, only trans-
1,2-dibromocyclopentane is formed rather than the mixture of cis and trans
products that might have been expected if a planar carbocation intermediate
were involved. We say that the reaction occurs with anti stereochemistry,
meaning that the two bromine atoms come from opposite faces of the double
bond approximately 180° apart.

H/\Br H/\H
<— f Br—Br
H H 3 f 3 f

Br H Br Br

Cyclopentene trans-1,2-Dibromo- cis-1,2-Dibromo-
cyclopentane cyclopentane
(sole product) | (NOT formed)

The stereochemical result is best explained by imagining that the reaction
intermediate is not a true carbocation but is instead a bromonium ion, ReBr,
formed in a single step by addition of Br* to the double bond. Since the bro-
mine atom effectively “shields” one side of the molecule, reaction with Br~ ion
in the second step occurs from the opposite, more accessible side to give the
anti product (Figure 4.3).

Top side open to attack

U L

Bottom side shielded from attack

Cyclopentene Bromonium ion trans-1,2-Dibromo-
intermediate cyclopentane

The addition of halogens to carbon—carbon double bonds also occurs in
nature just as it does in the laboratory but is limited primarily to marine organ-
isms, which live in a halide-rich environment. The biological halogenation reac-
tions are carried out by enzymes called haloperoxidases, which use HoO9 to
oxidize Br~ or Cl~ ions to a biological equivalent of Br* or Cl*. Electrophilic
addition to the double bond of a substrate molecule then yields a bromonium or
chloronium ion intermediate just as in the laboratory, and reaction with another
halide ion completes the process. Halomon, for example, an anticancer
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pentahalide isolated from red alga, is thought to arise by a route that involves
twofold addition of BrCl through the corresponding bromonium ions.

Cl Cl Br
e — 1.2 Brt —
2.2CI"
Cl Br Cl

Halomon

Problem 4.6 What product would you expect to obtain from addition of Bry to 1,2-dimethyl-
cyclohexene? Show the cis or trans stereochemistry of the product.

Problem 4.7 Show the structure of the intermediate bromonium ion formed in Problem 4.6.

=It=¥ Reduction of Alkenes: Hydrogenation

Addition of Hg to the C=C bond occurs when an alkene is exposed to an
atmosphere of hydrogen gas in the presence of a metal catalyst to yield an

alkane.
H\ /H
,,,,, Catalyst
>C=Cx + H e ..C—C..
- ~— 2 H,/ \\H
H H
An alkene An alkane

We describe the result by saying that the double bond is hydrogenated, or
reduced. (The word reduction in organic chemistry usually refers to the addi-
tion of hydrogen or removal of oxygen from a molecule.) For most alkene
hydrogenations, either palladium metal or platinum (as PtOy) is used as the

catalyst.
CH3
CH3 !
Hz, Pt02 H
—_—
CH3CO,H
CHg solvent | H
CH3
1,2-Dimethyl- cis-1,2-Dimethyl-
cyclohexene cyclohexane (82%)

Catalytic hydrogenation of alkenes, unlike most other organic reactions, is a
heterogeneous process, rather than a homogeneous one. That is, the hydro-
genation reaction occurs on the surface of solid catalyst particles rather than in
solution. Following initial adsorption of Hy onto the catalyst surface, complex-
ation between catalyst and alkene then occurs as a vacant orbital on the metal
interacts with the filled alkene 7 orbital. Next, hydrogen is inserted into the
double bond, and the saturated product diffuses away from the catalyst (Figure
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4.4). The reaction occurs with syn stereochemistry (the opposite of anti), mean-
ing that both hydrogens add to the double bond from the same side.

MECHANISM

Figure 4.4 Mechanism of
alkene hydrogenation. The
reaction takes place with
syn stereochemistry on the
surface of insoluble catalyst
particles.

Metal catalyst

@ Molecular hydrogen adsorbs to the
catalyst surface and dissociates into
hydrogen atoms.

Ha bound to
catalyst

@ The alkene adsorbs to the catalyst
surface, using its = bond to complex
to the metal atoms.

H, and alkene
bound to catalyst

© A hydrogen atom is transferred from
the metal to one of the alkene carbon
atoms, forming a partially reduced
intermediate with a C-H bond and
carbon-metal o bond.

Partially reduced
intermediate

O A second hydrogen is transferred from
the metal to the second carbon, giving
the alkane product and regenerating the
catalyst. Because both hydrogens are
transferred to the same face of the alkene,
the reduction has syn stereochemistry.

Alkane plus
regenerated catalyst

In addition to its usefulness in the laboratory, catalytic hydrogenation is
also important in the food industry, where unsaturated vegetable oils are
reduced to produce the saturated fats used in margarine and cooking prod-
ucts. As we'll see in Section 16.1, vegetable oils are triesters of glycerol,
HOCHCH(OH)CH90OH, with three long-chain carboxylic acids called faity
acids. The fatty acids are generally polyunsaturated, and their double bonds
have cis stereochemistry. Complete hydrogenation yields the corresponding

© John McMurry
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saturated fatty acids, but incomplete hydrogenation often results in partial
cis—trans isomerization of a remaining double bond. When eaten and digested,
the free trans fatty acids are released, raising blood cholesterol levels and
contributing to potential coronary problems.

cis cis
| 0 H l H H j H
CH,—0—C—R I \ / \ / :-\ polyu_r:’s_aturated
}( /C\ /C=C\ /c:c\ atty acid in
o (l*l 0 (CH2)7 CHy (CH,)4CH3  vegetable oil
CH—O0—C—R’
lHZ—O—(l“l—R” lz Hp, Pd/C
A vegetable oil
ﬁ H\ /H H\ /H
S C _C.___CHy __ _C_ A saturated fatty
0 (CHa)7 /C\ /C\ (CH3)4CH3 acid in margarine
H H H
trans
H H H
! (lt C \C/ A trans fatty acid
07" N(CHy)” *cl/ 2\/c\/ (CHy)4CH3
H H H

Problem 4.8 What product would you expect to obtain from catalytic hydrogenation of the
following alkenes?

(a) ?Hs (b) CHj3
CH3C=CHCH2CH3 ©<CH3

==Y Oxidation of Alkenes: Epoxidation,

Hydroxylation, and Cleavage

Just as the word reduction usually refers to the addition of Aydrogen to a
molecule, the word oxidation usually means the addition of oxygen. For exam-
ple, alkenes are oxidized to give epoxides on treatment with a peroxyacid,
RCO3H, such as meta-chloroperoxybenzoic acid. An epoxide, also called an
oxirane, is a cyclic ether with an oxygen atom in a three-membered ring.

0 H 0]
Cl y: (|3 Cl (l.l‘, H
NAS > NA7
+ 0 CH,Cl, o + 0
solvent
H
Cycloheptene meta-Chloroperoxy- 1,2-Epoxy- meta-Chloro-

benzoic acid cycloheptane benzoic acid
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Epoxides undergo an acid-catalyzed ring-opening reaction with water (a
hydrolysis) to give the corresponding dialcohol, or diol, also called a glycol.
The net result of the two-step alkene epoxidation/hydrolysis is thus a
hydroxylation—the addition of an ~OH group to each of the two double-
bond carbons. In fact, more than 3 million tons of ethylene glycol,
HOCHCH0H, most of it used for automobile antifreeze, are produced each
year in the United States by epoxidation of ethylene followed by hydrolysis.

\ / 0] HO ;
c Epoxidation d{jb\ Hz0% ‘,>C-—C;“

/T VAN VA

An alkene An epoxide A 1,2-diol

Acid-catalyzed epoxide opening takes place by protonation of the epoxide to
increase its reactivity, followed by nucleophilic addition of water. This nucleo-
philic addition is analogous to the final step of alkene bromination that we
saw in Section 4.4, in which a cyclic bromonium ion was opened by a reaction
with bromide ion. As a result, a trans-1,2-diol results when an epoxycyclo-
alkane is opened by aqueous acid, just as a trans-1,2-dibromide results when
a cycloalkene is brominated.

H H H H
i JOH . i JOH
H30* + ‘OHy
o — O—H =~ + Hz0"
\ \ ; 2 1 1
0 OH
H () H
1,2-Epoxycyclo- trans-Cyclo-
hexane hexane-1,2-diol
(86%)

The hydroxylation of an alkene can also be carried out in a single step by
reaction of the alkene with potassium permanganate, KMnQy, in basic solu-
tion. For example, cyclohexene gives cis-cyclohexane-1,2-diol.

H
i JOH
H,0
O + KMI’]O4 —2
NaOH ;
! "OH
H
Cyclohexene cis-Cyclohexane-1,2-diol
(37%)

When oxidation of the alkene is carried out with KMnOy in acidic rather
than basic solution, cleavage of the double bond occurs and carbonyl-
containing products are obtained. If the double bond is tetrasubstituted, the
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two carbonyl-containing products are ketones; if a hydrogen is present on
the double bond, one of the carbonyl-containing products is a carboxylic acid,;
and if two hydrogens are present on one carbon, COs is formed.

CH3 CH3
/ Hz0* /

c + KMnO, —— 0 + o=C
CH3 CH3

Isopropylidenecyclohexane Cyclohexanone Acetone
(two ketones)

CHj HsC O
HzO*
CH3CH,CHCH=CH, + KMnO, ——— CH3CH,CHCOH + CO,

3-Methylpent-1-ene 2-Methylbutanoic acid
(45%)
Worked Example4.3 Predicting the Structure of a Reactant Given the Products

What alkene gives a mixture of acetone and propanoic acid on reaction with

acidic KMnO4?
(0] (0]
KMnO, | I
HgT) CH3CCH3 + CH3CH2COH

Acetone Propanoic acid

Strategy =~ When solving a problem that asks how to prepare a given product, always work
backward. Look at the product, identify the functional group(s) it contains, and
ask yourself, “How can I prepare that functional group?” In the present instance,
the products are a ketone and a carboxylic acid, which can be prepared by reac-
tion of an alkene with acidic KMnOy. To find the starting alkene that gives the
cleavage products shown, remove the oxygen atoms from the two products, join
the fragments with a double bond, and replace the ~OH by —H.

Solution CH3 CH3 OH
KMnO, I |
CH3C=CHCH2CH3 H20F CH3C=O + O=CCH2CH3
3
2-Methylpent-2-ene Acetone Propanoic acid

Problem 4.9 Predict the product of the reaction of 1,2-dimethylcyclohexene with the following:
(a) KMnOy, H30+ (b) KMnOy4, OH—, HyO

Problem 4.10 Propose structures for alkenes that yield the following products on treatment
with acidic KMnOy:

(a) (CH3)2C=0 + COg (b) 2 equiv CH3CH2COoH
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=1¥?4# Addition of Radicals to Alkenes: Polymers

No other group of synthetic chemicals has had as great an impact on our day-
to-day lives as polymers. From carpeting to clothing to foam coffee cups, we
are literally surrounded by polymers.

A polymer is a large—sometimes very large—molecule built up by repeti-
tive bonding together of many smaller molecules, called monomers. Nature
makes wide use of biological polymers. Cellulose, for example, is a polymer
built of repeating sugar monomers; proteins are polymers built of repeating
amino acid monomers; and nucleic acids are polymers built of repeating
nucleotide monomers.

Cellulose—a glucose polymer

CH,0H CH,0OH
HO R — %0 & CH,0H
—>, o
HO OH HO 0] CH,OH
OH oH | Ho om
Glucose OH HO
OH
Cellulose
Protein—an amino acid polymer
o | AR
N o — N LI
H™ >/ Son & C
H \R O H \R
An amino acid A protein
Nucleic acid—a nucleotide polymer
-0 ~ -0
\P 0 \P
07\ T 07\ N
e} o N e} o N
R —
e —
0
OH H (OH) \ O H (OH)
O§P MAAAAAAAAAAAS
A nucleotide \O o \N/

ZO H (OH)
A nucleic acid
The simplest synthetic polymers are those that result when an alkene is

treated with a small amount of a suitable polymerization catalyst. Ethylene,
for example, yields polyethylene, an enormous alkane that may have up to
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STEP 1

STEP 2

Bz . =CH —— Bz .
OCH2CH2/\@ CH, OCH2CH2CH,CH»

200,000 monomer units incorporated into a gigantic hydrocarbon chain.
Approximately 19 million tons per year of polyethylene are manufactured in
the United States alone.

Polyethylene—a synthetic alkene polymer

H H HH [HH \HH
L) vl LY

J— —_—
/C—C\ — \/C\ \/C\ \/C\Zi
H H H H H H H H

Ethylene Polyethylene

Historically, ethylene polymerization was 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, although other catalysts and reac-
tion conditions are now more often used.

Radical polymerization of an alkene involves three kinds of steps: initia-
tion, propagation, and termination. The key step is the addition of a radical to
the ethylene double bond in a process similar to what takes place in the addi-
tion of an electrophile to an alkene (Section 3.7). In writing the mechanism, 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 movement of an
electron pair in a polar reaction.

Initiation: The polymerization reaction is initiated when a few radicals are
generated on heating a small amount of benzoyl peroxide catalyst to break the
weak O—0O bond. A benzoyloxy radical then adds to the C=C bond of ethylene
to generate a carbon radical. One electron from the carbon—carbon double
bond pairs up with the odd electron on the benzoyloxy radical to form a
C-0 bond, and the other electron remains on carbon.

i i i
C\/O\*(O\//C Heat C\O'
eat o, = BzO-

Benzoyl peroxide Benzoyloxy radical
8207 VH,CoCH, ——  B20—CH,CHy-

Propagation: Polymerization occurs when the carbon radical formed in the
initiation step adds to another ethylene molecule to yield another radical.
Repetition of the process for hundreds or thousands of times builds the poly-
mer chain.

R
epeat BzO(CH,CH,),,CHyCHo*

many times
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STEP 3 Termination: The polymerization process is eventually ended by a reaction
that consumes the radical. Combination of two growing chains is one possible
chain-terminating reaction.

2 R—CH9CHy: —> R—CHoCH9CHoCHo—R
Ethylene is not unique in its ability to form a polymer. Many substituted
ethylenes, called vinyl monomers, undergo polymerization, yielding polymers
with substituent groups regularly spaced along the polymer chain. Propylene,
for example, yields polypropylene.
s e e s
HyC=CHCH — CH,CHCH,CHCH,CHCH,CH
Propylene Polypropylene
Table 4.1 shows some commercially important vinyl monomers and lists
some industrial uses of the different polymers that result.
Tableg.1 Some Alkene Polymers and Their Uses
Trade or common
Monomer Formula name of polymer Uses
Ethylene H,C=CH, Polyethylene Packaging, bottles
Propene (propylene) H,C=CHCH3 Polypropylene Moldings, rope, carpets
Chloroethylene (vinyl chloride) H,C=CHCI Poly(vinyl chloride) Insulation, films, pipes
Tedlar
Styrene H,C=CHCgH5 Polystyrene Foam, moldings
Tetrafluoroethylene Fo,C=CF, Teflon Gaskets, nonstick coatings
Acrylonitrile H,C=CHCN Orlon, Acrilan Fibers
Methyl methacrylate CH3 Plexiglas, Lucite Paint, sheets, moldings
H2C=CC02CH3
Vinyl acetate H,C=CHOCOCHj3 Poly(vinyl acetate) Paint, adhesives, foams

Worked Examplea.a

Strategy

Solution

Problem 4.11

Predicting the Structure of a Polymer

Show the structure of poly(vinyl chloride), a polymer made from HoC=CHCI, by
drawing several repeating units.

Imagine breaking the carbon—carbon double bond in the monomer unit, and
then form single bonds by connecting numerous units together.

The general structure of poly(vinyl chloride) is

(|:I c|| C|:I
CHyCH—CH,CH—CH,CH

Show the structure of Teflon by drawing several repeating units. The monomer
unit is tetrafluoroethylene, FoC=CFs.
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==Y Conjugated Dienes

Figure 4.5 An orbital view of
buta-1,3-diene. Each of the four
carbon atoms has a p orbital,
allowing for an electronic interac-

tion across the C2—C3 single bond.

The unsaturated compounds we’ve looked at thus far have had only one dou-
ble bond, but many compounds have numerous sites of unsaturation. If the
different unsaturations are well separated in a molecule, they react indepen-
dently, but if they’re close together, they may interact with one another. In
particular, compounds that have alternating single and double bonds—
so-called conjugated compounds—have some distinctive characteristics. The
conjugated diene buta-1,3-diene, for instance, behaves quite differently from
the nonconjugated penta-1,4-diene in some respects.

Partial double-bond
character

T LA
o Ose O T NNy
I I I I
H H H H
Buta-1,3-diene Penta-1,4-diene
(conjugated) (nonconjugated)

What’s so special about conjugated dienes that we need to look at them
separately? The orbital view of buta-1,3-diene shown in Figure 4.5 provides a
clue to the answer. There is an electronic interaction between the two double
bonds of a conjugated diene because of p orbital overlap across the central
single bond. This interaction of p orbitals across a single bond gives conju-
gated dienes some unusual properties.

Although much of the chemistry of conjugated dienes is similar to that of
isolated alkenes, there is a striking difference in their electrophilic addition
reactions with HX and Xy. When HX adds to an isolated alkene, Markovnikov’s
rule usually predicts the formation of a single product, but when HX adds to
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a conjugated diene, mixtures of products are often obtained. Reaction of HBr
with buta-1,3-diene, for instance, yields two products.

H H Br
é \C/ H 3-Bromobut-1-ene
~ -Br ut-1-
HTSCT7CT (71%; 1,2-addition)
/N
H H HoR
I I
HB
H/CQ?/C%(l:/H r
H H B{ /H T
. 1-Bromobut-2-ene
1,3- o C H
Buta-1,3-diene H™ >c” \/c/ (29%; 1,4-addition)
,L H H

3-Bromobut-1-ene is the typical Markovnikov product of 1,2-addition, but
1-bromobut-2-ene appears unusual. The double bond in this product has
moved to a position between C2 and C3, and HBr has added to C1 and C4, a
result described as 1,4-addition. In the same way, Brg adds to buta-1,3-diene
to give a mixture of 3,4-dibromobut-1-ene and 1,4-dibromobut-2-ene.

Br H H

o A b n

Co Co H B Ce C __H H™ >c” 7

HT ST Se” Soee WO ST et VA
| | | /\ H H Br

H H H H Br

Buta-1,3-diene 3,4-Dibromobut-1-ene 1,4-Dibromobut-2-ene
(55%; 1,2-addition) (45%; 1,4-addition)

How can we account for the formation of the 1,4-addition product? The
answer is that an allylic carbocation is involved as an intermediate in the
reaction, where the word allylic means “next to a double bond.” When H* adds
to an electron-rich 7 bond of buta-1,3-diene, two carbocation intermediates
are possible—a primary nonallylic carbocation and a secondary allylic carbo-
cation. Allylic carbocations are more stable and therefore form faster than
less stable, nonallylic carbocations.

H H H H
| ~ | | | N
H/CQC/E\C/H . H/E\C¢C\C/H Br
~ ~
A I
H H H H H
| |
/CQC/CQC/H HBr Secondary, allylic
| |
Buta-1,3-diene C C_+_H Br
H/ %(l:/ \?/
H H

Primary, nonallylic
(NOT formed)
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=2=JF Stability of Allylic Carbocations: Resonance

Figure 4.6 An orbital picture of an
allylic carbocation. The vacant p orbital
on the positively charged carbon can
overlap the double-bond p orbitals. As
aresult, there are two ways to draw the
structure.

Why are allylic carbocations particularly stable? To see the answer, look at
the orbital picture of an allylic carbocation in Figure 4.6. From an electronic
viewpoint, an allylic carbocation is symmetrical. All three carbon atoms are
sp2-hybridized, and each has a p orbital. Thus, the p orbital on the central
carbon can overlap equally well with p orbitals on either of the two neighbor-
ing carbons, and the two p electrons are free to move about the entire three-
orbital array.

One consequence of this orbital picture is that there are two ways to
draw an allylic carbocation. We can draw it with the vacant p orbital on the
right and the double bond on the left, or we can draw it with the vacant
p orbital on the left and the double bond on the right. Neither structure is
correct by itself: the true structure of the allylic carbocation is somewhere
between the two.

The two individual structures of an allylic carbocation are called
resonance forms, and their special relationship is indicated by a double-
headed arrow placed between them. The only difference between the reso-
nance forms is the position of the bonding electrons. The atoms themselves
remain in exactly the same place in both resonance forms, the connections
between atoms are the same, and the three-dimensional shapes of the reso-
nance forms are the same.

A good way to think about resonance is to realize that a species like an
allylic carbocation is no different from any other. An allylic carbocation
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, an allylic carbocation has a single, unchanging structure called a
resonance hybrid that is a blend of the two individual forms and has charac-
teristics of both. The only “problem” with the allylic carbocation is visual
rather than chemical because we can’t draw it using a single line-bond
structure. Simple line-bond structures just don’t work well for resonance
hybrids. The difficulty, however, is with the representation of the structure,
not with the structure itself.

One of the most important consequences of resonance is that the resonance
hybrid is more stable than any individual resonance form. In other words,
resonance leads to stability. Generally speaking, the larger the number of res-
onance forms, the more stable a substance is because electrons are spread out
over a larger part of the molecule and are closer to more nuclei. Because an
allylic carbocation is a resonance hybrid of two forms, it is more stable than a
typical nonallylic carbocation, which has only one form.

In addition to its effect on stability, the resonance picture of an allylic
carbocation has chemical consequences. When the allylic carbocation
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produced by protonation of buta-1,3-diene reacts with Br~ ion to complete the
addition, reaction can occur at either C1 or C3, because both share the posi-
tive charge. The result is a mixture of 1,2- and 1,4-addition products.

H H
N /C§C/CH3 — H\C4C\E/CH3

I I I I
H H H H

l B

1 |
H\C/C%C/CH:I + H\C¢C\C/CH3
-
Br™ | | | /\
H H H H Br
1,4-Addition 1,2-Addition
(29%) (71%)

Problem 4.12 Buta-1,3-diene reacts with Bry to yield a mixture of 1,2- and 1,4-addition prod-
ucts. Show the structures of both.

=M1 Drawing and Interpreting Resonance Forms

Resonance is an extremely useful concept for explaining a variety of chemical
phenomena. In the acetate ion, for instance, the lengths of the two C-O bonds
are identical. Although there is no single line-bond structure that can account
for this equivalence of C—-O bonds, resonance theory accounts for it nicely. The
acetate ion is simply a resonance hybrid of two resonance forms, with both
oxygens sharing the 7 electrons and the negative charge equally.

H :0: H :0:
\ C// \C C/
_ - _

4 \ - 7} \

H H :Q: H H :0:

Acetate ion—two resonance forms

As another example, we’ll see in the next chapter that the six carbon-—
carbon bonds in aromatic compounds like benzene are equivalent because
benzene is a resonance hybrid of two forms. Each form has alternating single
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and double bonds, and neither form is correct by itself; the true benzene struc-
ture is a hybrid of the two forms.

/M_“
OG
\ 09
\
oO—
/
\4
/4
N\
/

Benzene (two resonance forms)

When first dealing with resonance theory, it’s useful to have a set of guide-
lines for drawing and interpreting resonance forms.

¢ Individual resonance forms are imaginary, not real. The real
structure is a composite, or hybrid, of the different forms. Substances
like the allylic carbocation, the acetate ion, and benzene are no differ-
ent from any other: they have single, unchanging structures. The only
difference between these and other substances is in the way they must
be represented on paper.

¢ Resonance forms differ only in the placement of their 7 or non-
bonding electrons. Neither the position nor the hybridization of any
atom changes from one resonance form to another. In benzene, for
example, the 7 electrons in the double bonds move, but the six carbon
and six hydrogen atoms remain in the same place. By contrast, two
structures such as penta-1,3-diene and penta-1,4-diene are not reso-
nance structures because their hydrogen atoms don’t occupy the same
positions. Instead, the two dienes are constitutional isomers.

| |
H\C|¢\Cf\(‘3‘/H H\H/ §$/H
e O Oy N T
| |
H H
Benzene—two resonance forms
b T
~ &C\C&C\C/H H\Céc\c/CQC/H
| | /\ | /\ |
H H HH H HH H
Penta-1,3-diene Penta-1,4-diene

Constitutional isomers

¢ Different resonance forms of a substance don’t have to be
equivalent. For example, the allylic carbocation obtained by reaction
of buta-1,3-diene with H* is unsymmetrical. One end of the 7 electron
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system has a methyl substituent, and the other end is unsubstituted.
Even though the two resonance forms aren’t equivalent, both contrib-

ute to the overall resonance hybrid.

No methyl group here

H H

I |

H/C%?/
H

ey

Methyl group here

+
>C 4C\

H C

When two resonance forms are not equivalent, 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 butenyl carbocation to look a bit
more like a secondary carbocation than like a primary one.

1° carbocation

Less important
resonance form

2° carbocation

H H
I I

_H
H\C4C\E/C\H

I I
H H

More important
resonance form

¢ Resonance forms must be valid electron-dot 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 valence electrons.

H 2:6; H :0: _ 10 electrons on
\ / \ V4 this carbon
c—C s c—c—/
7 N\ N
H H :0: H H :0:
Acetate ion NOT a valid

resonance form

¢ Resonance leads to stability. The greater the number of resonance
forms, the more stable the substance. We've already seen, for example,
that an allylic carbocation is more stable than a nonallylic one. In the
same way, we'll see in the next chapter that a benzene ring is more sta-
ble than a cyclic alkene.

Using Resonance Structures

Use resonance structures to explain why the two N—O bonds of nitromethane
are equivalent.

/
H3C—+N Nitromethane



136 CHAPTER 4 | Reactions of Alkenes and Alkynes

Strategy

Solution

Problem 4.13

Problem 4.14

Problem 4.15

Resonance forms differ only in the placement of 77 (multiple-bond) and nonbond-
ing electrons. Nitromethane has two equivalent resonance forms, which can
be drawn by showing the double bond either to the top oxygen or to the bot-
tom oxygen. Only the positions of the electrons are different in the two
forms.

:0: HeH
7 +/ .
H3C— N\ <~ H3C— N\\ Nitromethane
0t

Give the structure of all possible monoadducts of HCl and penta-1,3-diene,
CH3CH=CH—CH=CHos.

Look at the possible carbocation intermediates produced during addition of HC1
to penta-1,3-diene (Problem 4.13), and predict which is the most stable.

Draw resonance structures for the following species:

+ :0:
CH, (b) ﬁ (c) + H
H\C/C\E/H
/\ |
H H

(a)

=DM MY Alkynes and Their Reactions

Just as an alkene is a hydrocarbon that contains a carbon—carbon double
bond, an alkyne is a hydrocarbon that contains a carbon—carbon ¢riple bond.
As we saw in Section 1.8, a C=C bond results from the overlap of two
sp-hybridized carbon atoms and consists of one sp—sp o bond and two
p-p  bonds. Because four hydrogens must be removed from an alkane,
C,Hg,, +9, to produce a triple bond, the general formula for an alkyne is
C,Hs,,—9. Alkynes occur much less commonly than alkenes, so we’ll look at
them only briefly.

As we saw in Section 3.1, alkynes are named using the suffix -yne, and the
position of the triple bond is indicated by its number in the chain. Numbering
begins at the chain end nearer the triple bond so that the triple bond receives
as low a number as possible, and the number is placed immediately before the
-yne suffix in the post-1993 naming system.

CH
3 Begin numbering at the end
CH3CH,CHCH,C=CCH,CH3 nearer the triple bond.
8 7 6 5 4 32 1

6-Methyloct-3-yne

(Old name: 6-Viethyl-3-octyne)
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Compounds containing both double and triple bonds are called enynes
(not ynenes). Numbering of the hydrocarbon chain starts from the end
nearer the first multiple bond, whether double or triple. If there is a choice
in numbering, double bonds receive lower numbers than triple bonds. For
example,

CHj
GSCHCHIGHCHCH  HESCCHACHOICHagH —HgHs
Hept-1-en-6-yne 4-Methylnon-7-en-1-yne
(Old name: 1-Hepten-6-yne) (Old name: 4-Methyl-7-nonen-1-yne)

Give ITUPAC names for the following compounds:

(a) CH3 (b) CH3
CH3CH2CECCH2CHCH3 HCEC(l:CH:.;
CH3
(¢)  CHg (d) CH3CH=CHCH,C=CCHj

CH3CHCH,C=CCHs

Alkyne Reactions: Addition of H,

Alkynes are converted into alkanes by reduction with 2 molar equivalents of
Hj5 over a palladium catalyst. The reaction proceeds through an alkene inter-
mediate, and the reaction can be stopped at the alkene stage if the right cata-
lyst is used. The catalyst most often used for this purpose is the Lindlar
catalyst, a specially prepared form of palladium metal. Because hydrogenation
occurs with syn stereochemistry, alkynes give cis alkenes when reduced. For
example,

H H
_ H, \ / Ho
CH3CH2CH2C=CCH2CH2CH3 —— C=C Octane
Lindlar / \ Pd/C

catalyst CH3CHyCHy  CHoCHyCH3 catalyst

Oct-4-yne cis-Oct-4-ene

Alkyne Reactions: Addition of HX

Alkynes give electrophilic addition products on reaction with HCI, HBr, and
HI just as alkenes do. Although the reaction can usually be stopped after addi-
tion of 1 molar equivalent of HX to yield a vinylic halide (vinylic means “on
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the C=C double bond”), an excess of HX leads to formation of a dihalide prod-
uct. As the following example indicates, the regioselectivity of addition to a
monosubstituted alkyne usually follows Markovnikov’s rule. The H atom adds
to the terminal carbon of the triple bond, and the X atom adds to the internal,
more highly substituted carbon.

Br Br Br

Lo \/
CHACHCHyCH,C=CH == CHaCHaCHyCHy ™ C7 50 CHaCHyCHyCHy ™ G
H H H

Hex-1-yne 2-Bromohex-1-ene 2,2-Dibromohexane

Alkyne Reactions: Addition of X,

Bromine and chlorine add to alkynes to give dihalide addition products with
anti stereochemistry. Either 1 or 2 molar equivalents can be added.

Br H Br Br
B \ / B
CH3CH,C=CH —2— c=C —2_ . CH3CH,C—CH
CH,Cly / \ CHaCly [
CH3CH2 Br Br Br
But-1-yne (E)-1,2-Dibromobut-1-ene  1,1,2,2-Tetrabromobutane

Alkyne Reactions: Addition of H,O

Addition of water takes place when an alkyne is treated with aqueous sul-
furic acid in the presence of mercuric sulfate catalyst. Markovnikov regio-
selectivity is found for the hydration reaction, with the H attaching to the
less substituted carbon and the OH attaching to the more substituted
carbon. Interestingly, though, the product is not the expected vinylic alcohol,
or enol (ene = alkene; ol = alcohol). Instead, the enol rearranges to a more
stable ketone isomer (RoC=0). It turns out that enols and ketones rapidly
interconvert—a process we’ll discuss in more detail in Section 11.1. With
few exceptions, the keto—enol equilibrium heavily favors the ketone. Enols
are rarely isolated.

4 i
H,0, HySO C H
22 T2504 | CHaCHYCHoCH;  SCHp | ——  CHaCHoCHoCH3  C7
HgSO, YAy

Hex-1-yne An enol Hexan-2-one (78%)
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A mixture of both possible ketones results when an internal alkyne
(R—C=C—R’) is hydrated, but only a single product is formed from reaction
of a terminal alkyne (R—C=C—H).

An internal alkyne

Hy0* [ [

R—C=C—R’ C + C
HgSO,  R” “CHyR’ RCH; R’

Mixture

A terminal alkyne
R—C=C—H —

A methyl ketone

Alkyne Reactions: Formation of Acetylide Anions

The most striking difference between the chemistry of alkenes and alkynes is
that terminal alkynes (R—C=C—H) are weakly acidic, with pK, = 25 (Sec-
tion 1.10). Alkenes, by contrast, are far less acidic (pK, = 44). When a termi-
nal alkyne is treated with a strong base such as sodium amide, NaNHj, the
terminal hydrogen is removed and an acetylide anion is formed.

NH, Na*
—_—

R—C=C—H R—C=C: Na® + :NHj

A terminal alkyne An acetylide anion

The presence of an unshared electron pair on the negatively charged
alkyne carbon makes acetylide anions both basic and nucleophilic. As a result,
acetylide anions react with alkyl halides such as bromomethane to substitute
for the halogen and yield a new alkyne product. We won’t study the mecha-
nism of this substitution reaction until Chapter 7 but will note for now that
it is a very useful method for preparing larger alkynes from smaller precur-
sors. Terminal alkynes can be prepared by reaction of acetylene itself, and
internal alkynes can be prepared by further reaction of a terminal alkyne.

NaNH — RCH,B
H—C=C—H ——2 [H—Cc=ci Na*| ~=2» H—C=C—CH,R
Acetylene A terminal alkyne
NaNH — R'CH,B
R—C=C—H -2, [p—c=ci Nat| 220 R_C=C—CHR'
A terminal alkyne An internal alkyne

The one limitation to the reaction of an acetylide anion with an alkyl halide
is that only primary alkyl halides, RCH9X, can be used, for reasons that will
be discussed in Chapter 7.
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Worked Example 4.6

Strategy

Solution

Worked Examplea.7

Strategy

Solution

Problem 4.17

Problem 4.18

Predicting the Product of an Alkyne Hydration Reaction
What product would you obtain by hydration of 4-methylhex-1-yne?

Ask yourself what you know about alkyne addition reactions. Addition of water
to 4-methylhex-1-yne according to Markovnikov’s rule will yield a product with
the OH group attached to C2 rather than C1. This initially formed enol will then
isomerize to yield a ketone.

CH3 CH; OH
_ H,S04
CHgCHaCHCH,C=CH  +  H0 B> | CHaCHZCHCH,C=CH
4

4-Methylhex-1-yne

CH3 0
——  CH3CH,CHCH,CCHs

4-Methylhexan-2-one

Synthesizing an Alkyne
What alkyne and what alkyl halide would you use to prepare pent-1-yne?

As always when synthesizing a compound, work the problem backward. Draw
the structure of the target molecule, and identify the alkyl group(s) attached to
the triple-bonded carbons. In the present case, one of the alkyne carbons has a
propyl group attached to it and the other has a hydrogen attached. Thus, pent-
1-yne could be prepared by treatment of acetylene with NaNHy to yield sodium
acetylide, followed by reaction with 1-bromopropane.

H—C=C—H + :NH,” Na* —— H—C=C{ Na* + :NHs3

Acetylene Sodium acetylide
This propyl group
.~ comes from
—> H—C=C—CH,CH,CH3 1-bromopropane.

H—C=C: Na* + CH3CH,CH,Br

1-Bromopropane Pent-1-yne

What products would you expect from the following reactions?

(a) CH3CH,CH,C=CH + 1equivCl, — ?

(b) CH3CHoCHo,C=CCH,CH3 + 1lequivHBr — ?
(e) CH3
CHACHCH,C=CCH,CHy + H, ——ndlar o
= —_—
3 2 2-73 2 catalyst

What product would you obtain by hydration of oct-4-yne?
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Problem 4.19 What alkynes would you start with to prepare the following ketones by a
hydration reaction?

(a) ﬁ (b) ﬁ
CH3CH,CH,CCH3 CH3CH,CH,CCH,CHs

Problem 4.20 Show the alkyne and alkyl halide from which the following products can be
obtained. Where two routes look feasible, list both.

(a) CH3 (b) CH3CH2CH2CECCH3 (c) CH3
CH3CHCH,CH,C=CH CH3CHC=CCH3

@INTERLUDE

Natural Rubber

nubber—an unusual name for an unusual substance—is a naturally
occurring alkene polymer produced by more than 400 different plants.
The major source 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 rubber
is a polymer of a conjugated diene, isoprene, or 2-methylbuta-1,3-diene.
The polymerization takes place by 1,4-addition (Section 4.8) of isoprene
monomers 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 configuration.

>/J X r>/J S\ r>/J X\

Many isoprene units

©iStockphoto.com/merlion

Crude rubber is harvested from the J
rubber tree, Hevea brasiliensis. Z geometry

A segment of natural rubber

continued
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@INTERLUDE

Crude rubber, called latex, is collected from the tree as an aqueous dis-
persion that is washed, dried, and coagulated by warming in air. The resul-
tant polymer has chains that average about 5000 monomer units in length
and have molecular weights of 200,000 to 500,000 amu. This crude coagu-
late is too soft and tacky to be useful until it is hardened by heating with
elemental sulfur, a process called vulcanization. By mechanisms that are
still not fully understood, vulcanization cross-links the rubber chains
together by forming carbon—sulfur bonds between them, thereby hardening
and stiffening the polymer. The exact degree of hardening can be varied,
yielding material soft enough for automobile tires or hard enough for bowl-
ing balls (ebonite).

The remarkable ability of rubber to stretch and then contract to its origi-
nal 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 one
another by the cross-links. When the stretch is released, the polymer
reverts to its original random state.

Summary and Key Words

acetylide anion 139
1,2-addition 131
1,4-addition 131

allylic 131

anti stereochemistry 121
conjugation 130
epoxide 124
hydrogenation 122
hydroxylation 125
Markovnikov’s rule 113
monomer 127

oxidation 124

polymer 127

reduction 122
regiospecific 113
resonance form 132
resonance hybrid 132
syn stereochemistry 123
vinylic137

With the background needed to understand organic reactions now covered, this
chapter has begun the systematic description of major functional groups. The
chemistry of alkenes is dominated by addition reactions of electrophiles. When
HX reacts with an alkene, Markovnikov’s rule predicts that the H will add to
the carbon that has fewer alkyl substituents and the X group will add to the
carbon that has more alkyl substituents. Many electrophiles besides HX add to
alkenes. Thus, Brg and Cly add to give 1,2-dihalide addition products having
anti stereochemistry. Addition of HoO (hydration) takes place on reaction of the
alkene with aqueous acid, and addition of Hy (hydrogenation) occurs in the
presence of a metal catalyst such as platinum or palladium. Oxidation of
alkenes is often carried out using potassium permanganate, KMnO4. Under
basic conditions, KMnQOy4 reacts with alkenes to yield cis 1,2-diols. Under neu-
tral or acidic conditions, KMnOy cleaves double bonds to yield carbonyl-contain-
ing products. Alkenes can also be converted into epoxides by reaction with a
peroxy acid (RCO3H), and epoxides can be hydrolyzed by aqueous acid to yield
trans 1,2-diols.

Conjugated dienes, such as buta-1,3-diene, contain alternating single and
double bonds. Conjugated dienes undergo 1,4-addition of electrophiles through
the formation of a resonance-stabilized allylic carbocation intermediate. No
single line-bond representation can depict the true structure of an allylic
carbocation. Rather, the true structure is a resonance hybrid intermediate
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between two contributing resonance forms. The only difference between two
resonance forms is in the location of double-bond and lone-pair electrons. The
atoms remain in the same places in both structures.

Many simple alkenes undergo polymerization when treated with a radical
catalyst. Polymers are large molecules built up by the repetitive bonding
together of many small monomer units.

Alkynes are hydrocarbons that contain a carbon—carbon triple bond. Much
of the chemistry of alkynes is similar to that of alkenes. For example, alkynes
react with 1 equivalent of HBr and HCI to yield vinylic halides, and with
1 equivalent of Brg and Cly to yield 1,2-dihalides. Alkynes can also be hydrated
by reaction with aqueous sulfuric acid in the presence of mercuric sulfate cat-
alyst. The reaction leads to an intermediate enol that immediately isomerizes
to a ketone. Alkynes can be hydrogenated with the Lindlar catalyst to yield a
cis alkene. Terminal alkynes are weakly acidic and can be converted into
acetylide anions by treatment with a strong base. Reaction of the acetylide
anion with a primary alkyl halide then gives an internal alkyne.

Summary of Reactions

Note: No stereochemistry is implied unless specifically stated or indi-
cated with wedged, solid, and dashed lines.

1. Reactions of alkenes
(a) Addition of HX, where X = CI, Br, or I (Sections 4.1-4.2)

H X
\ / HX \ /
C=C —> __C—C-
/ \ Ether /
(b) Addition of HoO (Section 4.3)
H OH
\ :
c=¢ + mo A9 e

/ \ catalyst / \

(e¢) Addition of X9, where X = Cl, Br (Section 4.4)

_______ Xp N f
/C_C\ CH2C|2 “7C C\
X
(d) Addition of Hy (Section 4.5)
HooH
c=cl —2 - c—c

Pd/C or PtO, / \

continued
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(e) Epoxidation (Section 4.6)

0
- - RCOOH /\
—=c=c< __C—C-__
/ 0\
(f) Hydroxylation by acid-catalyzed epoxide hydrolysis (Section 4.6)
O OH
/N Hot o\
EC G “/C—C\\
7\ VRN
(g) Hydroxylation with KMnOy4 (Section 4.6)
Hq\ ,PH
________ KMnO4 o 9
—C=C NaOH, H,0 /,/C C(\ Syn addition

(h) Oxidative cleavage of alkenes with acidic KMnOy4 (Section 4.6)

R /R R\ /R
KM H30*
c=C _M) C=0 + 0=C
/ \ / \
R R R R
SN I
KMnOy4, H30*
C=E VIS, 135 _C + CO,
/ \ R OH
R H

(i) Polymerization of alkenes (Section 4.7)

R H
RN _ \/
c—cC .Ré(.ilcal I \C}i
\ initiator / \
H H H H

2. Addition reaction of conjugated dienes (Section 4.8)

H H Br
| \ /
H/C%C/C\C/H
AN
H H H H H
I I
HB
/C%?/CQ?/H -
H H Br H H
\ / |
H/C\ 4C\C/H
VAN
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3. Reactions of alkynes (Section 4.11)
(a) Addition of Hgy

H H
\C/ R’
R—C=C—R’ 2Hy R >c”
Pd/C / \
H H
H H
_ Ho \ /
R—C=C—R ——— Cc=C
Lindlar /
catalyst R R’
A cis alkene

(b) Addition of HX, where X = Cl, Br, or I

X X
X\ /R \C/ R
R—C=C—R —=> ¢=C —=, R~ ¢~
Ether / \ Ether / \
R H
(¢) Addition of X9, where X = Cl, Br
X X
X\ /RI \C/ R
— C=C—R' X2 — L} SN~ '
B A A
R X X X
(d) Addition of HoO
OH
R—c=cH —25% "0 é — g
- HgS0, R™SCH, R™ CHg
An enol A methyl ketone

(e) Acetylide anion formation

NaNH,

R—C=C—H NH;

R—C=C:~ Nat + NHj

(f) Reaction of acetylide anions with alkyl halides

_ NaNH, o RCH5Br _
HC=CH HC=C~ Nat —2—> HC=CCH,R
Acetylene A terminal alkyne
NaNH R’CH,B
RC=CH ——2> RC=C" Nat ——2—> RC=CCH,R’

A terminal alkyne An internal alkyne
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Exercises

Visualizing Chemistry

(Problems 4.1-4.20 appear within
the chapter.)

WL

Interactive versions of these
problems are assignable in OWL.

4.21 Name the following alkenes, and predict the products of their reaction
with (i) KMnOy in aqueous acid and (i1) KMnOy4 in aqueous NaOH:

(a)

4.22 Name the following alkynes, and predict the products of their reaction
with (i) Hg in the presence of a Lindlar catalyst and (ii) H3O% in the pres-
ence of HgSOy:

(a) (b)

(a) (b)
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4.24 From what alkyne might each of the following substances have been made?
(Red = O, yellow-green = Cl).

(a)

4.25 From what alkene was the following 1,2-diol made, and what method was
used, epoxide hydrolysis or KMnQy4 in basic solution? (Red = O).

4.26 The following model is that of an allylic carbocation intermediate formed
by protonation of a conjugated diene with HBr. Show the structure of the
diene and the structures of the final reaction products.
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Additional Problems

N AMING ALKENES
AND ALKYNES

PRreEDICT THE PRODUCTS

4.27 Give IUPAC names for the following compounds:

(a) H3C\ CH3 (b) C|:H2CH2CH3
H C=cC H CHCH,C=CH
/ \ /
C=C H Cc=C
/ \ / \
HC H H3C H
(o) H CHs (d) CH3
C=C=C\ HC=CCH,C=CCHCH3
H CH3

4.28 Draw structures corresponding to the following I[UPAC names:
(a) 3-Ethylhept-1-yne (b) 3,5-Dimethylhex-4-en-1-yne
(c) Hepta-1,5-diyne (d) 1-Methylcyclopenta-1,3-diene

4.29 The following two hydrocarbons have been isolated from plants in the
sunflower family. Name them according to ITUPAC rules.
(a) CH3CH=CHC=CC=CCH=CHCH=CHCH=CHy, (all trans)
(b) CH3C=CC=CC=CC=CC=CCH=CHy

4.30 Draw and name all the possible pentyne isomers, C5Hg.

4.31 Draw and name the six possible diene isomers of formula CsHg. Which of
the six are conjugated dienes?

4.32 Draw three possible structures for each of the following formulas:
(a) C(;Hg (b) C6H80

4.33 Predict the products of the following reactions. Indicate regioselectivity
where relevant. (The aromatic ring is inert to all the indicated reagents.)

Ho/Pd
(a) —2—— ?

i
B
N ) —2 . 9
|
H (c) e ?

KMnO,
NaOH, H,0

Styrene
v (d)

4.34 Using an oxidative cleavage reaction, explain how you would distinguish
between the following two isomeric cyclohexadienes:

0w C
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4-35

4.36

4.37

4.38

4-39

4.40

4.41
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Formulate the reaction of cyclohexene with (i) Brg and (ii) meta-chloro-
peroxybenzoic acid followed by H3O%. Show the reaction intermediates
and the final products with correct cis or trans stereochemistry.

What products would you expect to obtain from reaction of cyclohexa-
1,3-diene with each of the following?

(a) 1 mol Bry in CHCly (b) 1 mol HCI

(¢) 1 mol DCI (D = deuterium, 2H) (d) 2 mol Hy over a Pd catalyst

Predict the products of the following reactions on hex-1-yne:
(a) 1equivHBr 2 (b) 1equiv Cly 2 (c) Ha, Lindlar catalyst 2
Predict the products of the following reactions on dec-5-yne:

(a) Hp, Lindlar catalyst 2 (b) 2equivBry (¢) H20, HySOy4, HgSOy
—_— —_—

?

Suggest structures for alkenes that give the following reaction products.
There may be more than one answer for some cases.

H,/Pd catalyst
@ ? LY. 5 Methylhexane

Bl’z in CH2C|2 .
(b) ? ———=>  2,3-Dibromo-5-methylhexane

HBr
(¢) ? ——  2-Bromo-3-methylheptane

(d) CH3 HCl) Cl)H

KMnO,, OH-
? —— 5 CHgCHCH,CHCHCH,CH;
2

Draw the structure of a hydrocarbon that reacts with only 1 equiva-
lent of Hy on catalytic hydrogenation and gives only pentanoic acid,
CH3CHoCH9CH9CO9H, on treatment with acidic KMnO4. Write the reac-
tions involved.

Give the structure of an alkene that yields the following keto acid on reac-
tion with KMnQy4 in aqueous acid:

O 0]

KMnO,4 [l I
———">  HOCCH,CH,CH5CH,CCH3

H3O*
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4.42 What alkenes would you hydrate to obtain the following alcohols?

(a) OH (b) OH (c) OH

|
CH3CH,CHCH3
CH3

4.43 What alkynes would you hydrate to obtain the following ketones?

a CHy O (b) 0

| I
CH3CHCH,CCH C
3 2 3 @/ \CH3

4.44 Draw the structure of a hydrocarbon that reacts with 2 equivalents of Hy
on catalytic hydrogenation and gives only succinic acid on reaction with
acidic KMnOy.

| |
HOCCH,CH,COH Succinic acid

S YNTHESIS 4.45 In planning the synthesis of a compound, it’s as important to know what
not to do as to know what to do. What is wrong with each of the following

reactions?
(a)  CHs <|3H3
CHsC=CHCH; 2 CHACHCHCH;
Br
(b) H
_OH
KMnO,4 -
—_—
H,0, OH~ R
“H
OH
(c) CH3 CH3

Hp0, HySOy
—_—

| I
Hasor CH3CH,CHCH,CH,CH

CH3CH,CHCH,C=CH

4.46 How would you prepare cis-but-2-ene starting from 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.)

4.47 Using but-1-yne as the only organic starting material, along with any
inorganic reagents needed, how would you synthesize the following com-
pounds? (More than one step may be needed.)

(a) Butane (b) 1,1,2,2-Tetrachlorobutane
(¢) 2-Bromobutane (d) Butan-2-one (CH3CHyCOCH3)
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4.48 Draw the indicated number of additional resonance structures for each of
the following substances:

(a) * (b) ©o. = o
= _H
@ HC”C” U
H

(two) (one) (two)

o

(@]

~

4.49 One of the following pairs of structures represents resonance forms, and
one does not. Explain which is which.

(@ + (b)
(Lo O+

4.50 Draw three additional resonance structures for the benzyl cation.

+
CH,
©/ Benzyl cation

4.51 In light of your answer to Problem 4.50, what product would you expect
from the following reaction? Explain.

NN
©/\/+HCI—>?

4.52 Plexiglas, a clear plastic used to make many molded articles, is made by
polymerization of methyl methacrylate. Draw a representative segment of
Plexiglas.

(0]
o,
2
Nc7 \OCH3 Methyl methacrylate

CHj

4.53 What monomer unit might be used to prepare the following polymer?
CH3 CH3 CH3 CH3 CHg
~5-CH,CCH,CCH,CCH,CCHoC—5-
& bbb 4
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GENERAL PROBLEMS

4.54

4.55

4.56

4.57

4.58

4-59

4.60

4.61

4.62

Poly(vinyl pyrrolidone), prepared by from N-vinylpyrrolidone, is used both
in cosmetics and as a synthetic blood substitute. Draw a representative
segment of the polymer.

0

N—CH=CH, N-Vinylpyrrolidone

Reaction of 2-methylpropene with CH3OH in the presence of HoSOy4 cata-
lyst yields methyl tert-butyl ether, CH3OC(CHg)s, by a mechanism analo-
gous to that of acid-catalyzed alkene hydration. Write the mechanism.

Compound A has the formula CgHg. It reacts rapidly with acidic KMnOy4
but reacts with only 1 equivalent of Hg over a palladium catalyst. On
hydrogenation under conditions that reduce aromatic rings, A reacts with
4 equivalents of Hy, and hydrocarbon B, CgH1g, is produced. The reaction
of A with KMnOy4 gives COg and a carboxylic acid C, C;HgO9. What are the
structures of A, B, and C? Write all the reactions.

Compound A, CgHy9, absorbs 3 equivalents of Hy on catalytic reduction
over a palladium catalyst to give B, CgHig. On reaction with KMnOQOy,
compound A gives, among other things, a ketone that was identified as
cyclohexanone. On treatment with NaNHy in NHjg, followed by addition of
iodomethane, compound A gives a new hydrocarbon C, C1oH14. What are
the structures of A, B, and C?

The sex attractant of the common housefly is a hydrocarbon named musca-
lure, CogHyg. On treatment of muscalure with aqueous acidic KMnOy, two
products are obtained, CH3(CHg)19CO9H and CH3(CHjy)7;CO9H. Propose a
structure for muscalure.

How would you synthesize muscalure (Problem 4.58) starting from acety-
lene and any alkyl halides needed? (The double bond in muscalure is cis.)

Draw an energy diagram for the addition of HBr to pent-1-ene. 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-bromo-
pentane product. Label the positions for all reactants, intermediates, and
products.

Make sketches of what you imagine the transition-state structures to look
like in the reaction of HBr with pent-1-ene (Problem 4.60).

Methylenecyclohexane, on treatment with strong acid, isomerizes to yield
1-methylcyclohexene. Propose a mechanism by which the reaction might

occur.
CH, CH3
g Acid @/
_—

Methylenecyclohexane 1-Methylcyclohexene
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4.63 «-Terpinene, C1gHig, 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 new hydro-
carbon, C19Hgg. On reaction with acidic KMnQy, a-terpinene yields oxalic
acid and 6-methylheptane-2,5-dione. Propose a structure for a-terpinene.

O\ //O

\ [l [l
/C—C\ CH3CCH,CH,CCHCH3
HO OH (l:H3
Oxalic acid 6-Methylheptane-2,5-dione

4.64 Prelaureatin, a substance isolated from marine algae, is thought to arise
from laurediol by the following route. Propose a mechanism.

/ _-OH / _.OH
AN A “Brt” . AN
/ HO Bromo- 0
‘ ‘ peroxidase Br ‘ ‘

Laurediol Prelaureatin

4.65 Hydroxylation of cis-but-2-ene with basic KMnQOy4 yields a different prod-
uct than hydroxylation of frans-but-2-ene. Draw the structure, show the
stereochemistry of each product, and explain the result. We’ll explore the
stereochemistry of the products in more detail in Chapter 6.

In THE MEDICINE CABINET 4.66 The oral contraceptive agent Mestranol is synthesized by addition of
acetylide ion to a carbonyl group.

Mestranol

CH30

(a) To understand the acetylide-addition reaction, first draw a resonance
structure of the C=0 double bond based on electronegativity values,
indicating where the + and — charges belong in the circles on the
following abbreviated structure:

H. O d

CS%; CH3E
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(b) Then draw a two-step mechanism for the addition of acetylide
ion to this resonance structure and subsequent protonation of the
intermediate with acid.

IN THE FIELD 4.67 Oct-1-en-3-0l, a potent mosquito attractant commonly used in mosquito
traps,canbe preparedintwostepsfromhexanal, CH3CHoCHoCHoCH9CHO.
The first step is an acetylide-addition reaction like that described in Prob-
lem 4.66. What is the structure of the product from the first step, and how
can it be converted into oct-1-en-3-0l?

<|)H
CH3CH,CH,CHoCH,CHCH=CH,  Oct-1-en-3-ol

4.68 As we saw in the Interlude at the end of this chapter, natural rubber is a
polymer of 2-methylbuta-1,3-diene that contains Z double bonds. Synthetic
rubber, by contrast, is similar to natural rubber but contains E double
bonds. Draw the structure of a representative section of synthetic rubber.
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A fennel plant is an aromatic herb used in cooking.
A phenyl group (pronounced exactly the same way)
is the characteristic structural unit of “aromatic”
organic compounds.

Aromatic Compounds

UWL

Online homework
for this chapter can

Structure of Benzene

Naming Aromatic Compounds
Electrophilic Aromatic Substitution
Reactions: Bromination

Other Electrophilic Aromatic
Substitution Reactions

The Friedel-Crafts Alkylation and
Acylation Reactions

Substituent Effects in Electrophilic
Aromatic Substitution

An Explanation of Substituent Effects
Oxidation and Reduction of Aromatic
Compounds

Other Aromatic Compounds

Organic Synthesis

Interlude—Aspirin, NSAIDs, and COX-2

Inhibitors

9

be assigned in OWL,

an online homework

Benzene

assessment tool.

Estrone

In the early days of organic chemistry, the word aromatic
was used to describe fragrant substances such as benzene
(from coal distillate), benzaldehyde (from cherries,
peaches, and almonds), and toluene (from tolu balsam).
It was soon realized, however, that substances classed as aromatic
differed from most other organic compounds in their chemical
behavior.

Today, the association of aromaticity with fragrance has long
been lost, and we now use the word aromatic to refer to the class
of compounds that contain six-membered benzene-like rings with
three double bonds. Many valuable compounds are aromatic in
part, such as the steroidal hormone estrone and the cholesterol-
lowering drug atorvastatin, marketed as Lipitor. Benzene itself
causes a depressed white blood cell count (leukopenia) on pro-
longed exposure and should not be used as a laboratory solvent.

Atorvastatin
(Lipitor)
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WHY THIS CHAPTER?

Aromatic rings are a common part of many organic structures and are partic-
ularly important in nucleic acid chemistry and in the chemistry of several
amino acids. In this chapter, we’ll find out how and why aromatic compounds
are different from such apparently related compounds as alkenes.

=V Structure of Benzene

Figure 5.1 (a) An electrostatic
potential map of benzene and (b) an
orbital picture. Each of the six carbon
atoms has a p orbital that can overlap
equally well with neighboring p orbitals
on both sides. The 7 electrons are

thus shared around the ring in two
doughnut-shaped clouds, and all

C-C bonds are equivalent.

Benzene (CgHg) has eight fewer hydrogens than the corresponding six-
carbon alkane (CgH14) and is clearly unsaturated, usually being represented
as a six-membered ring with alternating double and single bond. Yet it has
been known since the mid-1800s that benzene is much less reactive than
typical alkenes and fails to undergo typical alkene addition reactions. Cyclo-
hexene, for instance, reacts rapidly with Brg and gives the addition product
1,2-dibromocyclohexane, but benzene reacts only slowly with Brg and gives
the substitution product CgHsBr.

_ ’ -
Br Br
+ B, ——s + HB
r2 catalyst r
Br
H
Benzene Bromobenzene (Addition product)
(substitution product) | NOT formed ]

Further evidence for the unusual nature of benzene is that all its carbon—
carbon bonds have the same length—139 pm—intermediate between typical
single (154 pm) and double (134 pm) bonds. In addition, the electron density
in all six carbon—carbon bonds is identical, as shown by an electrostatic poten-
tial map (Figure 5.1a). Thus, benzene is a planar molecule with the shape of
a regular hexagon. All C-C—C bond angles are 120°, all six carbon atoms are
sp2-hybridized, and each carbon has a p orbital perpendicular to the plane of
the six-membered ring.

Because all six carbon atoms and all six p orbitals in benzene are equiva-
lent, it’s impossible to define three localized 7 bonds in which a given p orbital
overlaps only one neighboring p orbital. Rather, each p orbital overlaps
equally well with both neighboring p orbitals, leading to a picture of benzene
in which all six 7 electrons are free to move about the entire ring (Figure
5.1b). In resonance terms (Sections 4.9 and 4.10), benzene is a hybrid of two
equivalent forms. Neither form is correct by itself; the true structure of ben-
zene is somewhere in between the two resonance forms but is impossible to
draw with our usual conventions. Because of this resonance, benzene is more
stable and less reactive than a typical alkene.

(b)
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Problem 5.1 Line-bond structures appear to imply that there are two different isomers of
1,2-dibromobenzene, one with the bromine-bearing carbon atoms joined by a
double bond and one with the bromine-bearing carbons joined by a single bond.
In fact, though, there is only one 1,2-dibromobenzene. Explain.

| [l and I | 1,2-Dibromobenzene

=H~¥ Naming Aromatic Compounds

Aromatic substances, more than any other class of organic compounds, have
acquired a large number of common names. IUPAC rules discourage the use
of most such names but allow some of the more widely used ones to be
retained (Table 5.1). Thus, methylbenzene is commonly known as toluene,
hydroxybenzene as phenol, aminobenzene as aniline, and so on.

Table5.1 Common Names of Some Aromatic Compounds

Structure Name Structure Name

CHO Benzaldehyde
(bp 178 °C)

CH3 Toluene
(bp 111 °C)

OH Phenol
(mp 43 °C)

CO,H Benzoic acid
(mp 122 °C)

(bp 184 °C) (bp 144 °C)

Acetophenone
I (mp 21 °C)
CH3

H Styrene
! (bp 145 °C)

NH, Aniline ©[CH 3 ortho-Xylene

QLUK

Monosubstituted benzenes are systematically named in the same manner
as other hydrocarbons, with -benzene as the parent name. Thus, CgH5Br is
bromobenzene, CgHsNOg is nitrobenzene, and CgH5CHoCHg is ethylbenzene.
The name phenyl, pronounced fen-nil and sometimes abbreviated as Ph or
@ (Greek phi), is used for the ~CgHjz unit when the benzene ring is considered
as a substituent. In addition, a generalized aromatic substituent is called an
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aryl group, abbreviated as Ar, and the name benzyl is used for the CgH5CHgo—

group.
: Br : NO, : _CH,CH3 : g : CHy%-
Bromobenzene Nitrobenzene Ethylbenzene A phenyl group A benzyl group

Disubstituted benzenes are named using one of the prefixes ortho- (o),
meta- (m), or para- (p). An ortho-disubstituted benzene has its two substitu-
ents in a 1,2 relationship on the ring; a meta-disubstituted benzene has its
two substituents in a 1,3 relationship; and a para-disubstituted benzene has
its substituents in a 1,4 relationship.

2 |

2
Cl H3C CH C
1 3L3 1 3 3 1 ~H
2 4
Cl Cl

ortho-Dichlorobenzene meta-Dimethylbenzene para-Chlorobenzaldehyde
1,2 disubstituted (meta-xylene) 1,4 disubstituted
1,3 disubstituted

As with cycloalkanes (Section 2.7), benzenes with more than two substitu-
ents are named by choosing a point of attachment as carbon 1 and numbering
the substituents on the ring so that the second substituent has as low a number
as possible. The substituents are listed alphabetically when writing the name.

OH
3 1
Br 4 CH3 CH3

2 2

1
3

CHg HaC™®
4-Bromo-1,2-dimethylbenzene 2,5-Dimethylphenol 2,4,6-Trinitrotoluene (TNT)

Note in the second and third examples shown that -phenol and -toluene are
used as the parent names rather than -benzene. Any of the monosubstituted
aromatic compounds shown in Table 5.1 can be used as a parent name, with the
principal substituent (~OH in phenol or ~CHj3 in toluene) considered as C1.

Worked Example 5.1 Naming an Aromatic Compound

What is the IUPAC name of the following compound?

CI\©/N02
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Solution Because the nitro group (-NOg) and chloro group are on carbons 1 and 3, they
have a meta relationship. Citing the two substituents in alphabetical order
gives the IUPAC name m-chloronitrobenzene.

Problem 5.2 Tell whether the following compounds are ortho, meta, or para disubstituted:

CH3 (b) :: ,NOZ (c) :: :SO3H
Br OH

Problem 5.3 Give ITUPAC names for the following compounds:

: ,CHZCH2CHCH3 /@/
(d) C|\©:C /©:CH2CH3

Problem 5.4 Draw structures corresponding to the following IUPAC names:

(a) CI

Q

(a) Cl Br

Q

(a) p-Bromochlorobenzene (b) p-Bromotoluene
(¢) m-Chloroaniline (d) 1-Chloro-3,5-dimethylbenzene

=¥ Electrophilic Aromatic Substitution

Reactions: Bromination

The most common reaction of aromatic compounds is electrophilic aromatic
substitution, a process in which an electrophile (E*) reacts with an aromatic
ring and substitutes for one of the hydrogens.

Many different substituents can be introduced onto the aromatic ring by
electrophilic substitution. To list some possibilities, an aromatic ring can be
substituted by a halogen (-Cl, —Br, —I), a nitro group (-NOy), a sulfonic acid
group (-=SO3H), an alkyl group (-R), or an acyl group (~COR). Starting from
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Figure 5.2 Some electrophilic
aromatic substitution reactions.

only a few simple materials, it’s possible to prepare many thousands of sub-
stituted aromatic compounds (Figure 5.2).

/

@X
Halogenation Acylation

: NO»
Nitration ©/ Alkylation

Sulfonation

Before seeing how these electrophilic substitution reactions occur, let’s briefly
recall what was said in Sections 3.7 and 3.8 about electrophilic addition reac-
tions of alkenes. When a reagent such as HCI adds to an alkene, the electrophilic
H* approaches the 7 electrons of the double bond and forms a bond to one
carbon, leaving a positive charge at the other carbon. This carbocation inter-
mediate then reacts with the nucleophilic C1~ ion to yield the addition product.

\ ﬁ \[ /! </
Cc=C — ;C—C\\ — C

SN TR

Alkene Carbocation Addition product
intermediate

An electrophilic aromatic substitution reaction begins in a similar way, but
there are a number of differences. One difference is that aromatic rings are
less reactive toward electrophiles than alkenes are. For example, Brg in
CH,Cls solution reacts instantly with most alkenes but does not react with
benzene at room temperature. For bromination of benzene to take place, a
catalyst such as FeBrg is needed. The catalyst makes the Brg molecule more
electrophilic by reacting with it to give FeBry,~ and Br™*. The electrophilic
Br* then reacts with the electron-rich (nucleophilic) benzene ring to yield a
nonaromatic carbocation intermediate. This carbocation is doubly allylic (Sec-
tion 4.9) and is a hybrid of three resonance forms.

Br—Br + FeBr3 —— Br* FeBry

Br Br + Br
/Bt Fobry H H H
+ +



MECHANISM

Figure 5.3 The mechanism of the
electrophilic bromination of benzene.
The reaction occurs in two steps and
involves a resonance-stabilized carbo-
cation intermediate.
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Although more stable than a typical nonallylic carbocation because of
resonance, the intermediate in electrophilic aromatic substitution is much
less stable than the starting benzene ring itself. Thus, reaction of an elec-
trophile with a benzene ring has a relatively high activation energy and is
rather slow.

Another difference between alkene addition reactions and aromatic sub-
stitution reactions occurs after the electrophile has added to the benzene
ring and the carbocation intermediate has formed. Instead of adding
Br~ to give an addition product, the carbocation intermediate loses
H* from the bromine-bearing carbon to give a substitution product. The
net effect is the substitution of H* by Br* by the overall mechanism shown
in Figure 5.3.

Br—Br + FeBrg
Br* ~FeBry
@ An electron pair from the benzene
ring attacks the positively polarized
bromine, forming a new C-Br bond oJSlOW
and leaving a nonaromatic
carbocation intermediate.
Br/_FeBr4
H
J
+
@ A base removes H* from the
carbocation intermediate, and the
neutral substitution product forms (2] J Fast
as two electrons from the C-H bond
move to re-form the aromatic ring. Br
+ HBr + FeBrj

Why does the reaction of Brg with benzene take a different course than
its reaction with an alkene? The answer is straightforward: if addition
occurred, the resonance stabilization of the aromatic ring would be lost and
the overall reaction would be energetically unfavorable. When substitution
occurs, though, the resonance stability of the aromatic ring is retained and

© John McMurry
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Figure 5.4 An energy diagram for the
electrophilic bromination of benzene.
The reaction occurs in two steps and

releases energy.

the reaction is favorable. An energy diagram for the overall process is shown
in Figure 5.4.

Addition
(does NOT occur)

Energy

Substitution

Reaction progress ——»

Problem 5.5 There are three products that might form on reaction of toluene (methyl-
benzene) with Brg. Draw and name them.

Other Electrophilic Aromatic Substitution Reactions

Many other electrophilic aromatic substitutions occur by the same general
mechanism as bromination. Let’s look at some briefly.

Chlorination and lodination

Aromatic rings react with Cly in the presence of FeClg catalyst to yield chloro-
benzenes, just as they react with Bro and FeBrs to give bromobenzenes. This
kind of reaction is used in the synthesis of numerous pharmaceutical agents,
including the antiallergy medication loratadine, marketed as Claritin.

H Cl
FeCls — Cl
+ Cly — + HCI \
catalyst 7
N

Benzene Chlorobenzene (86%)

_C

o __CH,CH3

~o
Loratadine

Electrophilic aromatic halogenations also occur in the biological synthesis
of many naturally occurring molecules, particularly those produced by marine
organisms. In humans, the best-known example occurs in the thyroid gland
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during the biosynthesis of thyroxine, a thyroid hormone involved in regulat-
ing growth and metabolism. The amino acid tyrosine is first iodinated by thy-
roid peroxidase, and two of the iodinated tyrosine molecules then couple. The
electrophilic iodinating agent is an I species, perhaps hypoiodous acid (HIO),
that is formed from iodide ion by oxidation with HoOs.

CO,~ I COy~
/ I+ /
AN —_—_ /S N+
mHs Thyroid H NH;
HO peroxidase HO

I
Tyrosine 3,5-Diiodotyrosine
I
HO I COy~
// +
H NH3
I (0]
I
Thyroxine

(a thyroid hormone)

Nitration

Aromatic rings are nitrated by reaction with a mixture of concentrated nitric
and sulfuric acids. The electrophile is the nitronium ion, NOy™, which is
formed from HNOg by protonation and loss of water and which reacts with
benzene in much the same way Br* does.

Aromatic nitration does not occur in nature but is particularly important
in the laboratory because the nitro-substituted product can be reduced by
reagents such as iron, tin, or SnCly to yield an amino-substituted product, or
arylamine, ArNHs. Attachment of an amino group to an aromatic ring by the
two-step nitration/reduction sequence is a key part of the industrial synthesis
of many dyes and pharmaceutical agents.

i i
N .. N @ H
07 Y07+ Hps0, —— 07 07 —— NO;f + H0
I
Nitric acid H Nitronium

ion

NO, NH,
+ HNO H2S04 1. Fe, H30™*
E———— —_——
3 catalyst 2. HO™

Benzene Nitrobenzene Aniline (95%)
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Worked Example 5.2

Strategy

Solution

Problem 5.6

Problem 5.7

Problem 5.8

Sulfonation

Aromatic rings are sulfonated by reaction with so-called fuming sulfuric acid,
a mixture of SO3 and HySOy4. The reactive electrophile is HSO3™*, and substi-
tution occurs by the usual two-step mechanism seen for bromination. Aro-
matic sulfonation is a key step in the synthesis of such compounds as the sulfa
drug family of antibiotics.

(H) |
+
O¢S%O + H2$O4 — o7 \O/H
O 0
SO3H \\S//
3 ~
H2S04 NH;
+ SO3 ————
catalyst
HoN
Benzene Benzenesulfonic acid Sulfanilimide

(a sulfa drug)

Writing the Mechanism of an Electrophilic Aromatic Substitution Reaction

Show the mechanism of the reaction of benzene with fuming sulfuric acid to
yield benzenesulfonic acid.

The reaction of benzene with fuming sulfuric acid to yield benzenesulfonic acid
is a typical electrophilic aromatic substitution reaction, which occurs by the
usual two-step mechanism. An electrophile first adds to the aromatic ring, and
Ht is then lost. In sulfonation reactions, the electrophile is HSO3™.

SOgH

H O H SO3H
/\/“g+ - <) - + Ht
07 TOH +

Carbocation intermediate

Show the mechanism of the reaction of benzene with nitric acid and sulfuric
acid to yield nitrobenzene.

Chlorination of o-xylene (o-dimethylbenzene) yields a mixture of two products,
but chlorination of p-xylene yields a single product. Explain.

How many products might be formed on chlorination of m-xylene?
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==Y The Friedel-Crafts Alkylation and Acylation Reactions

One of the most useful electrophilic aromatic substitution reactions is
alkylation—the introduction of an alkyl group onto the benzene ring. Called
the Friedel-Crafts alkylation reaction after its discoverers, the reaction is
carried out by treating the aromatic compound with an alkyl chloride, RCI,
in the presence of AlCl3 to generate a carbocation electrophile, R*. Alumi-
num chloride catalyzes the reaction by helping the alkyl halide to dissoci-
ate in much the same way that FeBrg catalyzes aromatic brominations by
helping Brg dissociate (Section 5.3). Loss of H* then completes the reaction
(Figure 5.5).

MECHANISM

Figure 5.5 Mechanism of the (l:l
. . . +
Friedel-Crafts alkylation reaction. The CH3CHCH3 + AICI3 CH3CHCH3  AICI,
electrophile is a carbocation, generated
by AlCl;-assisted ionization of an s
alkyl chloride. CH3CHCH3  AICly~

@ An electron pair from the
aromatic ring attacks the
carbocation, forming a C-C ol
bond and yielding a new
carbocation intermediate.

e
CHCH3
o H
+
AICl4~
@ Loss of a proton then
gives the neutral alkylated (5
substitution product.
CHj

CHCHg
©/ + HCl + AICl

Despite its utility, the Friedel-Crafts alkylation reaction has several limi-
tations. For one, only alkyl halides can be used. Aromatic (aryl) halides such
as chlorobenzene don’t react. In addition, Friedel-Crafts reactions don’t suc-
ceed on aromatic rings that are already substituted by the groups —NOo,
—-C=N, -SOgH, or —~COR. Such aromatic rings are much less reactive than
benzene for reasons we’ll discuss in the next two sections.

Closely related to the Friedel-Crafts alkylation reaction is the Friedel-
Crafts acylation reaction. When an aromatic compound is treated with a

© John McMurry
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carboxylic acid chloride (RCOC]) in the presence of AlClg, an acyl (a-sil) group
(R—C==0) is introduced onto the ring. For example, reaction of benzene with
acetyl chloride yields the ketone acetophenone.

0
ICI:
~
Il AICI; CH3
+ —_—
HsC” ~cI 80°C
Benzene Acetyl chloride Acetophenone (95%)

Problem 5.9 What products would you expect to obtain from the reaction of the following
compounds with chloroethane and AlClg?

(a) Benzene (b) p-Xylene

Problems5.10  What products would you expect to obtain from the reaction of benzene with the
following reagents?

(a) (CH3)sCCL AICl;  (b) CH5CH,COCI, AlCl5

=HZY Substituent Effects in Electrophilic Aromatic Substitution

Only one product can form when an electrophilic substitution occurs on ben-
zene, but what would happen if we were to carry out an electrophilic substitu-
tion on a ring that already has a substituent? A substituent already present
on the ring has two effects:

e Substituents affect the reactivity of an aromatic ring. Some sub-
stituents activate a ring, making it more reactive than benzene, and
some deactivate a ring, making it less reactive than benzene. In aromatic
nitration, for instance, the presence of an ~OH substituent makes the
ring 1000 times more reactive than benzene, while an -NOg substituent
makes the ring more than 10 million times less reactive.

: _NO, : Cl : H : _OH
6 % 1078 0.033 1 1000

[ Reatwiy

¢ Substituents affect the orientation of a reaction. The three possi-
ble disubstituted products—ortho, meta, and para—are usually not
formed in equal amounts. Instead, the nature of the substituent
already present on the ring determines the position of the second sub-
stitution. An —OH group directs further substitution toward the ortho

Relative rate
of nitration
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and para positions, for instance, while a —~CN directs further substitu-
tion primarily toward the meta position.
OH OH OH
©/ —N0s + + meta (0%)
H2S0y4, 25 °C
NO,

05N

Phenol ortho (50%) para (50%)
CN O,N CN
HNO
©/ — + ortho(17%) + para(2%)
H2S0y4, 25 °C

Benzonitrile meta (81%)

Substituents can be classified into three groups, as shown in Figure 5.6:
meta-directing deactivators, ortho- and para-directing deactivators, and ortho-
and para-directing activators. There are no meta-directing activators. Note
how the directing effect of a group correlates with its reactivity. All meta-
directing groups are deactivating, and all ortho- and para-directing groups
other than halogen are activating. The halogens are unique in being ortho-
and para-directing but deactivating.

Figure 5.6 Substituent Benzene
effects in electrophilic (H) (H) oH
. o . . —CH3 . .
aromatic substitutions. -NO, -SOsH -COH _CH Br: _F: (alkyl) ~OCHs  -NH,
All activating groups are . - *
ortho- and para-directing,
and all deactivating groups
other than halogen are
. ) + - o) 0 . - (e} .o
meta-directing. The halo- -NR3 -C=N Il Il -I:+ CIt —H ol —-OH
gens are unique in being -CCH3 -COCH3 -NHCCH3
deactivating but ortho- and v
para-directing. Meta-directing Ortho- and Ortho- and
deactivators para-directing para-directing
deactivators activators
Worked Example 5.3 Predicting Relative Reactivity in Electrophilic Aromatic Substitution Reactions
Which would you expect to react faster in an electrophilic aromatic substitution
reaction, chlorobenzene or ethylbenzene? Explain.
Strategy Look at Figure 5.6, and compare the relative reactivities of chloro and alkyl
groups.
Solution A chloro substituent is deactivating, whereas an alkyl group is activating. Thus,
ethylbenzene is more reactive than chlorobenzene.
Problem 5.11 Use Figure 5.6 to rank the compounds in each of the following groups in order

of their reactivity toward electrophilic aromatic substitution:

(a) Nitrobenzene, phenol (hydroxybenzene), toluene
(b) Phenol, benzene, chlorobenzene, benzoic acid
(c) Benzene, bromobenzene, benzaldehyde, aniline (aminobenzene)
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Problem 5.12 Draw and name the products you would expect to obtain by reaction of the
following substances with Cly and FeClg (blue = N, reddish brown = Br):

(a) _ (b)

=I%4 An Explanation of Substituent Effects

We saw in the previous section that substituents affect both the reactivity of
an aromatic ring and the orientation of further aromatic substitutions. Let’s
look at the effects separately.

Activating and Deactivating Effects in Aromatic Rings

What makes a group either activating or deactivating? The common character-
istic of all activating groups is that they donate electrons to the ring, thereby
making the ring more electron-rich, stabilizing the carbocation intermediate,
and lowering the activation energy for its formation. Conversely, the common
characteristic of all deactivating groups is that they withdraw electrons from
the ring, thereby making the ring more electron-poor, destabilizing the carbo-
cation intermediate, and raising the activation energy for its formation.

Compare the electrostatic potential maps of benzaldehyde (deactivated),
chlorobenzene (weakly deactivated), and phenol (activated) with that of ben-
zene. The ring is more positive (yellow) when an electron-withdrawing group
such as ~CHO or —Cl is present and more negative (red) when an electron-
donating group such as —OH is present.

<< Is

Benzaldehyde Chlorobenzene Benzene Phenol

Electron donation or withdrawal may occur by either an inductive effect (Sec-
tion 1.9) or a resonance effect (Section 4.10). An inductive effect is the withdrawal



:OH

Phenol

Ortho
attack

Para
attack

50%

50%
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or donation of electrons through a o bond due to an electronegativity difference
between the ring and the attached substituent atom, while a resonance effect is
the withdrawal or donation of electrons through a 7 bond due to the overlap of a
p orbital on the substituent with a p orbital on the aromatic ring.

Orienting Effects in Aromatic Rings: Ortho and Para Directors

Let’s look at the nitration of phenol as an example of how ortho- and para-
directing substituents work. In the first step, reaction with the electrophilic
nitronium ion (NOg9*) can occur either ortho, meta, or para to the ~-OH group,
giving the carbocation intermediates shown in Figure 5.7. The ortho and para
intermediates are more stable than the meta intermediate because they have
more resonance forms—four rather than three—including a particularly
favorable one that allows the positive charge to be stabilized by electron dona-
tion from the substituent oxygen atom. Because the ortho and para intermedi-
ates are more stable than the meta intermediate, they are formed faster.

:OH CéH :OH :OH
<_> H H H H
NOy; «—— NO» — NOy; «— N(
+ +
Most stable
:OH :OH :OH
+ +
H — H — H
+
NO2 NO2 NO»
:OH :OH GOH :OH
N .
+ +
H NO, H NO» H NO» H NO»
Most stable

Figure 5.7 Carbocation intermediates in the nitration of phenol. The ortho and para interme-
diates are more stable than the meta intermediate because they have more resonance forms,
including a particularly favorable one that involves electron donation from the oxygen atom.

In general, any substituent that has a lone pair of electrons on the atom

directly bonded to the aromatic ring allows an electron-donating resonance
interaction to occur and thus acts as an ortho and para director.

OH NH, cl Br:
Ortho/para . . .
directors
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Figure 5.8 Intermediates in the
chlorination of benzaldehyde.
The meta intermediate is more
favorable than ortho and para
intermediates because it has
three favorable resonance forms
rather than two.

5—

0.8+ _H
S

Benzaldehyde

Orienting Effects in Aromatic Rings: Meta Directors

The influence of meta-directing substituents can be explained using the
same kinds of arguments used for ortho and para directors. Look at the
chlorination of benzaldehyde, for instance (Figure 5.8). Of the three possible
carbocation intermediates, the meta intermediate has three favorable reso-
nance forms, while the ortho and para intermediates have only two. In both
ortho and para intermediates, the third resonance form is particularly unfa-
vorable because it places the positive charge directly on the carbon that
bears the aldehyde group, where it is disfavored by a repulsive interaction
with the positively polarized carbon atom of the C=0O group. Hence, the
meta intermediate is more favored and is formed faster than the ortho and
para intermediates.

H Oxe SN,

H H H
NO», NO, NO,
Ortho 19% — —
+ +

Least stable

O%C/H OQC/H O%C/H
+ +
&) 72% —> —
H H H
¥ NO, NO, NO,

(0] H (0] H (0] H
X X X
Para
9% — —
[ j+ +[ j
H NO, H NO, H NO,
Least stable

In general, any substituent that has a positively polarized atom (5+)
directly attached to the ring makes one of the resonance forms of the ortho
and para intermediates unfavorable, and thus acts as a meta director.

(\?87 I - N P
Meta c‘t c‘s\+ 86/4 NE
directors R OR ~o
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Strategy

Solution

Problem 5.13

Problem 5.14

Problem 5.15
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Predicting the Product of an Electrophilic Aromatic Substitution Reaction
What product(s) would you expect from bromination of aniline, CgH5;NHo?
Look at Figure 5.6 to see whether the —-NHy substituent is ortho- and para-
directing or meta-directing. Because an amino group has a lone pair of electrons

on the nitrogen atom, it is ortho- and para-directing and we expect to obtain a
mixture of o-bromoaniline and p-bromoaniline.

NH, NH, NH,
©/ Bry ©i /@/
—_— +
Br Br

Aniline o-Bromoaniline p-Bromoaniline

What product(s) would you expect from sulfonation of the following compounds?

(a) Nitrobenzene (b) Bromobenzene (¢) Toluene
(d) Benzoic acid (e) Benzonitrile

Draw resonance structures of the three possible carbocation intermediates to
show how a methoxyl group (-OCHg) directs bromination toward ortho and
para positions.

Draw resonance structures of the three possible carbocation intermediates to
show how an acetyl group, CH3C=O0, directs bromination toward the meta
position.

==Y Oxidation and Reduction of Aromatic Compounds

Despite its unsaturation, a benzene ring does not usually react with strong
oxidizing agents such as KMnOy. (Recall from Section 4.6 that KMnOy cleaves
alkene C=C bonds.) Alkyl groups attached to the aromatic ring are readily
attacked by oxidizing agents, however, and are converted into carboxyl groups
(-=CO9H). For example, butylbenzene is oxidized by KMnQOy4 to give benzoic
acid. The mechanism of this reaction is complex and involves attack on the
side-chain C-H bonds at the position next to the aromatic ring (the benzylic
position) to give radical intermediates.

CH,CH,CH,CHg C
KMnO, OH
—_—
H,0

Butylbenzene Benzoic acid (85%)
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Analogous oxidations occur in various biological pathways. The neuro-
transmitter norepinephrine, for instance, is biosynthesized from dopamine
by a benzylic hydroxylation reaction. The process is catalyzed by the copper-
containing enzyme dopamine B-monooxygenase and occurs by a radical

mechanism.
H H H H OH
HO > NH, HO : NH, HO > NH,
— —
HO HO HO
Dopamine Norepinephrine

Just as aromatic rings are usually inert to oxidation, they are also inert to
reduction under typical alkene hydrogenation conditions. Only if high tem-
peratures and pressures are used does reduction of an aromatic ring occur.
For example, o-dimethylbenzene (o-xylene) gives cis-1,2-dimethylcyclohexane
if reduced at high pressure.

CHs3
CH3 _H
Hj, Pt; ethanol .
130 atm, 25 °C —
CHj H
CHs3
o-Xylene cis-1,2-Dimethyl-

cyclohexane

Problem5.16 =~ What aromatic products would you expect to obtain from oxidation of the follow-
ing substances with KMnO4?

(a) CI CH,CH3 (b)
\©/ <j© Tetralin

=R=Y Other Aromatic Compounds

The concept of aromaticity—the unusual chemical stability present in cyclic
conjugated molecules like benzene—can be extended beyond simple mono-
cyclic hydrocarbons. Naphthalene, for instance, a substance familiar for its
use in mothballs, has two benzene-like rings fused together and is thus a
polycyclic aromatic compound.

Perhaps the most notorious polycyclic aromatic hydrocarbon is
benzo[a]lpyrene, which has five benzene-like rings and is a major carcino-
genic (cancer-causing) substance found in chimney soot, cigarette
smoke, and well-done barbecued meat. Once in the body, benzo[a]lpyrene is
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metabolically converted into a diol epoxide that binds to DNA, where it
induces mutations.

Figure 5.9 Orbital views (a)
of the nitrogen-containing
compounds (a) pyridine,

Naphthalene

Benzolalpyrene

A diol epoxide

In addition to monocyclic and polycyclic aromatic hydrocarbons, some aro-
matic compounds are heterocycles—cyclic compounds that contain atoms of
two or more elements in their rings. Nitrogen, sulfur, and oxygen atoms are
all found along with carbon in various aromatic compounds. We’ll see in Chap-
ter 12, for instance, that the nitrogen-containing heterocycles pyridine,
pyrimidine, pyrrole, and imidazole are aromatic, even though they aren’t
hydrocarbons and even though two of them have five-membered rather than
six-membered rings (Figure 5.9). They are aromatic because they all, like
benzene, contain a cyclic conjugated array of six 7 electrons. Pyridine and
pyrimidine have one 7 electron on each of their six ring atoms. Pyrrole and
imidazole have one 7 electron on each of four ring atoms and an additional
two 7 electrons (the lone pair) on their N-H nitrogen.

6 7 electrons

(b) 6 7 electrons

(b) pyrimidine, (c) pyrrole, N: N: sp2 '
and (d) imidazole. All are aro- \ / \ / >
. N—7 X
matic because, like benzene, . T sp
they contain a cyclic conju- Pyridine Pyrimidine
gated system of six 7 elec-
trons. Pyridine and pyrimidine (c) 6  electrons (d) 6 7 electrons
have one 7 electron on each .
K X
of th‘en: six ring atoms. Pyrrole / \ / \ . N~ sp?
and imidazole have one . . .
7 electron on each of four 'T‘ '?' ‘ N ‘
ring atoms and an additional H H ‘H
two 7 electrons (the lone pair) ] Lone pair
on their N—H nitrogen. Pyrrole in p orbital Imidazole in p orbital
Problem 5.17 There are three resonance structures of naphthalene, of which only one is

shown. Draw the other two.

Naphthalene
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=Ml=Y Organic Synthesis

Worked Example 5.5

Strategy

The laboratory synthesis of organic molecules from simple precursors might
be carried out for many reasons. In the pharmaceutical industry, new organic
molecules are often designed and synthesized for evaluation as medicines. In
the chemical industry, syntheses are often undertaken to devise more eco-
nomical routes to known compounds. In this book, too, we’ll sometimes devise
syntheses of complex molecules from simpler precursors, but the purpose here
is simply to help you learn organic chemistry. Devising a route for the synthe-
sis of an organic molecule requires that you approach chemical problems in a
logical way, draw on your knowledge of organic reactivity, and organize that
knowledge into a workable plan.

The only trick to devising an organic synthesis is to work backward. Look
at the product and ask yourself, “What is the immediate precursor of that
product?” Having found an immediate precursor, work backward again, one
step at a time, until a suitable starting material is found. Let’s try some
examples.

Synthesizing a Substituted Aromatic Compound
Synthesize m-chloronitrobenzene starting from benzene.

Work backward by first asking, “What is an immediate precursor of

m-chloronitrobenzene?”
NO,
?7 @\
Cl

m-Chloronitrobenzene

There are two substituents on the ring, a —Cl group, which is ortho- and para-
directing, and an ~INOg group, which is meta-directing. We can’t nitrate chloro-
benzene because the wrong isomers (o- and p-chloronitrobenzenes) would result,
but chlorination of nitrobenzene should give the desired product.

@\ HNO3, H2SO4
Cl \\ NO,

Chlorobenzene

NO; Cly, FeCls cl
/1—Chloronitrobenzene

Nitrobenzene
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“What is an immediate precursor of nitrobenzene?” Benzene, which can be
nitrated.

Solution We've solved the problem in two steps:

NO, NO»,
HNO3, HoSO4 Cly, FeCl3z
—_— —_—
Cl
Benzene Nitrobenzene m-Chloronitrobenzene

Synthesizing a Substituted Aromatic Compound
Synthesize p-bromobenzoic acid starting from benzene.

Strategy Work backward by first asking, “What is an immediate precursor of p-bromo-
benzoic acid?”

CO,H

Br

p-Bromobenzoic acid

There are two substituents on the ring, a -CO9H group, which is meta-directing,
and a —Br atom, which is ortho- and para-directing. We can’t brominate benzoic
acid because the wrong isomer (m-bromobenzoic acid) would be formed.
We've seen, however, that oxidation of alkylbenzene side chains yields benzoic
acids. An immediate precursor of our target molecule might therefore be
p-bromotoluene.

CH3 CO,H
KM n04
—_—
H,O
Br Br
p-Bromotoluene p-Bromobenzoic acid

“What is an immediate precursor of p-bromotoluene?” Perhaps toluene, because
the methyl group would direct bromination to the ortho and para positions, and
we could then separate isomers. Alternatively, bromobenzene might be an
immediate precursor because we could carry out a Friedel-Crafts alkylation
and obtain the para product. Both methods are satisfactory.

CH3
©/ Bro
T

Toluene

CHsCl Br
/@ AlICI3 p-Bromotoluene
Br

Bromobenzene

CH3

+ ortho isomer
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“What is an immediate precursor of toluene?” Benzene, which can be methyl-
ated in a Friedel-Crafts reaction.

CHs
CHsCl
—_—
AlCl5

Benzene Toluene

“Alternatively, what is an immediate precursor of bromobenzene?” Benzene,
which can be brominated.

Bro
—_—
FeBr3
Br

Benzene Bromobenzene

Solution Our backward synthetic (retrosynthetic) analysis has provided two workable
routes from benzene to p-bromobenzoic acid.

Bro CH3ClI
/" FeBr3 AICl3 "\
Br CHs3 COyH
KMnO,4
—_—
H,0
Br Br

CH3
CH4CI Bro
Benzene

AlCI3 FeBraz p-Bromobenzoic acid

Problem 5.18 Propose syntheses of the following substances starting from benzene:

(a) (I? (b) NO,
C\
CH J: ]
HsC

Problem 5.19 Synthesize the following substances from benzene:

(a) o-Bromotoluene (b) 2-Bromo-1,4-dimethylbenzene

Problems.20  How would you prepare the following substance from benzene? (Yellow-green = Cl.)
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Aspirin, NSAIDs, and COX-2 Inhibitors

Long-distance runners sometimes
call ibuprofen “the fifth basic food
group” because of its ability to
control aches and pains.
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hatever the cause—tennis elbow, a sprained ankle, or a wrenched

knee—pain and inflammation seem to go together. They are,
however, different in their origin, and powerful drugs are available for
treating each separately. Codeine, for example, is a powerful analgesic,
or pain reliever, used in the management of debilitating pain, while cor-
tisone and related steroids are potent anti-inflammatory agents, used for
treating arthritis and other crippling inflammations. For minor pains
and inflammation, both problems are often treated at the same time by
using a common, over-the-counter medication called an NSAID, or non-
steroidal anti-inflammatory drug.

The most common NSAID is aspirin, or acetylsalicylic acid, whose
use goes back to the late 1800s. It had been known from before the time
of Hippocrates in 400 Bc that fevers could be lowered by chewing the
bark of willow trees. The active agent in willow bark was found in 1827
to be an aromatic compound called salicin, which could be converted by
reaction with water into salicyl alcohol and then oxidized to give sali-
cylic acid. Salicylic acid turned out to be even more effective than sali-
cin for reducing fever and to have analgesic and anti-inflammatory
action as well. Unfortunately, it also turned out to be too corrosive
to the walls of the stomach for everyday use. Conversion of the
phenol —OH group into an acetate ester, however, yielded acetylsali-
cylic acid, which proved just as potent as salicylic acid but less corro-
sive to the stomach.

CH,0H COoH COoH
OH OH OﬁCH3
Salicyl alcohol Salicylic acid 0

Acetylsalicylic acid
(aspirin)

Although extraordinary in its powers, aspirin is also more dangerous
than commonly believed. A dose of only about 15 g can be fatal to a small
child, and aspirin can cause stomach bleeding and allergic reactions in
long-term users. Even more serious is a condition called Reye’s syn-
drome, a potentially fatal reaction to aspirin sometimes seen in children
recovering from the flu. As a result of these problems, numerous other
NSAIDs have been developed in the last several decades, most notably
ibuprofen and naproxen.

Like aspirin, both ibuprofen and naproxen are relatively simple aro-
matic compounds containing a side-chain carboxylic acid group. Ibu-
profen, sold under the names Advil, Nuprin, Motrin, and others, has

177
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roughly the same potency as aspirin but is less prone to cause stomach
upset. Naproxen, sold under the names Aleve and Naprosyn, also has
about the same potency as aspirin but remains active in the body six
times longer.

H CH H CH
N/l \/ 3
w o o
CH30
Ibuprofen Naproxen
(Advil, Nuprin, Motrin) (Aleve, Naprosyn)

Aspirin and other NSAIDs function by blocking the cyclooxygenase
(COX) enzymes that carry out the body’s synthesis of compounds called
prostaglandins (Section 6.3). There are two forms of the enzyme: COX-1,
which carries out the normal physiological production of prostaglandins,
and COX-2, which mediates the body’s response to arthritis and other
inflammatory conditions. Unfortunately, both COX-1 and COX-2 enzymes
are blocked by aspirin, ibuprofen, and other NSAIDs, thereby shutting
down not only the response to inflammation but also various protective
functions, including the control mechanism for production of acid in the
stomach.

Medicinal chemists have devised a number of drugs that act as selec-
tive inhibitors of the COX-2 enzyme. Inflammation is thereby controlled
without blocking protective functions. Originally heralded as a break-
through in arthritis treatment, the first generation of COX-2 inhibitors,
including Vioxx, Celebrex, and Bextra, turned out to cause potentially
serious heart problems, particularly in elderly or compromised patients.
The second generation of COX-2 inhibitors now under development prom-
ises to be safer but will be closely scrutinized for side effects before gain-
ing approval.

O O O O
\V4 \V4
S\ S\
o ™
N
FaC o |
—
g
CHy
Celecoxib Rofecoxib

(Celebrex) (Vioxx)
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Summary and Key Words

acyl group 166

aromatic 155

aryl group 158

benzyl group 158

benzylic position 171

electrophilic aromatic substitution
reaction 159

Friedel-Crafts acylation
reaction 165

Friedel-Crafts alkylation
reaction 165

heterocycle 173

phenyl group 157

polycyclic aromatic compound 172

Aromatic rings are a common part of many biological molecules and pharma-
ceutical agents and are particularly important in nucleic acid chemistry. In
this chapter, we’ve seen how and why aromatic compounds are different from
such apparently related compounds as alkenes, and we’ve seen some of their
most common reactions.

The word aromatic refers to the class of compounds structurally related to
benzene. Aromatic compounds are named according to IUPAC rules, with
disubstituted benzenes referred to as either ortho (1,2 disubstituted), meta
(1,3 disubstituted), or para (1,4 disubstituted). Benzene is a resonance hybrid
of two equivalent forms, neither of which is correct by itself. The true struc-
ture of benzene is intermediate between the two.

The most common reaction of aromatic compounds is electrophilic aromatic
substitution. In this two-step polar reaction, the 7 electrons of the aromatic
ring first attack the electrophile to yield a resonance-stabilized carbocation
intermediate, which then loses H* to give a substituted aromatic product.
Bromination, chlorination, iodination, nitration, sulfonation, Friedel-Crafts
alkylation, and Friedel-Crafts acylation can all be carried out. Friedel-Crafts
alkylation is particularly useful for preparing a variety of alkylbenzenes but
is limited because only alkyl halides can be used and strongly deactivated
rings do not react.

Substituents on the aromatic ring affect both the reactivity of the ring
toward further substitution and the orientation of that further substitution.
Substituents can be classified as either activators or deactivators, and as
either ortho and para directors or meta directors.

The side chains of alkylbenzenes have unique reactivity because of the
neighboring aromatic ring. Thus, an alkyl group attached to the aromatic ring
can be degraded to a carboxyl group (-CO9H) by oxidation with aqueous
KMnOy. In addition, the aromatic ring can be reduced to yield a cyclohexane
on catalytic hydrogenation at high pressure.

In addition to substituted benzenes, polycyclic hydrocarbons such as naph-
thalene are also aromatic, and nitrogen-containing heterocycles such as pyri-
dine, pyrimidine, pyrrole, and imidazole are aromatic because their rings have
the same six-m-electron electronic structure as benzene.

Summary of Reactions

1. Electrophilic aromatic substitution
(a) Bromination (Section 5.3)

Br
©+Br2m©+HBr

continued
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(b) Chlorination (Section 5.4)

Cly, FeCl
© REPALEEICIN + HCl

(¢) Nitration (Section 5.4)

H
© + HNOg 259, + H,0

(d) Sulfonation (Section 5.4)

SO3H
HyS04

+ S0; —H

(e) Friedel-Crafts alkylation (Section 5.5)

CH3
@ + CHycl A, ©/ + HCl

(f) Friedel-Crafts acylation (Section 5.5)

(0}
él:
AlCI “CHg
+ CH3CCI s, + HCl

2. Oxidation of aromatic side chains (Section 5.8)

CHs3 CO,H
©/ KMn04 ©/

3. Hydrogenation of aromatic rings (Section 5.8)

© Pt02 catalyst O
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Exercises

Visualizing Chemistry 5.21 Give IUPAC names for the following substances (red = O, blue = N).

(Problems 5.1-5.20 appear within
the chapter.) (a)

UWL

Interactive versions of these
problems are assignable in OWL.

(b)

5.22 Draw and name the product from reaction of each of the following
substances with (i) Brg, FeBrg and (ii) CH3COCI, AICl3 (red = O):

(b)

5.23 The following structure represents a carbocation. Draw two resonance
structures, indicating the positions of the double bonds.
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5.24 How would you synthesize the following compound starting from benzene?
More than one step is needed.

5.25 The following compound can’t be synthesized using the methods discussed
in this chapter. Why not?

Additional Problems

N AMING AROMATIC 5.26 Give IUPAC names for the following compounds:

CovPOUNDS
(a) c|H3 (|3H3 (b)  CO,H (c) Br
: _CHCH,CH,CHCH4 i
Br H3C CH3
(d) Br (e) F (f) NH,
CH,CH,CH3 i _NO,
NO, Cl
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5.27 Draw structures corresponding to the following names:
(a) m-Bromophenol (b) Benzene-1,3,5-triol
(¢) p-lodonitrobenzene (d) 2,4,6-Trinitrotoluene (TNT)
(e) o-Aminobenzoic acid (f) 3-Methyl-2-phenylhexane

5.28 Draw and name all aromatic compounds with the formula C;H7Cl.
5.29 Draw and name all isomeric bromodimethylbenzenes.

REACTIONS AND 5.30 Propose structures for aromatic hydrocarbons meeting the following
SuBsTITUENT EFFECTS descriptions:
(a) CgHq9; can give only one product on aromatic bromination
(b) CgHyp; can give three products on aromatic chlorination
(e¢) CqpH14; can give two products on aromatic nitration

5.31 Formulate the reaction of benzene with 2-chloro-2-methylpropane in the
presence of AICl3 catalyst to give tert-butylbenzene.

5.32 Identify each of the following groups as an activator or deactivator and as
an o,p-director or m-director:

(a) =N(CHz)y  (b) %_O (e) 5-OCH,CH3  (d O

5.33 Predict the major product(s) of the following reactions:

(a) Cl (b) (0]
CH3CH2ClI CH3CH2COCI
AICI3 AlICl3
(c) CO,H (d) N(CH,CH3),
@/ HNO3 ©/ SO3
—_— ? —_— ?
H2S04 H2S04

5.34 Predict the major product(s) of mononitration of the following substances:

(a) Bromobenzene (b) Benzonitrile (cyanobenzene)
(¢) Benzoic acid (d) Nitrobenzene
(e) Phenol (f) Benzaldehyde

5.35 Which of the substances listed in Problem 5.34 react faster than benzene
and which react slower?
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5.36 Rank the compounds in each group according to their reactivity toward
electrophilic substitution:
(a) Chlorobenzene, o-dichlorobenzene, benzene
(b) p-Bromonitrobenzene, nitrobenzene, phenol
(¢) Fluorobenzene, benzaldehyde, o-dimethylbenzene

5.37 The orientation of electrophilic aromatic substitution on a disubstituted
benzene ring is usually controlled by whichever of the two groups already
on the ring is the more powerful activator. Name and draw the structure(s)
of the major product(s) of electrophilic chlorination of the following
substances:

(a) m-Nitrophenol (b) o-Methylphenol (¢) p-Chloronitrobenzene

5.38 Predict the major product(s) you would expect to obtain from sulfonation of
the following substances (see Problem 5.37):
(a) o-Chlorotoluene (b) m-Bromophenol (¢) p-Nitrotoluene

5.39 Rank the following aromatic compounds in the expected order of their reac-
tivity toward Friedel-Crafts acylation. Which compounds are unreactive?
(a) Bromobenzene
(b) Toluene
(¢) Anisole (C¢gH50CHgy)
(d) Nitrobenzene
(e) p-Bromotoluene

5.40 In some cases, the Friedel-Crafts acylation reaction can occur intramolecu-
larly, that is, within the same molecule. Predict the product of the following
reaction:

Cl Alci
—_—

5.41 What is the structure of the compound with formula CgHgBr that gives
p-bromobenzoic acid on oxidation with KMnQO4?

5.42 Draw the three additional resonance structures of anthracene.

‘OO Anthracene

MEcHANISMS 5.43 Show the steps involved in the Friedel-Crafts reaction of benzene with
CH3ClL

5.44 Propose a mechanism to explain the fact that deuterium (D, 2H) slowly
replaces hydrogen (1H) in the aromatic ring when benzene is treated with
D9SOy.
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5.45 Use resonance structures of the possible carbocation intermediates to

explain why bromination of biphenyl occurs at the ortho and para positions
rather than at the meta positions.

Biphenyl

5.46 In light of your answer to Problem 5.45, at what position and on which ring

would you expect nitration of 4-bromobiphenyl to occur?

Br 4-Bromobiphenyl

5.47 Starting with benzene, how would you synthesize the following substances?

Assume that you can separate ortho and para isomers if necessary.
(a) m-Bromobenzenesulfonic acid (b) o-Chlorobenzenesulfonic acid
(e) p-Chlorotoluene

5.48 Starting from any aromatic hydrocarbon of your choice, how would you

synthesize the following substances? Ortho and para isomers can be sepa-
rated if necessary.
(a) o-Nitrobenzoic acid (b) p-tert-Butylbenzoic acid

5.49 Explain by drawing resonance structures of the intermediate carbocations

5-50

5.51

why naphthalene undergoes electrophilic aromatic substitution at C1
rather than at C2.

Br
.

2
Brz OO

We said in Section 4.9 that an allylic carbocation is stabilized by resonance.
Draw resonance structures to account for the similar stabilization of a
benzylic carbocation.

+

CH,
©/ A benzylic carbocation

Addition of HBr to 1-phenylpropene yields (1-bromopropyl)benzene as the
only product. Propose a mechanism for the reaction, and explain why none
of the other regioisomer is produced (see Problem 5.50).

N
+ HBr —

Br
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5-52

5-53

5.54

5-55

5.56

The following syntheses have flaws in them. What is wrong with each?

(a) CH3 COoH
1. C|2 FeCI3
O s Q
(b) CI Cl
_1. (CH3)3CCl, AlCI3
\© 2. KMnO4 H20 \©\
CO,H

Indole is an aromatic compound that has a benzene ring fused to a pyrrole
ring. Look at the electronic structure of pyrrole in Figure 5.9¢, and then
draw an orbital picture of indole.

(a) How many 7 electrons does indole have?

(b) What is the electronic relationship of indole to naphthalene?

@ Indole
N
\

H

Would you expect the trimethylammonium group to be an activating or
deactivating substituent? Explain.

+
N(CH3)3 Br=
©/ Phenyltrimethylammonium bromide

Starting with toluene, how would you synthesize the three nitrobenzoic
acids?

Carbocations generated by reaction of an alkene with a strong acid cata-
lyst can react with aromatic rings in a Friedel-Crafts reaction. Propose a
mechanism to account for the industrial synthesis of the food preservative
BHT from p-cresol and 2-methylpropene:

OH CHz OH CH3
ch\é c|:/CH3
H3C HPO H3C/ \CH3
3704
+ C=CH,
H3C
CH3 CH3

p-Cresol BHT
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You know the mechanism of HBr addition to alkenes, and you know the
effects of various substituent groups on aromatic substitution. Use this
knowledge to predict which of the following two alkenes reacts faster with
HBr. Explain your answer by drawing resonance structures of the carbo-

cation intermediates.
CH=CH, CH=CH,
/@/ and /©/
CH30 05N

Identify the reagents represented by the letters a through d in the follow-
ing scheme:

CH,CH3 CH,CH3
-0~ X
Br
CO,H HO3S CO,H
<~ X
Br Br
Benzene can be hydroxylated by reaction with HoOg9 in the presence of

an acid catalyst. What is the likely structure of the reactive electrophile?
Propose a mechanism for the reaction.

OH
H202
el
CF3SOg3H catalyst

Ribavirin, an antiviral agent used against hepatitis C and viral pneumo-
nia, contains a 1,2,4-triazole ring. Look at the electronic structure of imid-
azole in Figure 5.9d, and then explain why the ring is aromatic.

2

1,2,4-Triazole
ring (I?
\ N C\
</ \‘( NH2
_N oL
HOCH, N Ribavirin
(0]

OH OH
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5.61

5.62

The herbicide metolachlor is broadly used in the United States to control
weeds but is being phased out in Europe because of possible environmental
risks. Usually marketed under the name Dual, approximately 50 million
pounds of metolachlor are applied on crops each year in the United States.
The preparation of metolachlor begins with the conversion of acetanilide to
2-ethyl-6-methylacetanilide. How would you accomplish this conversion?

i i T
H C H Cc Cc CHCH,OCH
SNTUNCHy 2 N7 CHg CIcH,” N7 AT
pp——
H3C CH,CH3 H3C CH,CH3
Acetanilide 2-Ethyl-6-methyl- Metolachlor
acetanilide

Synthesis of the herbicide 2,4-D begins with chlorination of phenol
followed by reaction of the product with NaOH and chloroacetic acid.
Name the chlorinated intermediate, and use resonance structures to
explain the pattern of chlorination in the first step.

OH OH OCH,CO,H
Cl 1.CICH,CO4H, Cl
Cly NaOH
R
2. H30%
Cl Cl

Phenol 2,4-D
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Like the mountain whose image is reflected in a lake,
many organic molecules also have mirror-image
counterparts.

Stereochemistry at
Tetrahedral Centers

Are you right-handed or left-handed? You may not spend
much time thinking about it, but handedness plays a surprisingly
large role in your daily activities. Many musical instruments, such
as oboes and clarinets, have a handedness to them; the last avail-
able softball glove always fits the wrong hand; left-handed people
= ! . write in a “funny” way. The fundamental reason for these difficul-
-4 Pasteur’s Discovery of El?an.tlomers tiesis that our hands aren’tidentical; rather, they’re mirrorimages.
5  Sequence Rules for Specifying When you hold a left hand up to a mirror, the image you see looks

C9nﬁguration like a right hand. Try it.
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UWL

Online homework for this chapter can be ]
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assessment tool. Left hand Right hand
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Handedness is also important in organic and biological chemistry, where
it primarily arises as a consequence of the tetrahedral stereochemistry of
sp3-hybridized carbon atoms. Many drugs and almost all the molecules in our
bodies—amino acids, carbohydrates, nucleic acids, and many more—are
handed. Furthermore, it is molecular handedness that makes possible the
precise interactions between enzymes and their substrates that are involved
in the hundreds of thousands of chemical reactions on which life is based.

WHY THIS CHAPTER?

Understanding the causes and consequences of molecular handedness is cru-
cial to understanding organic and biological chemistry. The subject can seem
a bit complex at first, but the material covered in this chapter nevertheless
forms the basis for much of the remainder of the book.

S%V¥ Enantiomers and the Tetrahedral Carbon

What causes molecular handedness? To see how molecular handedness arises,
look at generalized molecules of the type CHgX, CHoXY, and CHXYZ shown
in Figure 6.1. On the left are three molecules, and on the right are their
images reflected in a mirror. The CH3X and CHoXY molecules are identical to
their mirror images and thus are not handed. If you make a molecular model
of each molecule and its mirror image, you'll find that you can superimpose
one on the other. The CHXYZ molecule, by contrast, is not identical to its mir-
ror 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: they simply aren’t the same.

Figure 6.1 Tetrahedral carbon atoms

and their mirror images. Molecules of X ¢
the type CH;X and CH,XY are identical CH-X l ' y/
to their mirror images, but a molecule 3 H”\H . .. -
of the type CHXYZ is not. A CHXYZ H &) (/]
molecule is related to its mirror image
in the same way that a right hand is >|( , €
related to a left hand. HoXY C.
CHa HTONY : w
H
X 3 @
CHXY . :
e WY 5

Molecules that are not identical to their mirror images are kinds of stereo-
isomers called enantiomers (Greek enantio, meaning “opposite”). Enantiomers
are related to each other as a right hand is related to a left hand and result
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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, ~CHg3,
and —~CO9H) bonded to the central carbon atom. Both are found in sour milk,
but only the (+) enantiomer occurs in muscle tissue.

| |
CH3—(|2—C02H GB—(l:—@
OH (v )

Lactic acid: a molecule of general formula CHXYZ

H H H

¢ | ¢
HO“) ~COyH HO,{T"C\"‘ HO,C— i‘“OH
H3C CH3
(+)-Lactic acid (—)-Lactic acid

Figure 6.2 Attempts at super- No matter how hard you try, you can’t superimpose a molecule of (+)-lactic
imposing the mirror-image forms acid on a molecule of (—)-lactic acid. If any two groups match up, say -H
of lactic acid: (a) When the and —COgH, the remaining two groups don’t match (Figure 6.2).

—H and —OH substituents match
up, the —CO,H and —CH,

substituents don’t. (b) When (a) T H Mismatch (b) T OH Mismatch
—CO,H and —CH; match up, HO"]C \‘\COZH HO"]C \‘\COZH

—H and —OH don’t. Regardless CH3 MismatchQHS

of how the molecules are ) @——)C\cm H"}C\COZH
oriented, they aren’t identical. Mismatch CO,H CH3

A=Y The Reason for Handedness in Molecules: Chirality

A molecule that is not identical to its mirror image is said to be chiral (ky-ral,
from the Greek cheir, meaning “hand”). You can’t take a chiral molecule and
its 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? By far
the most common (although not the only) cause of chirality in an organic mole-
cule 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 stereocenters, or chirality centers. Note that chirality is a property of the
entire molecule, whereas a chirality center is the cause of chirality.
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Figure 6.3 The meaning of symmetry
plane. (a) Objects like a flask or spoon
have planes of symmetry passing
through them that make the right and
left halves mirror images. (b) Objects
like a hand or barber pole have no sym-
metry plane; the right “half” is not a
mirror image of the left half.

Detecting chirality centers in a complex molecule takes practice, because
it’s not always apparent that four different groups are bonded to a given
carbon. The differences don’t necessarily appear right next to the chirality
center. For example, 5-bromodecane is a chiral molecule because four different
groups are bonded to C5 (marked by an asterisk). A butyl substituent is very
similar to a pentyl substituent, but it isn’t identical. The difference isn’t
apparent until four carbons away from the chirality center, but there’s still a
difference.

Substituents on carbon 5

T -+
CH3CH2CH2CH2CH2?CH2CH2CH2CH3
* -Br
H

—CH,CH»CH5,CH3 (butyl)
5-Bromodecane (chiral) S

—CH2CH2CH2CH2CH3 (pentyl)

Several other examples of chiral molecules follow. Check for yourself that
the labeled atoms are indeed chirality centers. You might note that carbons
in ~CHg—, —-CHg, C=0, C=C, and C=C groups can’t be chirality centers.
(Why not?)

O
CH3 CH3 CH,
. CH3 [
* C\
H3C\ * CH3
]
CH, (0)
Carvone (spearmint oil) Nootkatone (grapefruit oil)

Another way to identify a chiral molecule is to look for the presence of a
plane of symmetry. A symmetry plane is one that cuts through the middle of
a molecule or other object in such a way that one half of the molecule or
object is a mirror image of the other half. A laboratory flask, for example, has
a plane of symmetry. If you were to cut the flask in half, one half would be
an exact mirror image of the other half. A hand, however, does not have a
plane of symmetry. One “half” of a hand is not a mirror image of the other
“half” (Figure 6.3).

(a) (b)




Figure 6.4 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 has no such symmetry
plane.

Worked Example 6.1

Strategy

Solution

Worked Example 6.2

Strategy
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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. Thus, propanoic acid, CH3CH9CO9H, contains a plane of symme-
try when lined up as shown in Figure 6.4 and is achiral. Lactic acid,
CH3CH(OH)CO9H, however, has no plane of symmetry in any conformation
and is chiral.

NOT |
\ Symmetry symmetry
plane plane
éHg éH3
H\éAH H\(lz,OH
I I
CO2H CO2H
(l)H
CH3CH,CO4H CH3CHCO,H
Propanoic acid Lactic acid |
! (achiral) (chiral) |

Drawing a Chiral Molecule

Draw the structure of a chiral alcohol.

An alcohol is a compound that contains the ~OH functional group. To make an
alcohol chiral, we need to have four different groups bonded to a single carbon

atom, say —H, ~-OH, -CHgs, and ~-CHoCHg3.

Cl)H
CH3CH2—?*—CH3 Butan-2-ol (chiral)
H

Identifying a Chiral Molecule
Is 3-methylhexane chiral?
Draw the structure of 3-methylhexane and cross out all the CHy and CHg car-

bons because they can’t be chirality centers. Then look closely at any carbon
that remains to see if it’s bonded to four different groups.
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Solution Carbon 3 is bonded to ~H, ~-CHg, -CH9CHg, and ~-CHyCH5CH3g, so the molecule

is chiral.
e
CH3CH2CH2—(|2*—CH2CH3 3-Methylhexane (chiral)
H
Worked Example 6.3 Identifying a Chiral Molecule

Is 2-methylcyclohexanone chiral?

1.0
CE 2-Methylcyclohexanone
CHs3

Strategy Ignore the CH3 carbon, the four CHy carbons in the ring, and the C=0 carbon
because they can’t be chirality centers. Then look carefully at C2, the only
carbon that remains.

Solution Carbon 2 is bonded to four different groups: a -CHg group, an —H atom, a —-C=0
carbon in the ring, and a ~CHg— ring carbon, so 2-methylcyclohexanone is chiral.

Problem 6.1 Which of the following objects are chiral?
(a) Soda can (b) Screwdriver (e) Screw (d) Shoe

Problem 6.2~ Which of the following molecules are chiral?

(a) 3-Bromopentane (b) 1,3-Dibromopentane
(¢) 3-Methylhex-1-ene (d) cis-1,4-Dimethylcyclohexane

Problem 6.3  Which of the following molecules are chiral? Identify the chirality center(s) in each.

(a) ©/CH3 (b) @/CHzCHzCHg (c)
N CH3CH
~H 3%12

(0} (0}
Toluene Coniine
(from poison hemlock) H/N\H/N\H
(0}
Phenobarbital

(tranquilizer)

Problem 6.4 Alanine, an amino acid found in proteins, is chiral. Draw the two enantiomers
of alanine using the standard convention of solid, wedged, and dashed lines.

L
CH3CHCO,H Alanine
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Identify the chirality centers in the following molecules (yellow-green = Cl, pale
yellow = F):

(a) (b)

Threose Enflurane
(a sugar) (an anesthetic)

=P Optical Activity

Figure 6.5 Schematic representation
of a polarimeter. Plane-polarized light
passes through a solution of optically
active molecules, which rotate the
plane of polarization.

The study of chirality originated in the early 19th century during investigations
by the French physicist Jean-Baptiste Biot into 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 and the light is
said to be plane-polarized. Light waves in all other planes are blocked out.

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 through an angle a.
Not all organic substances exhibit this property, but those that do are said to
be optically active.

The angle of rotation can be measured with an instrument called a polar-
imeter, represented in Figure 6.5. A solution of optically active organic mole-
cules is placed in a sample tube, plane-polarized light is passed through the
tube, and rotation of the polarization plane occurs. The light then goes through
a second polarizer called the analyzer. By rotating the analyzer until the light
passes through i#, we can find the new plane of polarization and can tell to
what extent rotation has occurred.

Unpolarized
light

Polarized
light

N | \ ; ‘ a
de % ;. |
Light Polarizer
source

-~ b
\ Observer
Sample tube containing Analyzer \

organic molecules

In addition to determining the extent of rotation, we can also find the direc-
tion. From the vantage point of the observer looking directly at the analyzer,
some optically active molecules rotate polarized light to the left (counterclock-
wise) and are said to be levorotatory, whereas others rotate polarized light to the
right (clockwise) and are said to be dextrorotatory. By convention, rotation to the
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Worked Example 6.4

Strategy

Solution
Problem 6.6

Problem 6.7

left is given a minus sign (—), and rotation to the right is given a plus sign (+).
(—)-Morphine, for example, is levorotatory, and (+)-sucrose is dextrorotatory.

The extent of rotation observed in a polarimetry experiment depends on
the number of optically active molecules encountered by the light beam. This
number, in turn, depends on sample concentration and sample pathlength. If
the concentration of sample is doubled, the observed rotation doubles. If the
concentration is kept constant but the length of the sample tube is doubled,
the observed rotation doubles. In addition, the angle of rotation depends on
the wavelength of the light used.

To express optical rotations in a meaningful way so that comparisons can
be made, we have to choose standard conditions. The specific rotation, [a]p, of
a compound is defined as the observed rotation when light of 589.6 nanometer
(nm; 1 nm = 10792 m) wavelength is used with a sample pathlength [ of
1 decimeter (dm; 1 dm = 10 cm) and a sample concentration ¢ of 1 g/cm3.

_ Observed rotation (degrees) o«
Pathlength, / (dm) x Concentration, ¢ (g/cm3) [ xc

C(]D

When optical rotation data are expressed in this standard way, the
specific rotation, [a]p, is a physical constant characteristic of a given optically
active compound. For example, (+)-lactic acid has [a]p = +3.82, and (—)-lactic
acid has [a]lp = —3.82. That is, the two enantiomers rotate plane-polarized
light to the same extent but in opposite directions. Note that the units of spe-
cific rotation are [(deg - cm?2)/g] but that values are usually expressed without
the units. Some additional examples are listed in Table 6.1.

Tables.1 Specific Rotation of Some Organic Molecules
Compound [alp Compound [alp
Penicillin V 233 Cholesterol = 3ik5
Sucrose +66.47 Morphine —132
Camphor +44.26 Cocaine —16
Chloroform 0 Acetic acid 0

Calculating an Optical Rotation

A 1.20 g sample of cocaine, [a]p = —16, was dissolved in 7.50 mL of chloroform
and placed in a sample tube having a pathlength of 5.00 cm. What was the
observed rotation in degrees?

Si lalp = —
ince D= 7.
Then a=1XcXlalp

where [a]lp = —16;7 = 5.00 cm = 0.500 dm; ¢ = 1.20 g/7.50 cm3 = 0.160 g/cm3

a = —16° X 0.500 X 0.160 = —1.3°

Is cocaine (Worked Example 6.4) dextrorotatory or levorotatory?

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 pathlength. The
observed rotation at the sodium D line was +1.21°. Calculate [a]p for coniine.
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=H2Y Pasteur’s Discovery of Enantiomers

Figure 6.6 Drawings of sodium
ammonium tartrate crystals taken from
Pasteur’s original sketches. One of the
crystals is dextrorotatory in solution,
and the other is levorotatory.

Little was done after Biot’s discovery of optical activity until 1848, when Louis
Pasteur began work on a study of crystalline tartaric acid salts derived from
wine. On recrystallizing a concentrated solution of sodium ammonium tartrate
below 28 °C, Pasteur made the surprising observation that two distinct kinds of
crystals precipitated. Furthermore, the two kinds of crystals were mirror images
and were related in the same way that a right hand is related to a left hand.

Working carefully with tweezers, Pasteur was able to separate the crystals
into two piles, one of “right-handed” crystals and one of “left-handed” crystals,
as shown in Figure 6.6. Although the original sample, a 50:50 mixture of right
and left, was optically inactive, solutions of crystals from each of the sorted
piles were optically active and their specific rotations were equal in amount
but opposite in sign.

CO, Na*
H—Cl—OH
HO—C—H
CO,;~ NH,*

Sodium ammonium tartrate

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 nonsuperimposable image. It is no less cer-
tain 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 his theories regarding the asymmetry of chiral molecules were confirmed.

Today, we would describe Pasteur’s work by saying that he had discovered
enantiomers. Enantiomers, also called optical isomers, have identical physical
properties, such as melting points and boiling points, but differ in the direc-
tion in which their solutions rotate plane-polarized light.

[ZR=Y Sequence Rules for Specifying Configuration

Drawings provide visual representations of stereochemistry, but a verbal
method for specifying the three-dimensional arrangement, or configuration, of
substituents around a chirality center is also necessary. The method used
employs the same sequence rules given in Section 3.4 for specifying E and
Z alkene stereochemistry. Let’s briefly review these sequence rules and then
see how they’re used to specify the configuration of a chirality center. For a
more thorough review, you should reread Section 3.4.
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RULE 1

RULE 2

RULE 3

Figure 6.7 Assignment of con-
figuration to a chirality center.
When the molecule is oriented so
that the lowest-ranked group

(4) is toward the rear, the
remaining three groups

radiate toward the viewer

like the spokes of a steering

Look at the four atoms directly attached to the chirality center, and
rank them according to atomic number. The atom with the highest
atomic number has the highest ranking (first), and the atom with the lowest
atomic number (usually hydrogen) has the lowest ranking (fourth).

If a decision can’t be reached by ranking the first atoms in the sub-
stituent, look at the second, third, or fourth atoms away from the
chirality center until the first difference is found.

Multiple-bonded atoms are equivalent to the same number of single-
bonded atoms.

Having ranked the four groups attached to a chirality center, we describe
the stereochemical configuration around the carbon by orienting the molecule
so that the group with the lowest ranking (4) points directly back, away from
us. We then look at the three remaining substituents, which now appear to
radiate toward us like the spokes on a steering wheel (Figure 6.7). If a curved
arrow drawn from the highest to second-highest to third-highest ranked sub-
stituent (1 — 2 — 3) is clockwise, we say that the chirality center has the
R configuration (Latin rectus, meaning “right”). If an arrow from 1 — 2 — 3 is
counterclockwise, the chirality center has the S configuration (Latin sinister,
meaning “left”). To remember these assignments, think of a car’s steering
wheel when making a Right (clockwise) turn.

Mirror

@]
(@]

Reorient 2 2 Reorient
like this like this

wheel. If the direction of travel /\ ! »/\

1 —> 2 — 3isclockwise 5 " s i s 4 5

(right turn), .the center P}as the U / : \ | /

R configuration. If the direc- C ! C

tion of travel1 — 2 — 3is l ! ‘

counterclockwise (left turn), the | \

centerisS. 1 i 1
(Right turn of R configuration S configuration (Left turn of
steering wheel) steering wheel)

Look at (—)-lactic acid in Figure 6.8 for an example of how to assign
configuration. Sequence rule 1 says that ~OH is ranked 1 and —H is ranked
4, but it doesn’t allow us to distinguish between ~CHg and —~CO9H because
both groups have carbon as their first atom. Sequence rule 2, however, says
that ~CO9H ranks higher than —~CHg because O (the highest second atom
in —COg9H) outranks H (the highest second atom in ~CHj3). Now, turn the
molecule so that the fourth-ranked group (-H) is oriented toward the rear,
away from the observer. Since a curved arrow from 1 (-OH) to 2 (-CO9H)
to 3 (-CHjy) is clockwise (right turn of the steering wheel), (—)-lactic acid
has the R configuration. Applying the same procedure to (+)-lactic acid
leads to the opposite assignment.



Figure 6.8 Assigning configuration
to (a) (R)-(—)-lactic acid and
(b) (5)-(+)-lactic acid.

Figure 6.9 Assigning configuration
to (a) (—)-glyceraldehyde and

(b) (+)-alanine. Both happen to
have the S configuration, although
one is levorotatory and the other is
dextrorotatory.
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(a)
© f o
e g | .

e X
8o o

H
I
HaC -7~ CO,H
HO
2N
1T H 2
HOL_|_,COzH
C
|
CH3
3

R configuration
(=)-Lactic acid

(b)
H
I
HO,C— &~ CH3
OH
N
2 H 1
HO,Ca_|_,OH
C
|
CHs
3

S configuration
(+)-Lactic acid

Further examples are provided by naturally occurring (—)-glyceraldehyde
and (+)-alanine, both of which have an S configuration as shown in Figure 6.9.
Note that the sign of optical rotation, (+) or (—), is not related to the R,S desig-
nation. (S)-Glyceraldehyde happens to be levorotatory (—), and (S)-alanine hap-
pens to be dextrorotatory (+), but there is no simple correlation between
R,S configuration and direction or magnitude of optical rotation.

(a) H N
s 3 H 2 o ?
HO" 7~ >CHO HOCHZ\é,CHO
CH,0OH 1
OH

1

(S)-Glyceraldehyde
[(S)-(—)-2,3-Dihydroxypropanal]

[alp =-8.7
(I: 3 H 2
HN"7 > COH HsCQ LAC02M
CHs3 |
NH,
1
(S)-Alanine

[(S)-(+)-2-Aminopropanoic acid]
[alp = +8.5
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Worked Example 6.5

Worked Example 6.6

Strategy

Solution

Strategy

Assigning R and S Configuration to Chirality Centers

Orient each of the following drawings so that the lowest-ranked group is toward
the rear, and then assign R or S configuration:

(a) (b)

It takes practice to be able to visualize and orient a chirality center in three
dimensions. You might start by indicating where the observer must be located—
180° opposite the lowest-ranked group. Then imagine yourself in the position of
the observer, and redraw what you would see.

In (a), you would be located in front of the page toward the top right of the

molecule, and you would see group 2 to your left, group 3 to your right, and
group 1 below you. This corresponds to an R configuration.

(a) /\
Observer )
/

4
\ — BN
? C R configuration
4 A
V)
1 1

In (b), you would be located behind the page toward the top left of the molecule
from your point of view, and you would see group 3 to your left, group 1 to your
right, and group 2 below you. This also corresponds to an R configuration.

(b) ; Observer /\

______ C w\ R configuration
2/
4

Drawing a Specific Enantiomer

N —)--

Draw a tetrahedral representation of (R)-2-chlorobutane.

Begin by ranking the four substituents bonded to the chirality center: (1) —Cl,
(2) -CH9CHg, (3) —CHg, (4) —H. To draw a tetrahedral representation of the
molecule, orient the lowest-ranked group (—H) away from you and imagine that
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the other three groups are coming out of the page toward you. Then place the
remaining three substituents such that the direction of travel 1 — 2 — 3 is
clockwise (right turn), and tilt the molecule toward you to bring the rear hydro-
gen into view. Using molecular models is a great help in working problems of

this sort.
solution R i
SR s Co (R)-2-Chlorobutane
i H3C'7 CH,CHs
(3;|-|3 Cl

Problem 6.8 Rank the substituents in each of the following sets:
(a) -H, -OH, -CH,CHj3, -CH,CHoOH
(b) —-CO9H, -CO9CHj3, -CHo,OH, ~-OH
(¢c) —CN, -CHyNHy, -CHoNHCH3, -NHy
(d) -SH, -CHySCHg3, ~-CHg, —-SSCHg

Problem 6.9 Assign R,S configurations to the following molecules:

(a) Br B H @ NH,
HaC~,C —COLH HO~ £ ~COpH NC-/C —CHz
H CH3 H

Problem 6.10 Draw a tetrahedral representation of (S)-pentan-2-ol (2-hydroxypentane).

Problem 6.11 Assign R or S configuration to the chirality center in the following molecular
model of the amino acid methionine (red = O, blue = N, yellow = S):

A=Y Diastereomers

Molecules like lactic acid and glyceraldehyde are relatively simple to deal
with because each has only one chirality center and only two stereoisomers.
The situation becomes more complex, however, for molecules that have more
than one chirality center. As a general rule, a molecule with n chirality cen-
ters can have up to 2" stereoisomers (although it may have fewer). Take the
amino acid threonine (2-amino-3-hydroxybutanoic acid), for instance. Because
threonine has two chirality centers (C2 and C3), there are 22 = 4 possible
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CO,H
H\(‘:/ NH,

€
H” { YoH
CH3

stereoisomers, as shown in Figure 6.10. Check for yourself that the R,S
configurations are correct.

‘ COLH CO,H | COLH
HoNa_ ! »H HoNa i »H Hal i »NH HoNa ' »H HoNal i »H
N os NS os oMz 2N 2 \T/
(¢ C c C C
HO™ | “H HO” | VH HO” | VH H7 Y H”" ;| ~OH
CH3 CH3 CH3

@
¢ ¢®
. |
“I € < &
) ¢ -
2R3R 2S,3S 2R3S 2S,3R
Enantiomers Enantiomers

Figure 6.10 The four stereoisomers of 2-amino-3-hydroxybutanoic acid.

The four stereoisomers of 2-amino-3-hydroxybutanoic acid can be grouped
into two pairs of enantiomers. The 2S,3S stereoisomer is the mirror image of
2R,3R, and the 2S,3R stereoisomer is the mirror image of 2R,3S. But what is
the relationship between any two molecules that are not mirror images?
What, for instance, 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. Since we used
the right-hand/left-hand analogy to describe the relationship between two
enantiomers, we might extend the analogy by saying that the relationship
between diastereomers is like that of hands from different people. Your hand
and your friend’s hand look similar, but they aren’t identical and they aren’t
mirror images. The same is true of diastereomers: they’re similar, but they
aren’t identical and they aren’t mirror images.

Note carefully the difference between enantiomers and diastereomers:
enantiomers have opposite configurations at all chirality centers, whereas
diastereomers have opposite configurations at some (one or more) chirality
centers but the same configuration at others. A full description of the
four threonine stereoisomers is given in Table 6.2. Of the four, only the 2S,3R
isomer occurs naturally in plants and animals and is an essential human
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Problem 6.13

Problem 6.14

Problem 6.15
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nutrient. This result is typical: most biological molecules are chiral, and often
only one stereoisomer is found in nature.

Tables.2 Relationships among the Four
Stereoisomers of Threonine

Stereoisomer Enantiomer Diastereomer

2R, 3R 25,38 2R,3S and 2S,3R

25,38 2R,3R 2R,3S and 2S,3R

2R,3S 2S,3R 2R,3R and 25,35

2S,3R 2R,3S 2R,3R and 25,35

Assign R or S configuration to each chirality center in the following molecules:

(a) Br (b) CHs (c) CHs
Ha @ oCH Hal ! 4B Bra_! ,H
\C|/ 3 \cl:/ r \Cl:/
C C C
H” 7 OH H3C” 1 H H” 7 CHs
CHs OH OH

Which of the compounds in Problem 6.12 are enantiomers, and which are
diastereomers?

Of the following molecules (a) through (d), one is D-erythrose 4-phosphate, an
intermediate in the Calvin photosynthetic cycle by which plants incorporate
COg into carbohydrates. If D-erythrose 4-phosphate has R stereochemistry at
both chirality centers, which of the structures is it? Which of the remaining
three structures is the enantiomer of D-erythrose 4-phosphate, and which are
diastereomers?

(@) H 0 bl H_ O © H_ O @ H_ O
H=C—=OH HO=C—H H=C—=OH HO= C—=H
| | | |
H—C—OH H—C—~OH HO—C—H HO—C—H
CH,0PO42 CH,0P032 CH,0PO42 CH,0P042

Nandrolone is an anabolic steroid used to build muscle mass. How many chiral-
ity centers does nandrolone have? How many stereoisomers of nandrolone are
possible in principle?

Nandrolone
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Problem 6.16  Assign R,S configuration to each chirality center in the following molecular
model of the amino acid isoleucine (red = O, blue = N):

X% Meso Compounds

Let’s look at one more example of a compound with two chirality centers: the
tartaric acid used by Pasteur. The four stereoisomers can be drawn as

follows:
Mirror Mirror
1 COzH 1 COzH 1 C02H 1 COzH
He | LOH HOW ! LH He ! LOH HO_ | LH
*zfls’ \ztlz’ \zrl:’ \zrlz’
3C 3C 3C 3C
HO” | “H H7"{ ~OH H” ~oH HO” | “H
4CO4H 4CO4H 4CO4H 4CO4H
2R3R 28,38 2R3S 2S,3R

The mirror-image 2R,3R and 2S,3S structures are not identical and there-
fore represent an enantiomeric pair. A careful look, however, shows that the
2R,3S and 2S,3R structures are identical, as can be seen by rotating one
structure 180°.

1COpH 1COzH
H\(::/OH HO\(::/H

2 Rotate 2

3¢ 180° 3¢
H” | “oH HO” | H

4C02H 4C02H

2R3S 2S.3R

Identical

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 6.11). Because of the plane of symmetry, the tartaric acid stereo-
isomer shown in Figure 6.11 is achiral, despite the fact that it has two chiral-
ity centers. Such compounds that are achiral, yet contain chirality centers, are



Figure 6.11 A symmetry plane
cutting through the C2—C3 bond of

meso-tartaric acid makes the

molecule achiral even though it

contains two chirality centers.

Worked Example 6.7

Strategy

Solution

&.7 | Meso Compounds 205

called meso (me-zo) compounds. Thus, tartaric acid exists in three stereo-
isomeric forms: two enantiomers and one meso form.

H
HO\(E: _LCOxH

I Symmetry plane
C

HO” § ~YCO,H
H

Some physical properties of the three stereoisomers of tartaric acid are
shown in Table 6.3. The (+) and (—) enantiomers have identical melting
points, solubilities, and densities but differ in the sign of their rotation of
plane-polarized light. The meso isomer, by contrast, is diastereomeric with the
(+) and (—) forms. It is therefore a different compound altogether and has
different physical properties.

Table.3 Some Properties of the Stereoisomers of Tartaric Acid

Melting Density Solubility at 20 °C
Stereoisomer point (°C) [«lp (g/cm3) (g/100 mL H,0)
(+) 168-170 +12 1.7598 139.0
(=) 168-170 =12 1.7598 139.0
Meso 146-148 0 1.6660 125.0

Identifying Meso Compounds
Does cis-1,2-dimethylcyclobutane have any chirality centers? Is it chiral?

To see whether a chirality center is present, look for a carbon atom bonded to
four different groups. To see whether the molecule is chiral, look for a symmetry
plane. Not all molecules with chirality centers are chiral; meso compounds are
an exception.

A look at the structure of cis-1,2-dimethylcyclobutane shows that both methyl-
bearing ring carbons (C1 and C2) are chirality centers. Overall, though, the
compound is achiral because there is a symmetry plane bisecting the ring
between C1 and C2. Thus, cis-1,2-dimethylcyclobutane is a meso compound.

Symmetry plane
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Problem 6.17

Problem 6.18

Which of the following structures represent meso compounds?

(c) H
Br\ci,CHg
¢
HsC” | H
Br

Which of the following substances have meso forms? Draw them.
(a) 2,3-Dibromobutane (b) 2,3-Dibromopentane
(¢) 2,4-Dibromopentane

[=’=Y Racemic Mixtures and the Resolution of Enantiomers

To end this discussion of stereoisomerism, let’s return for a final look at Pasteur’s
discovery of enantiomers, described in Section 6.4. Pasteur took an optically
inactive tartaric acid salt and found that he could crystallize from it two opti-
cally active forms having the 2R, 3R and 2S,3S configurations. But what was the
optically inactive form he started with? It couldn’t have been meso-tartaric acid,
because meso-tartaric acid is a different compound and can’t interconvert with
the two chiral enantiomers without breaking and re-forming 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 mixture, or
racemate (ra-suh-mate). Racemic mixtures are often denoted by the symbol (*)
or by the prefix d,[ to indicate that they contain equal amounts of dextrorotatory
and levorotatory enantiomers. Such mixtures show no optical activity because
the (+) rotation from one enantiomer exactly cancels the (—) rotation from the
other. Through good luck, Pasteur was able to separate, or resolve, the racemate
into its (+) and (—) enantiomers. Unfortunately, the crystallization technique he
used doesn’t work for most racemic mixtures, so other methods are required.

The most common method of resolution uses an acid—base reaction between
a racemic mixture of chiral carboxylic acid (RCO9H) and an amine base
(RNHj) to yield an ammonium salt.

I + RNH, — |

R” OH R” SO RNH3*
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. Stereochemically, the situa-
tion is analogous to what happens when left and right hands (chiral) pick up a
ball (achiral). Both left and right hands pick up the ball equally well, and the
products—ball in right hand versus ball in left hand—are mirror images (enan-
tiomers). In the same way, both (+)- and (—)-lactic acid react with methylamine
equally well, and the product is a racemic mixture of enantiomeric methyl-
ammonium (+)-lactate and methylammonium (—)-lactate (Figure 6.12).



Figure 6.12 Reaction of racemic lactic
acid with achiral methylamine leads

to a racemic mixture of enantiomeric

ammonium salts.

Figure 6.13 Reaction of
racemic lactic acid with
(R)-1-phenylethylamine yields
a mixture of diastereomeric
ammonium salts, which have
different properties and can
be separated.
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4
(|)02H (|302_ H3NCH3
R .C -+~
B g en, Hy cs
HO HO
R salt
CH3NH i
N 3NH» Mirror Enantiomers
HOU  on HA cH
Ho H-.
IR L
| Lo ot
CO,H CO," H3NCH3
S salt

Racemic ammonium salt
(50% R, 50% S)

Racemic lactic acid
(50% R, 50% S)

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. Stereochemically, this situation is analogous to what
happens when left and right hands (chiral) put on a right-handed glove
(also chiral). The left and right hands don’t put on the right-handed glove in
the same way. The products—right hand in right glove versus left hand in
right glove—are not mirror images; they’re similar but different.

In the same way, (+)- and (—)-lactic acids react with (R)-1-phenylethyl-
amine to give two different products (Figure 6.13). (R)-Lactic acid reacts with
(R)-1-phenylethylamine to give the R,R salt, whereas (S)-lactic acid reacts
with the same R amine to give the S,R salt. The two salts are diastereomers.
They have different chemical and physical properties, and it may therefore be
possible to separate them by crystallization or some other means. Once sepa-
rated, acidification of the two diastereomeric salts with HCI then allows us to
isolate the two pure enantiomers of lactic acid and recover the chiral amine
for further use. That is, the original racemic mixture has been resolved.

+
?OZH (|302‘ H3I‘\I
R . .C ..C
B en, 2 HY “CHy  HY
HO C HO H3C
H7¢
H3C \
- i An R,R salt .
+ (R)-1-Phenylethylamine n sa Diastereomers
+
+ /
HO\ o HO\ o Hs"\l
H-. H-.
(S) c” 3 c” 3 .C
| | H¢
CO,H COy~ H3C
Racemic lactic acid
(50% R, 50% S) An S,R salt
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Worked Example 6.8 Predicting Product Stereochemistry

We'll see in Section 10.6 that carboxylic acids (RCO9H) react with alcohols
(R’OH) to form esters (RCO9R’). Suppose that (*)-lactic acid reacts with CH3OH
to form the ester methyl lactate. What stereochemistry would you expect the
products to have and what is their relationship?

HO O Acid HO O

[l talyst [l
CH3CHCOH + CHaOH —=Y%.  CHaCHCOCH; + H,0

Lactic acid Methanol Methyl lactate

Solution Reaction of a racemic acid with an achiral alcohol such as methanol yields a
racemic mixture of mirror-image (enantiomeric) products:

COoH COoH CO,CH3 CO,CH3
I | CH30H | |
/C\ + /C\ i /C\ + /C\
HO"¢ ~CHs3 H3C” \"OH Acid HO¢ ~CHs H3C” \"OH
H H catalyst H H
(S)-Lactic acid (R)-Lactic acid Methyl Methyl
(S)-lactate (R)-lactate

Problem 6.19 Suppose that acetic acid (CH3CO9H) reacts with (S)-butan-2-ol to form an
ester (see Worked Example 6.8). What stereochemistry would you expect the
product(s) to have, assuming that the singly bonded oxygen atom comes from
the alcohol rather than the acid?

O OH Acid O CHj

I | catalyst
CH3COH + CH3CHCHy,CH3 ———— CH3COCHCHo,CH3 + H,0

Acetic acid Butan-2-ol sec-Butyl acetate

A Brief Review of Isomerism

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 might be helpful to see how they
relate to one another (Figure 6.14).

Figure 6.14 A summary of the

Isomers
different kinds of isomers. ;'—J

+ &

Constitutional

isomers Stereoisomers

s 8

Enantiomers Diastereomers
(mirror-image) L(non—mirror—image)J
I

Cis—trans

Configurational
diastereomers diastereomers
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There are two fundamental types of isomerism, both of which we’ve now
encountered: constitutional isomerism and stereoisomerism.

¢ Constitutional isomers (Section 2.2) are compounds whose atoms are
connected differently. Among the kinds of constitutional isomers we've

seen are skeletal, functional, and positional isomers.

Different carbon
skeletons

Different functional

groups

Different position of
functional groups

CH3
CH3CHCH3

2-Methylpropane

CH3CH,0H

Ethyl alcohol

NH,
CH3CHCH3

Isopropylamine

and

and

and

CH3CH,CH,CHg

Butane

CH30CH3

Dimethyl ether

CH3CH,CHyNH,

Propylamine

e Stereoisomers (Section 2.8) are compounds whose atoms are con-
nected in the same way but with a different spatial arrangement.
Among the kinds of stereoisomers we’ve seen are enantiomers, dia-
stereomers, and cis—trans isomers (both in alkenes and in cyclo-
alkanes). Actually, cis—trans isomers are just special kinds of
diastereomers because they are non—mirror-image stereoisomers.

Enantiomers
(nonsuperimposable
mirror-image
stereoisomers)

Diastereomers
(nonsuperimposable
non-mirror-image
stereoisomers)

Configurational
diastereomers

Cis-trans diastereomers
(substituents on same
side or opposite side of
double bond or ring)

(|202H
e
H3C7” ~OH
H
(R)-Lactic acid

COzH
Hal L _aNH
\Clz 2

C
H”{ SOH

CHj3

2R,3R-2-Amino-3-
hydroxybutanoic acid

HaC -
N/
c=C

/
H CH3

trans-But-2-ene

trans-1,3-Dimethyl-
cyclopentane

and

and

H02(|Z
C..

HO”" "\ CH3
H

(S)-Lactic acid

CO,H
Ha L _oNH
\C/ 2
¢
HO” { “H
CH3

2R,3S-2-Amino-3-
hydroxybutanoic acid

H3C CHs3

cis-But-2-ene

HC CHs
H ™H

cis-1,3-Dimethyl-
cyclopentane
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Problem6.20  What kinds of isomers are the following pairs?

(a) (S)-5-Chlorohex-2-ene and chlorocyclohexane
(b) (2R,3R)-Dibromopentane and (2S,3R)-dibromopentane

Chirality in Nature and Chiral Environments

Although the different enantiomers of a chiral molecule have the same physi-
cal properties, they almost always have different biological properties. For
example, the (+) enantiomer of limonene has the odor of oranges and lemons,
but the (—) enantiomer has the odor of pine trees.

(+)-Limonene (—)-Limonene
(in citrus fruits) (in pine trees)

More dramatic examples of how a change in chirality can affect the bio-
logical properties of a molecule are found in many drugs, such as fluoxetine,
a heavily prescribed medication sold under the trade name Prozac. Racemic
fluoxetine is an extraordinarily effective antidepressant, but it has no activ-
ity against migraine. The pure S enantiomer, however, works remarkably
well in preventing migraine. Other examples of how chirality affects biologi-
cal properties are given in the Interlude “Chiral Drugs” at the end of this
chapter.

o NHCHj
O
F5C

(S)-Fluoxetine
(prevents migraine)
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Why do different enantiomers have different biological properties? To have
a biological effect, a substance typically must fit into an appropriate receptor
in the body that has an exactly complementary shape. But because biological
receptors are chiral, only one enantiomer of a chiral substrate can fit in, just
as only a right hand will fit into a right-handed glove. The mirror-image enan-
tiomer will be a misfit, like a left hand in a right-handed glove. A representa-
tion of the interaction between a chiral molecule and a chiral biological
receptor is shown in Figure 6.15. One enantiomer fits the receptor perfectly,
but the other does not.

(a)

u 3 % U/Mismatch

R,

Figure 6.15 Imagine that a left hand interacts with a chiral object, much as a biological recep-
tor interacts with a chiral molecule. (a) One enantiomer fits into the hand perfectly: green
thumb, red palm, and gray pinkie finger, with the blue substituent exposed. (b) The other enan-
tiomer, however, can’t fit into the hand. When the green thumb and gray pinkie finger interact
appropriately, the palm holds a blue substituent rather than a red one, with the red substituent
exposed.

The hand-in-glove fit of a chiral substrate into a chiral receptor is relatively
straightforward, but it’s less obvious how selective reactions can also occur on
achiral molecules. Take the reaction of ethanol (CH3CHoOH) with the bio-
chemical oxidizing agent NAD* and the enzyme yeast alcohol dehydrogenase
to yield acetaldehyde (CH3CHO). Even though ethanol is achiral, the oxida-
tion reaction occurs with specific removal of only one of the two apparently
equivalent ~CHo~ hydrogen atoms (Figure 6.16a).

We can understand this result by imagining that the chiral receptor on
yeast alcohol dehydrogenase again has three binding sites (Figure 6.16b).
When an achiral substrate interacts with the receptor, green (OH) and gray
(CHj3) substituents of the substrate are held appropriately but only the blue
(Hp) hydrogen substituent is also held while the red hydrogen (H,) is spe-
cifically exposed for removal in the oxidation reaction.
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Figure 6.16 When the achiral (@) Removed during
substrate molecule ethanol is held in reaction > H_

. . N |
a'chlra‘l environment on binding t? a _c.. + NADY
biological receptor, the two seemingly N g HO”™ \"CHj3
identical hydrogens are distinguishable. d otremoved __—Hy,

uring reaction

Thus, only a specific hydrogen (red) is Ethanol

removed in an oxidation reaction.
(b)

OH is bound in

the receptor \

Yeast alcohol

_—
dehydrogenase

H, is exposed
for reaction

0
g
H3C” Hp

Acetaldehyde

CH3 is bound
in the receptor

Hy, is bound

in the receptor

+ NADH,

We describe the situation by saying that the receptor provides a chiral
environment for the substrate. In the absence of a chiral environment, the red
and blue hydrogens are chemically identical, but in the presence of the chiral
environment, they are chemically distinctive (Figure 6.16b) so that only one
of them (red) is exposed for reaction. In effect, the chiral environment trans-
fers its own chirality to the achiral substrate.

@INTERLUDE

Chiral Drugs

he 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, and others are
made by chemical modification of naturally occurring compounds, but an
estimated 33% 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 racemate. Penicillin V, for example,
an antibiotic isolated from the Penicillium mold, has the 2S,5R,6R con-
figuration. Its enantiomer, which does not occur naturally but can be
made in the laboratory, has no antibiotic activity.

continued
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@INTERLUDE

Penicillin V (2S,5R,6R configuration)

In contrast to drugs from natural sources, those drugs that are made
entirely in the laboratory either are achiral or, if chiral, are often produced
and sold as racemic mixtures. Ibuprofen, for example, has one chirality cen-

Heath Robbins/Photonica/Getty Images

The S enantiomer of ibuprofen ter and is sold commercially under such trade names as Advil, Nuprin, and
soothes the aches and pains of Motrin as a 50:50 mixture of R and S enantiomers. It turns out, however,
athletic injuries. The R enantiomer that only the S enantiomer is active as an analgesic and anti-inflammatory
Basmolerfact agent. The R enantiomer of ibuprofen is inactive, although it is slowly con-

verted in the body to the active S form.

H CO,H

/

©
w \CH3

(S)-Ibuprofen
(an active analgesic agent)

Not only is it chemically wasteful to synthesize and administer an enan-
tiomer that does not serve the intended purpose, many instances 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 unin-
tended pharmacological effects of its own. The presence of (R)-ibuprofen in
the racemic mixture, for instance, slows the rate at which the S enantiomer
takes effect in the body, from 12 minutes to 38 minutes.

To get around this problem, pharmaceutical companies attempt to
devise methods of enantioselective synthesis, which allow them to prepare
only a single enantiomer rather than a racemic mixture. Viable methods
have been developed for the preparation of (S)-ibuprofen, which is now
being marketed in Europe.
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the chapter.)
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Interactive versions of these
problems are assignable in OWL.

In this chapter, we've looked at some of the causes and consequences of molec-
ular handedness—a topic crucial to understanding organic and biological
chemistry. The subject can be a bit complex, but it is so important that it’s
worthwhile spending the time needed to become familiar with it.

A molecule that is not identical to its mirror image is said to be chiral, mean-
ing “handed.” A chiral molecule is one that does not contain a plane of symmetry.
The usual cause of chirality is the presence of a tetrahedral carbon atom bonded
to four different groups—a so-called chirality center. Chiral compounds can exist
as a pair of mirror-image stereoisomers called enantiomers, which are related
to each other as a right hand is related to a left hand. When a beam of plane-
polarized light is passed through a solution of a pure enantiomer, the plane of
polarization is rotated, and the compound is said to be optically active.

The three-dimensional configuration of a chirality center is specified as
either R or S. Sequence rules are used to rank the four substituents on the
chiral carbon, and the molecule is then oriented so that the lowest-ranked
group points directly away from the viewer. If a curved arrow drawn in the
direction of decreasing rank for the remaining three groups is clockwise, the
chirality center has the R configuration. If the direction is counterclockwise,
the chirality center has the S configuration.

Some molecules have more than one chirality center. Enantiomers have oppo-
site configurations at all chirality centers, whereas diastereomers have the same
configuration in at least one center but opposite configurations at the others.
Meso compounds contain chirality centers but are achiral overall because they
contain a plane of symmetry. Racemates are 50:50 mixtures of (+) and (—) enan-
tiomers. Racemic mixtures and individual diastereomers differ in both their
physical properties and their biological properties and can often be resolved.

(a) G (b)

(c) &*‘}) (d) e ) 9
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6.22 Assign R or S configuration to the chirality centers in the following
molecules (red = O, blue = N):

(a) (b)

Serine Adrenaline

6.23 Which, if any, of the following structures represent meso compounds?
(Red = O, blue = N, yellow-green = Cl.)

(a) (b)

6.24 Assign R or S configuration to each chirality center in pseudoephedrine, an
over-the-counter decongestant found in cold remedies (red = O, blue = N).

6.25 Orient each of the following drawings so that the lowest-ranked group is
toward the rear, and then assign R or S configuration:

(a) (b) (c)
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Additional Problems

IDENTIFYING CHIRALITY 6.26 Which of the following objects are chiral?
CENTERS (a) Abasketball  (b) A fork (¢) A wine glass
(d) A golf club (e) A monkey wrench (f) A snowflake

6.27 Which of the following compounds are chiral?
(a) 2,4-Dimethylheptane (b) 5-Ethyl-3,3-dimethylheptane
(e) cis-1,3-Dimethylcyclohexane (d) 4,5-Dimethylocta-2,6-diene

6.28 Draw chiral molecules that meet the following descriptions:
(a) A chloroalkane, CsH11Cl (b) An alcohol, CgH140
(c) An alkene, CGHIZ (d) An alkane, CSHIS

6.29 Which of the following compounds are chiral? Label all chirality centers.

(a) H3? (|3H3 (b) Hac o (e 0
CH3CH2CH(|ZCH2CH3 /E:/r
H3C

CH3

(d) (e) CH; () H
4 HaC---
H--- P

BrCH,CHCHCH,Br HaC H CH,

s

6.30 There are eight alcohols with the formula C5H190. Draw them, and tell
which are chiral.

6.31 Propose structures for compounds that meet the following descriptions:
(a) A chiral alcohol with four carbons
(b) A chiral carboxylic acid
(¢) A compound with two chirality centers

6.32 Erythronolide B, the biological precursor of the broad-spectrum antibiotic
erythromycin, has ten chirality centers. Identify them with asterisks.

Erythronolide B




OpTICAL ACTIVITY

AssiGNING R, S
C ONFIGURATION
TO CHIRALITY CENTERS

6.33

6.34

6.35

6.36

6.37

6.38

6.39
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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 of alcohol in a
sample tube with a 1.00 cm pathlength. Calculate [a]p for cholic acid.

Polarimeters are so sensitive that they can measure rotations to the thou-
sandth of a degree, an important advantage when only small amounts of
a sample are available. For example, when 7.00 mg of ecdysone, an insect
hormone that controls molting in the silkworm moth, was dissolved in
1.00 mL of chloroform in a cell with a 2.00 cm pathlength, an observed rota-
tion of +0.087° was found. Calculate [a]p for ecdysone.

Naturally occurring (S)-serine has [a]lp = —6.83. What specific rotation do
you expect for (R)-serine?

Rank the substituents in each of the following sets:
(a) —H, —OH, —OCH3, —CH3

(b) —Br, -CHjs, -CHgBr, —Cl

(¢) -CH=CHy, ~-CH(CHj)9, -C(CHjy)3, ~-CH5CHj3
(d) -CO9CHg, -COCH3, -CH50OCHg, ~OCH3

Rank the substituents in each of the following sets:

(a) ?H3 C|3H3 ~5-CH,CH,CH,CH4CH3
—%C|-|2c|CH3 —5-CHyCHCH,CH3

CHg
(b) 5-SH  —3NH,  5-SOsH  —5-OCH,CH,0H

One enantiomer of lactic acid is shown below. Is it R or S? Draw its mirror
image in the standard tetrahedral representation.

COLH

Draw tetrahedral representations of both enantiomers of the amino acid
serine. Tell which of your structures is S and which is R.

(0]

|
HOCH2(|:HCOH Serine
NH»

Assign R or S configuration to the chirality centers in the following
molecules:

(a) H (b)  OCH,CHg (c) oH
NC—,£~0H H-7C~CH3 HaC~7C ~CH,OH
cHs d H
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S TEREOCHEMICAL
RELATIONSHIPS

GENERAL PROBLEMS

6.41

6.42

6.43

6.44

6.45

6.46

6.47

6.48

6.49
6.50

6.51

Assign R or S configuration to the chirality centers in the following
molecules:

;il-l/

© H OCH3

HOCH, COzH

Assign R or S configuration to each chirality center in the following bio-
logical molecules:

b) H CHs (c) HO OH
CE CH3c‘H’\'2©<H H3C>Q<CH3

Cl

T-

What is the relationship between the specific rotations of (2R,3R)-pentane-
2,3-diol and (2S,3S)-pentane-2,3-diol? Between (2R,3S)-pentane-2,3-diol
and (2R,3R)-pentane-2,3-diol?

What is the stereochemical configuration of the enantiomer of
(2S,4R)-dibromooctane?

What are the stereochemical configurations of the two diastereomers of
(2S,4R)-dibromooctane?

Draw examples of the following:
(a) A meso compound with the formula CgH1g
(b) A compound with two chirality centers, one R and the other S

Tell whether the following Newman projection of 2-chlorobutane is R or S.
(You might want to review Section 2.5.)

cl
H CHs

H3C H

Draw a Newman projection that is enantiomeric with the one shown in
Problem 6.47.

Draw a Newman projection of meso-tartaric acid.

Draw Newman projections of (2R,3R)- and (2S,3S)-tartaric acid, and com-
pare them to the projection you drew in Problem 6.49 for the meso form.

B-Glucose has the following structure. Identify the chirality centers in
B-glucose, and tell how many stereoisomers of glucose are possible.
CH,OH

o]
HO OH B-Glucose

HO
OH
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Draw a tetrahedral representation of (R)-3-chloropent-1-ene.

Draw the two cis—trans stereoisomers of 1,2-dimethylcyclopentane, assign
R,S configurations to the chirality centers, and indicate whether the
stereoisomers are chiral or meso.

Draw the meso form of each of the following molecules, and indicate the
plane of symmetry in each:

(al  OH OH (b) CH3 () HaC

| |
CH3CHCH,CH,CHCH3 :@OH

H3C

CH3

Assign R or S configuration to the chirality centers in ascorbic acid
(vitamin C).

OH W oH

CH,0H Ascorbic acid

We saw in Section 4.6 that alkenes undergo reaction with peroxycarboxylic
acids to give epoxides. For example, cis-but-2-ene gives 2,3-epoxybutane:

HsC CH
\ Yl RCO3H AN
/c:c\ ———  CH3CH—CHCH3

H H 2,3-Epoxybutane

Assuming that both C-O bonds form from the same side of the double
bond (syn stereochemistry; Section 4.5), show the stereochemistry of the
product. Is the epoxide chiral? Is it optically active?

Ribose, an essential part of ribonucleic acid (RNA), has the following
structure:

CHO Ribose

HO H HO H

How many chirality centers does ribose have? Identify them with aster-
isks. How many stereoisomers of ribose are there?

Draw the structure of the enantiomer of ribose (Problem 6.57).

Draw the structure of a diastereomer of ribose (Problem 6.57).
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IN THE MEDICINE C ABINET

6.60 On catalytic hydrogenation over a platinum catalyst, ribose (Problem 6.57)
is converted into ribitol. Is ribitol optically active or inactive? Explain.

HH HOH

Ribitol

6.61 Draw the structure of (R)-2-methylcyclohexanone.

6.62 Compound A, C7H1y4, is optically active. On catalytic reduction over a pal-
ladium catalyst, 1 equivalent of Hy is absorbed, yielding compound B,
C7H1g. On cleavage of A with acidic KMnOQOy, two fragments are obtained.
One fragment is acetic acid, CH3CO9H, and the other fragment, C, is an
optically active carboxylic acid. Show the reactions, and propose structures
for A, B, and C.

6.63 Allenes are compounds with adjacent C=C bonds. Even though they don’t
contain chirality centers, many allenes are chiral. For example, mycomycin,
an antibiotic isolated from the bacterium Nocardia acidophilus, is chiral
and has [a]p = —130. Can you explain why mycomycin is chiral? Making
a molecular model should be helpful.

HC=C—C=C—CH=C=CH—CH=CH—CH=CH—CH,CO5H

Mycomycin

6.64 One of the steps in fatty-acid biosynthesis is the dehydration of
(R)-3-hydroxybutyryl ACP to give trans-crotonyl ACP. The reaction occurs
with anti stereochemistry, meaning that the OH and H groups lost during
the reaction depart from opposite sides of the molecule. Which hydrogen
is lost, H, or Hy?

HO H O H 0o
\c'/ g é g H,0
—_— + 2
Hc” >c” “sAcP HaC™ *?/ YN
Ha \Hb
(R)-3-Hydroxybutyryl ACP trans-Crotonyl ACP

6.65 Compound A is a precursor used for synthesizing dopa, whose S isomer is
used in treating Parkinson’s disease.

CH30 COyH HO CO5H
X
pp——
NHCOCH; H NH;
CH3CO, HO
A Dopa

(a) The first step in the synthesis is catalytic hydrogenation of
the carbon—carbon double bond in A to yield two enantiomeric
hydrogenation products. Draw them, and assign R,S configuration to
each.
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(b) Following hydrogenation, several additional transformations are
carried out to yield dopa. Do you expect the enantiomers of dopa to
have similar physical properties?

(¢) Do you expect the enantiomers of dopa to perform equally well as
drugs?

(d) The Monsanto process, commercialized in 1974, carries out the
double-bond hydrogenation using a chiral catalyst that produces only
a single enantiomer, which is subsequently converted into (S)-dopa.
Show the stereochemistry of (S)-dopa, and explain how a chiral
hydrogenation catalyst can produce a single enantiomer as product.

Metolachlor, a herbicide previously encountered in Problems 2.74 and
5.61, kills weeds by inhibiting the enzyme fatty-acid elongase, which is
needed to make a waxy coating on plant leaves. With the enzyme activity
inhibited, the wax is not produced and the weed dies.

T
C CHCH,OCH
CIcH,” SN~ TR
Metolachlor
H3C CH,CH3

(a) Only the S enantiomer of metolachlor inhibits fatty-acid elongase.
Draw it.
(b) Why do the R and S enantiomers have different activities?
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Now that we’'ve covered the chemistry of hydrocarbons,
it’s time to start looking at more complex substances that
contain elements in addition to just C and H. We'll begin by
discussing the chemistry of organohalides, compounds that con-
tain one or more halogen atoms.

Halogen-substituted organic compounds are widespread in
nature, and more than 5000 organohalides have been found in
algae and various other marine organisms. Chloromethane, for
instance, is released in large amounts by ocean kelp, as well as by
forest fires and volcanoes. Halogen-containing compounds also
have a vast array of industrial applications, including their use as
solvents, inhaled anesthetics, refrigerants, and pesticides. The
modern electronics industry, for example, relies on halogenated
solvents such as trichloroethylene for cleaning semiconductor
chips and other components.

F Br F H
F—(li—Cl—H CI—(l.t—F H—(lj—Br
Fd & h
Halothane Dichlorodifluoromethane Bromomethane

(an inhaled anesthetic) (a refrigerant) (a fumigant)
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A large variety of organohalides are known. The halogen might be bonded
to an alkynyl group (C=C—X), a vinylic group (C=C—X), an aromatic ring
(Ar—X), or an alkyl group. We’ll be concerned in this chapter primarily with
alkyl halides, compounds with a halogen atom bonded to a saturated,
sp3-hybridized carbon atom.

WHY THIS CHAPTER?

Alkyl halides (R—X) are encountered much less frequently than their oxygen-
containing relative alcohols (R—OH), but some of the kinds of reactions they
undergo—nucleophilic substitutions and eliminations—are encountered fre-
quently. Thus, alkyl halide chemistry acts as a relatively simple model for
many mechanistically similar but structurally more complex reactions. We’ll
begin with a look at how to name and prepare alkyl halides, and we’ll then
make a detailed study of their substitution and elimination reactions—two of
the most important and well-studied reaction types in organic chemistry.

244V Naming Alkyl Halides

STEP 1

STEP 2

STEP 3

Although commonly called alkyl halides, halogen-substituted alkanes are
named systematically as haloalkanes (Section 2.3), treating the halogen as a
substituent on a parent alkane chain. There are three steps.

Find the longest chain, and name it as the parent. If a multiple bond is
present, the parent chain must contain it.

Number the carbons of the parent chain beginning at the end nearer
the first substituent, whether alkyl or halo. Assign each substituent a
number according to its position on the chain. If there are substituents the
same distance from both ends, begin numbering at the end nearer the sub-
stituent with alphabetical priority.

(i:H3 ?I’ lBI‘ (|:H3
CH3CHCH,CHCHCH,CH CH3CHCH,CHCHCH,CH
13232|456273 13232|456273

CH3 CH3
5-Bromo-2,4-dimethylheptane 2-Bromo-4,5-dimethylheptane

Write the name. List all substituents in alphabetical order, and use one of the
prefixes di-, tri-, and so forth if more than one of the same substituent is
present.
(l:l (|:|
CH3CHCHCHCH,CH
7373 |45 2g"3
CH3

2,3-Dichloro-4-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,
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Problem 7.1

Problem 7.2

CHg3l can be called either iodomethane or 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
i Ty
CHgl CH3CHCH3

Iodomethane 2-Chloropropane Bromocyclohexane
(or methyl iodide) (or isopropyl chloride) (or cyclohexyl bromide)

Give the IUPAC names of the following alkyl halides:

(a) El;r (b) Cl CHs () CHs
CH3CH,CHCH3 CH3CH,CHCHCH5 CH3CHCH,CH,Cl
(d) (|:| (€) BrCH,CH,CH,CH,CI (f) I|3r
CH3(|)CH2CH2CI CH3CHCH,CH,CH,CI
CHa

Draw structures corresponding to the following names:

(a) 2-Chloro-3,3-dimethylhexane (b) 3,3-Dichloro-2-methylhexane
(¢) 3-Bromo-3-ethylpentane (d) 2-Bromo-5-chloro-3-methylhexane

ZA=Y Preparing Alkyl Halides

We've already seen several methods for preparing alkyl halides, including the
addition reactions of HX and Xy with alkenes in electrophilic addition reactions
(Sections 4.1 and 4.4) and the reaction of an alkane with Cly (Section 2.4).

H X H X
X CH3 H CHs

X =ClorBr X=Cl,Br,orl

h
CHy + Clp —— CHsCl + HcC

Methane Chloromethane

The most generally useful method for preparing alkyl halides is to make
them from alcohols, which themselves are easily obtained from carbonyl com-
pounds. The reaction can often be carried out simply by treating the alcohol
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with HCl or HBr. 1-Methylcyclohexanol, for example, is converted into
1-chloro-1-methylcyclohexane by treating with HCI.

H3C OH H3C ClI
HCI (gas)
_— + H,0
Ether, 0 °C
1-Methylcyclohexanol 1-Chloro-1-methylcyclohexane

(90%)

For reasons that will be discussed in Section 7.6, the HX reaction works best
with tertiary alcohols. Primary and secondary alcohols react much more slowly.

\/ nox o\

+
~7~OH SN H20
H H H H R H R R
\C/ \C/ \C/ \C/
H” SOH R” OH R” OH R” OH

Methyl < Primary < Secondary < Tertiary

C T Rewiy 3

Primary and secondary alcohols are best converted into alkyl halides by
treatment with either thionyl chloride (SOCly) or phosphorus tribromide
(PBr3). These reactions normally take place in high yield.

SOCly

Cyclopentanol Chlorocyclopentane
OH Br
3 CH3CH ClHCH e 3 CH3CH éHCH + P(OH)
—_—
3-M2 3 Ether, 35 °C 3-M2 3 3
Butan-2-ol 2-Bromobutane
(86%)

Alkyl fluorides can also be prepared from alcohols. Numerous alternative
reagents are used for the reaction, including diethylaminosulfur trifluoride
[(CH3CH3)9NSF3] and HF—pyridine, where pyridine is the nitrogen-containing
analog of benzene.

OH F
HF = |
—_—
Pyridine S
N

Cyclohexanol Fluorocyclohexane (99%) Pyridine
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Worked Example 7.1 / Synthesizing an Alkyl Halide

Predict the product of the following reaction:
OH

| socl
Q—CHCH3 =2, ?

Strategy A big part of learning organic chemistry is remembering reactions. Ask yourself
what you know about alcohols, and then recall that alcohols yield alkyl chlorides
on treatment with SOCls.

Solution OH Cl
| SOCly |
CHCH3 I—— CHCH3

Problem 7.3  Alkane chlorination can occur at any position in the alkane chain. Draw and
name all monochloro products you might obtain from radical chlorination of
3-methylpentane. Which, if any, are chiral?

Problem 7.4 How would you prepare the following alkyl halides from the appropriate alcohols?

(a) C|I (b) lBI’ C|H3 (c) CH3 (d) C|H3 C||
CH3(|:CH3 CH3CHCH,CHCH3 BrCH,CH,CH,CH,CHCH CH3CH2CHCH2(|:CH3
CH3 CHz

Problem 7.5 Predict the products of the following reactions:

(a) OH CHs (b) HsC

| | PB OH  soc
CH3CH,CHCH,CHCHy —2> 2 HaC =2, 2

PACY Reactions of Alkyl Halides: Grignard Reagents

Alkyl halides, RX, react with magnesium metal in ether solvent to yield alkyl-
magnesium halides, RMgX. The products, called Grignard reagents after their
discoverer, Victor Grignard, are examples of organometallic compounds
because they contain a carbon—metal bond. In addition to alkyl halides,
alkenyl (vinylic) and aryl (aromatic) halides also react with magnesium to
give Grignard reagents. The halogen can be Cl, Br, or I, but not F.

1° alkyl
2° alkyl

Cl
3°alkyl  —— R—X <—— 4 Br
alkenyl J I
aryl Ether

M
9 or THF

R—Mg—X
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As you might expect from the discussion of electronegativity in Section 1.9, a
carbon-magnesium bond is polarized, making the carbon both nucleophilic and
basic. An electrostatic potential map of methylmagnesium iodide, for instance,
indicates the electron-rich (red) character of the carbon bonded to magnesium.

Mgl

| Mg 5_| __——Basic and nucleophilic
-C Ether -C
H7 ~H H7 ~H
H H
Iodomethane Methylmagnesium iodide

A Grignard reagent is formally the magnesium salt, RgC~tMgX, of a
carbon acid, RgC—H, and is thus a carbon anion, or carbanion. But because
hydrocarbons are such weak acids, carbon anions are very strong bases.
Grignard reagents must therefore be protected from atmospheric moisture to
prevent their being protonated and destroyed in an acid-base reaction:
R—Mg—X + HoO — R—H + HO—Mg—X.

Grignard reagents themselves don’t occur in living organisms, but they are
useful carbon-based nucleophiles in important laboratory reactions, as we’ll
see in the next chapter. In addition, they act as a simple model for other, more
complex carbon-based nucleophiles that are important in biological chemistry.
We'll see examples in Chapter 17.

ZAZY Nucleophilic Substitution Reactions

Because they are electrophiles, alkyl halides do one of two things when they react
with nucleophiles/bases, such as hydroxide ion: either they undergo substitution
of the X group by the nucleophile or elimination of HX to yield an alkene.

Substitution H\ H\ OH
,,,c—c(' + OH- —— _C—C._ + Br
Br / \
Elimination H
N/
-L—C + OH — c=cC H,O + Br~
7N, /N

Let’s look first at substitution reactions. The discovery of the nucleophilic
substitution reaction of alkyl halides dates back to 1896 when the German
chemist Paul Walden discovered that (+)- and (—)-malic acids could be inter-
converted. When Walden treated (—)-malic acid with PCls, he isolated
(+)-chlorosuccinic acid. This, on reaction with wet AgsO, gave (+)-malic acid.
Similarly, reaction of (+)-malic acid with PCls gave (—)-chlorosuccinic acid,
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Figure 7.1 Walden’s cycle of reactions
interconverting (+)- and (—)-malic
acids.

which was converted into (—)-malic acid when treated with wet AgoO. The full
cycle of reactions reported by Walden is shown in Figure 7.1.

PClg

[| I [| [|
HOCCH,CHCOH HOCCH,CHCOH
| Ether |
OH Cl
(-)-Malic acid (+)-Chlorosuccinic acid
[a]D =-23
[Agzo, H20 lAgzO, Hzo
(0]
I I PClg Il
HOCCH,CHCOH HOCCH,CHCOH
| Ether |
Cl OH
(-)-Chlorosuccinic acid (+)-Malic acid
[a]D =423

At the time, the results were astonishing. Since (—)-malic acid was con-
verted into (+)-malic acid, some reactions in the cycle must have occurred with
an inversion, or change, in the configuration of the chirality center. But which
ones, and how? Remember from Section 6.5 that you can’t tell the configura-
tion of a chirality center from the sign of optical rotation.

Today we refer to the transformations taking place in Walden’s cycle as
nucleophilic substitution reactions because each step involves the substitution
of one nucleophile (chloride ion, C1~, or hydroxide ion, OH™) by another.
Nucleophilic substitution reactions are one of the most common and versatile
reaction types in organic chemistry.

R—X 4+ Nu:™

—> R—Nu + X:7

Following the work of Walden, further investigations were undertaken dur-
ing the 1920s and 1930s to clarify the mechanism of nucleophilic substitution
reactions and to find out how inversions of configuration occur. These investi-
gations showed that nucleophilic substitutions occur by two major pathways,
named the Sy1 reaction and the Sy2 reaction. In both cases, the “Sy” part of
the name stands for substitution, nucleophilic. The meanings of 1 and 2 are
discussed in the next two sections.

Regardless of mechanism, the overall change during all nucleophilic sub-
stitution reactions is the same: a nucleophile (symbolized Nu: or Nu:™) reacts
with a substrate R—X and substitutes for a leaving group X:~ to yield the
product R—Nu. If the nucleophile is neutral (Nu:), then the product is posi-
tively charged to maintain charge conservation. If the nucleophile is nega-
tively charged (Nu:™), the product is neutral.

Neutral

/ product

R—Nu + X:

Negatively charged

nUCIeOphlIe \
N ./_\ (\
u:

+ R—X —

Y N

Nu: + R—X ——

/ \

Neutral Positively
nucleophile charged product
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A wide array of substances can be prepared using nucleophilic substitution
reactions. In fact, we've already seen examples in previous chapters. The reac-
tion of an acetylide anion with an alkyl halide (Section 4.11), for instance, is
an SN2 reaction in which the acetylide nucleophile replaces halide. Table 7.1
lists other examples.

—_ SN2
R—C=C: + CHgBr —~— R—C=C—CH; + Br
reaction

An acetylide anion

Table 7.1 Some Nucleophilic Substitution Reactions with
Bromomethane

Nu:~+ CH;Br — CH;Nu + Br™

Nucleophile Product
Formula Name Formula Name
H,0 Water CH30H,* Methylhydronium ion
CH3CO5— Acetate CH3CO,CH3 Methyl acetate
NH3 Ammonia CH3NH3* Methylammonium ion
Cl— Chloride CH3ClI Chloromethane
HO~ Hydroxide CH30H Methanol
CH30~ Methoxide CH30CH3 Dimethyl ether
I- Todide CH3l Iodomethane
—CN Cyanide CH3CN Acetonitrile
HS— Hydrosulfide CH3SH Methanethiol
Worked Example 7.2 Predicting the Product of a Substitution Reaction

What is the substitution product from reaction of 1-chloropropane with NaOH?

Strategy =~ Write the two reactants, and identify the nucleophile (in this instance, OH™)
and the leaving group (in this instance, C17). Then, replace the —Cl group
by —OH and write the complete equation.

Solution CH3CH,CH,CI + Nat* "OH —— CH3CH,CHoOH  + Na* ~Cl
1-Chloropropane Propan-1-ol
Worked Example 7.3 Using a Substitution Reaction in a Synthesis

How would you prepare propane-1-thiol, CH3CHsCHoSH, using a nucleophilic
substitution reaction?

Strategy Identify the group in the product that is introduced by nucleophilic substitution.
In this case, the product contains an —SH group, so it might be prepared by reac-
tion of SH™ (hydrosulfide ion) with an alkyl halide such as 1-bromopropane.

Solution CH3CHoCHoBr  + Na® “SH —— CH3CHaCH,SH + Na® “Br

1-Bromopropane Propane-1-thiol
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Problem 7.6 What substitution products would you expect to obtain from the following

reactions?

(a) Br (b)

I
CH3CHoCHCH; + LI —— ?

(c)
CHyBr + NaCN —— ?

Problem 7.7 How might you prepare the following substances by using nucleophilic substitu-

tion reactions?

CHg

CH3CHCH,CI + HS™

(a) CH3CH,CHoCH0H  (b) (CHg)oCHCH5CHoN;

A=Y Substitutions: The Sy2 Reaction

An Sn2 reaction takes place in a single step without intermediates when the
entering nucleophile approaches the substrate from a direction 180° away
from the leaving group. As the nucleophile comes in on one side of the mole-
cule, an electron pair on the nucleophile Nu:™ forces out the leaving group
X:~, which departs from the other side of the molecule and takes with it the
electron pair from the C—X bond. In the transition state for the reaction, the
new Nu—C bond is partially forming at the same time the old C—X bond is
partially breaking, and the negative charge is shared by both the incoming
nucleophile and the outgoing leaving group. The mechanism is shown in Fig-

ure 7.2 for the reaction of OH~ with (S)-2-bromobutane.

MECHANISM

Figure 7.2 The mechanism of the
Sn2 reaction. The reaction takes place
in a single step when the incoming

nucleophile approaches from a direc- @ The nucleophile ~OH uses its lone-pair
electrons to attack the alkyl halide

'tlon 180 awa.y fror? the leaving halide carbon 180° away from the departing

ion, thereby inverting the stereo- halogen. This leads to a transition state

chemistry at carbon. with a partially formed C-OH bond and a
partially broken C-Br bond.

@ The stereochemistry at carbon is
inverted as the C-OH bond forms fully
and the bromide ion departs with the
electron pair from the former C-Br bond.

Let’s see what evidence there is for this mechanism and what the chemical

consequences are.

0|

H CHj
- U 5=
HO ---Cl----Br

CH,CH3

Transition state

H3C
7 H
Ho—C”

CH,CHg

(R)-Butan-2-ol

2

Br~

© John McMurry
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Figure 7.3 The transition state of the
Sn2 reaction has a planar arrangement
of the carbon atom and the remaining
three groups. Electrostatic potential
maps show that the negative charge
(red) is shared by the incoming nucleo-
phile and the leaving group in the
transition state. (The dotted red lines
indicate partial bonding.)
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Rates of Sy2 Reactions

In every chemical reaction, there is a direct relationship between the rate at
which the reaction occurs and the concentrations of the reactants. The SN2 reac-
tion of CH3Br with OH™ to yield CH3OH, for instance, takes place in a single
step when substrate and nucleophile collide and react. At a given concentration
of reactants, the reaction takes place at a certain rate. If we double the concen-
tration of OH™, the frequency of collision between the two reactants doubles and
we find that the reaction rate also doubles. Similarly, if we double the concentra-
tion of CH3Br, the reaction rate doubles. Thus, the origin of the “2” in Sn2:
SN2 reactions are said to be bimolecular because the rate of the reaction depends
on the concentrations of two substances—alkyl halide and nucleophile.

[

HO:~ + CHg—Br: —— HO—CHz + :Bri~

What effects would the following changes have on the rate of the Sy2 reaction
between CH3l and sodium acetate?

(a) The CHg3l concentration is tripled.
(b) Both CH3I and CH3CO9Na concentrations are doubled.

Stereochemistry of Sy2 Reactions

Look carefully at the mechanism of the SN2 reaction shown in Figure 7.2. As
the incoming nucleophile attacks the substrate and begins pushing out the
leaving group on the opposite side, the configuration of the molecule inverts
(Figure 7.3). (S)-2-Bromobutane gives (R)-butan-2-ol, for example, by an
inversion of configuration that occurs through a planar transition state.

Tetrahedral l

Planar l

nu—c” o+ xE

Tetrahedral
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Worked Example 7.4

Strategy

Solution

Problem 7.9

Problem 7.10

Figure 7.4 Steric hin-
drance to the Sy2 reaction.
The carbon atom in bromo-
methane is readily accessible,
resulting in a fast Sy2 reac-
tion, but the carbon atoms

in bromoethane (primary),
2-bromopropane (secondary),
and 2-bromo-2-methylpropane
(tertiary) are successively less
accessible, resulting in succes-
sively slower Sn2 reactions.
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Predicting the Product of a Substitution Reaction

What product would you expect to obtain from the SN2 reaction of (S)-2-iodo-
octane with sodium cyanide, NaCN?

Identify the nucleophile (cyanide ion) and the leaving group (iodide ion). Then
carry out the substitution, inverting the configuration at the chirality center.
(S)-2-Iodooctane reacts with CN~ to yield (R)-2-methyloctanenitrile.

I H H CN
Na+tCN~
—_— + Nal

(S)-2-Iodooctane (R)-2-Methyloctanenitrile

What product would you expect to obtain from the Sy2 reaction of (S)-2-bromo-
hexane with sodium acetate, CH3COgNa? Show the stereochemistry of both
product and reactant.

Assign configuration to the following substance, and draw the structure of the
product that would result on nucleophilic substitution reaction with HS~
(reddish brown = Br):

) ¢

Steric Effects in Sy2 Reactions

The ease with which a nucleophile can approach a substrate to carry out an Sy2
reaction depends on steric accessibility to the halide-bearing carbon. Bulky sub-
strates, in which the halide-bearing carbon atom is difficult to approach, react
much more slowly than those in which the carbon is more accessible (Figure 7.4).

Relative
reactivity

H3C

H3C H

\C B \C B \C B \C B
—Br —Br —Br —Br
HaC”/ HaC”/ H7/ HY/
H3C H H H
Tertiary Secondary Primary Methyl
<1 500 40,000 2,000,000

.y
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Strategy

Solution

Problem 7.1

Problem 7.12
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Methyl halides (CH3X) are the most reactive substrates, followed by primary
alkyl halides (RCH9—X) such as ethyl and propyl. Alkyl branching next to the
leaving group slows the reaction greatly for secondary halides (RoCH—X), and
further branching effectively halts the reaction for tertiary halides (RgC—X).

Vinylic (RogC=CRX) and aryl (Ar—X) halides are not shown on this reactiv-
ity list because they are completely unreactive toward SN2 displacements. This
lack of reactivity is due to steric hindrance: the incoming nucleophile would
have to burrow through part of the molecule to carry out a displacement.

(\ tNu™

_Cl _
‘\R —>< No reaction Cl —&  No reaction

R ™~
R’C/z ¢
Aryl halide

Nu:™

Vinylic halide
Predicting the Rates of Substitution Reactions

Which would you expect to be faster, the SN2 reaction of OH™ ion with 1-bromo-
pentane or with 2-bromopentane?

Decide which substrate is less hindered. Since 1-bromopentane is a 1° halide
and 2-bromopentane is a 2° halide, reaction with the less hindered 1-bromo-
pentane is faster.

Primary Secondary
Br
CH3CH2CH2CH2CH28I’ CH3CH2CH2CHCH3
1-Bromopentane 2-Bromopentane

Which of the following SN2 reactions would you expect to be faster?

(a) Reaction of CN~ (cyanide ion) with CH3CH(Br)CHg or with
CH3CHoCHyBr?
(b) Reaction of I~ with (CHg)9CHCHyCl or with HoC=CHCI?

The Leaving Group in Sn2 Reactions

Another variable that can affect the SN2 reaction is the nature of the leaving
group displaced by the attacking nucleophile. Because the leaving group is
expelled with a negative charge in most SN2 reactions, the best leaving groups
are those that give the most stable anions (anions of strong acids). A halide
ion (I, Br~, or C17) is the most common leaving group, although others are
also possible. Anions such as F~, OH™, OR™, and NHy~ are rarely found as
leaving groups.

OH™, NH,~, OR™ F~ (o Br~ I~
Relative —
reactivity <<1 1 200 10,000 30,000

Leaving group reactivity

Rank the following compounds in order of their expected reactivity toward
SN2 reaction: CHgl, CH3F, CHgBr.
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PA=Y Substitutions: The Sy1 Reaction

Most nucleophilic substitutions take place by the SN2 pathway just discussed,
but an alternative called the Sy1reaction can also occur. In general, Sy1 reac-
tions take place only on tertiary substrates and only under neutral or acidic
conditions in a hydroxylic solvent such as water or alcohol. We saw in Section
7.2, for example, that alkyl halides can be prepared from alcohols by treat-
ment with HC1 or HBr. Tertiary alcohols react rapidly, but primary and sec-
ondary alcohols react far more slowly.

R—Br + H,0 —— R—OH + HBr

H H3C H3C H3C
\C B \C B \C B \C B
—Br —Br —Br —Br
H7/ H7; H3C”7 H3C”/
H H H H3C
Methyl Primary Secondary Tertiary
Relative <1 1 12 1,200,000
reactivity

.y

What’s going on here? Clearly, a nucleophilic substitution reaction is taking
place—a halogen is replacing a hydroxyl group—yet the reactivity order 3° >
2° > 1° is backward from the normal Sy2 order. Furthermore, an —OH group is
being replaced, although we said in the previous section that OH™ is a poor
leaving group. These reactions can’t be taking place by the SN2 mechanism
we've been discussing but are instead taking place by the Sy1 mechanism
shown in Figure 7.5.

Unlike what occurs in an SN2 reaction, where the leaving group is dis-
placed at the same time that the incoming nucleophile approaches, an
Sn1 reaction occurs by spontaneous loss of the leaving group before the incom-
ing nucleophile approaches. Loss of the leaving group gives a carbocation
intermediate, which then reacts with the nucleophile in a second step to yield
the substitution product.

This two-step mechanism explains why tertiary alcohols react with HBr so
much more rapidly than primary or secondary ones do: Sy1 reactions can
occur only when stable carbocation intermediates are formed. The more stable
the carbocation intermediate, the faster the Sy1 reaction. Thus, the reactivity
order of alcohols with HBr is the same as the stability order of carbocations
(Section 4.2).

Rates of Sy1 Reactions

Unlike an SN2 reaction, whose rate depends on the concentrations of both sub-
strate and nucleophile, the rate of an Sy1 reaction depends only on the concen-
tration of the substrate and is independent of the nucleophile concentration.
Thus, the origin of the “1”in SN1: SN1 reactions are unimolecular because the rate
of the reaction depends on the concentration of only one substance—the sub-
strate. The observation that Sy1 reactions are unimolecular means that the
substrate must undergo a spontaneous reaction without involvement of the
nucleophile, exactly what the mechanism shown in Figure 7.5 accounts for.
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MECHANISM

Figure 7.5 The mechanism of the (‘\
Sn1 reaction of tert-butyl alcohol with C|ZH3 (~ ~H—Br
HBr to yield an alkyl halide. Neutral CH3z—C—OH
water is the leaving group. (|3H3
@ The —OH group is first protonated by HBr. OH
CHsg

@ Spontaneous dissociation of the
protonated alcohol occurs in a
slow, rate-limiting step to yield a 9”
carbocation intermediate plus water.

Carbocation CHz—C* + H,0

bromide ion in a fast step to yield the
neutral substitution product.

© The carbocation intermediate reacts with o ” Br .

Problem 7.13 What effect would the following changes have on the rate of the Sy1 reaction of
tert-butyl alcohol with HBr?

(a) The HBr concentration is tripled.
(b) The HBr concentration is halved, and the tert-butyl alcohol concentration
is doubled.

Stereochemistry of S\1 Reactions

Because an Syl reaction occurs through a carbocation intermediate, as
shown in Figure 7.5, its stereochemistry is different from that of an
SN2 reaction. Carbocations, as we've seen, are planar, sp2-hybridized, and
achiral. The positively charged carbon can therefore react with a nucleophile
equally well from either side, leading to a 50:50 (racemic) mixture of enan-
tiomers (Figure 7.6). In other words, if we carry out an Sy1 reaction on a
single enantiomer of a chiral substrate and go through an achiral carbo-
cation intermediate, the molecule momentarily loses its chirality so the
product is optically inactive.

© John McMurry
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Figure 7.6 A Stereochemistry of the
Sn1 reaction. Because the reaction goes
through an achiral intermediate, an
enantiomerically pure reactant gives
aracemic product.

Chiral substrate

J Dissociation

.f @ @
+
Py -~
— Pa— ( —_—
N~ \//

50% inversion of Planar, achiral carbocation 50% retention of
configuration intermediate configuration

An example of an Sy1 reaction on a chiral substrate occurs on treatment of
(R)-1-phenylbutan-1-ol with HCI: a racemic alkyl chloride product is formed.

Y Y

C + HCI C _C..
CH3CH,CHy ¢ OH CH3CH,CHy 7 ~ClI Cl \\CHQCH2CH3
H H H
(R)-Phenylbutan-1-ol (R)-1-Phenyl-1-chlorobutane (S)-1-Phenyl-1-chlorobutane
(50%, retention) (50%, inversion)
Worked Example 7.6 Predicting the Stereochemistry of a Substitution Reaction

What stereochemistry would you expect for the Syl reaction of (R)-3-bromo-
3-methylhexane with methanol to yield 3-methoxy-3-methylhexane?

Strategy  First draw the starting alkyl halide, showing its correct stereochemistry. Then
replace the —Br with a methoxy group (-~OCHgy) to give the racemic product.

Solution CH30, CH3

/

H3C /BI’

/

(S)-3-Methoxy-3-methylhexane (50%)
+ CH30 H —

H3C  OCH;5
(R)-3-Bromo-3-methylhexane /

(R)-3-Methoxy-3-methylhexane (50%)

Problem 7.14 What product would you expect from the Sy1 reaction of (S)-3-methyloctan-3-ol
[(S)-3-hydroxy-3-methyloctane] with HBr? Show the stereochemistry of both
starting material and product.
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Problem 7.15 Assign configuration to the following substrate, and show the stereochemistry
and identity of the product you would obtain by Sy1 reaction with HoO (reddish
brown = Br):

The Leaving Group in Sy1 Reactions

The best leaving groups in Sy1 reactions are those that give the most stable
anions, just as in SN2 reactions. Note that if an Sy1 reaction is carried out
under acidic conditions, as occurs when a tertiary alcohol reacts with HX
to yield an alkyl halide (Figure 7.5), neutral water is the leaving group. The
Sn1 reactivity order of leaving groups is

HO- < C~ < Br < I" =~ Hy,0

Leaving group reactivity

P& Eliminations: The E2 Reaction

Thus far, we've looked only at substitution reactions, but in fact two kinds of
reactions can happen when a nucleophile/base reacts with an alkyl halide. The
nucleophile/base can either substitute for the halide in an Sy1 or SN2 reaction,
or it can cause elimination of HX, leading to formation of an alkene.

Substitution H OH

H
\
.c—C + OH —— _Cc—C + Br
\ 7

Elimination H

N \

.c—C + OH —— C=C H,0 + Br

S /

The elimination of HX from an alkyl halide is a very useful method for pre-
paring alkenes, but the topic is complex for several reasons. One complication
is the problem of regiochemistry. What products result by loss of HX from an
unsymmetrical halide? In fact, elimination reactions almost always give mix-
tures of alkene products, and the best we can usually do is to predict which
will be the major product.

According to Zaitsev's rule, a predictive guideline formulated in 1875 by the
Russian chemist Alexander Zaitsev, base-induced elimination reactions gen-
erally give the more highly substituted alkene product—that is, the alkene
with the larger number of alkyl substituents on the double bond. Treatment
of 2-bromobutane with KOH in ethanol, for instance, gives primarily
but-2-ene (disubstituted; two alkyl group substituents on the double-bond
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carbons) rather than but-1-ene (monosubstituted; one alkyl group substituent
on the double-bond carbons).

Br
I CH3CH,0~ Na*
CH3CHCHCHg  — i CHaCH—CHCHz + CHaCHoCH—CH,
2-Bromobutane But-2-ene But-1-ene
(81%) (19%)
ZAITSEV’S RULE In the elimination of HX from an alkyl halide, the more highly substituted

alkene product predominates.

A second complication is that eliminations can take place by several differ-
ent mechanisms, just as substitutions can. We'll consider the three most com-
mon mechanisms—the E1, E2, and ElcB reactions—which differ in the
timing of C-H and C-X bond-breaking. In the E1 reaction, the C-X bond
breaks first to give a carbocation intermediate that undergoes subsequent
base abstraction of H*. In the E2 reaction, base-induced C—H bond cleavage
is simultaneous with C-X bond cleavage, giving the alkene in a single step. In
the E1cB reaction (cB for “conjugate base”), base abstraction of the proton
occurs first, giving a carbanion (R:7) intermediate that loses X~ in a subse-
quent step. All three mechanisms occur frequently in the laboratory, but the
E1cB mechanism predominates in biological pathways.

E1 Reaction: C-X bond breaks first to give a carbocation intermediate,
followed by base removal of a proton to yield the alkene.

B:_\v + E*H
H H /
,,\C—c'/ — \Elé\ — Cc=C
7P 7 /N
+ X©
Carbocation

E2 Reaction: C-H and C-X bonds break simultaneously, giving
the alkene in a single step without intermediates.

B: jv
H / +
AT g— \c:c/ * ij §
72 /N7

E1¢cB Reaction: C-H bond breaks first, giving a carbanion
intermediate that loses X~ to form the alkene.

_ . _
B: _1 + B—H
H , ,
X -

,g—C/ —— ,c/lc/ I \C:C/

7N 7N /N

X-
Carbanion "




MECHANISM

Figure 7.7 Mechanism of the E2 reac-
tion. The reaction takes place in a single
step through a transition state in which
the double bond begins to form at the
same time the H and X groups are leav-
ing. Red dotted lines indicate partial
bonding in the transition state.

Worked Example 7.7

Strategy

Solution
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Let’s look first at the most common elimination pathway—the E2 reaction
(for elimination, bimolecular). The process takes place when an alkyl halide is
treated with a strong base, such as hydroxide ion or alkoxide ion (RO™), and
occurs by the mechanism shown in Figure 7.7.

™\ /R
R /El C\/
FooX°

o Base (B:) attacks a neighboring
hydrogen and begins to remove the
H at the same time as the alkene ol
double bond starts to form and the

X | .
group starts to leave B--H R |*
o+ - /.R
R7  \;
R Xo~

9 Neutral alkene is produced when
the C-H bond is fully broken and el
the X group has departed with the
C-X bond electron pair.

Like the SN2 reaction discussed in Section 7.5, the E2 reaction takes place
in one step without intermediates. As the attacking base begins to abstract
H* from a carbon atom next to the leaving group, the C—H and C—X bonds
begin to break and the C=C double bond begins to form. When the leaving
group departs, it takes with it the two electrons from the former C-X bond.

Predicting the Product of an Elimination Reaction

What product would you expect from reaction of 1-chloro-1-methylcyclohexane
with KOH in ethanol?

Treatment of an alkyl halide with a strong base such as KOH yields an alkene.
To find the products in a specific case, draw the structure of the reactant and
locate the hydrogen atoms on neighboring carbons. Then generate the potential
alkene products by removing HX in as many ways as possible. The major prod-
uct will be the one that has the most highly substituted double bond—in this
case, 1-methylcyclohexene.

Cl
CH3 CH,
CH3 KOH
Ethanol +
1-Chloro-1-methyl- 1-Methylcyclohexene Methylenecyclohexane

cyclohexane (major) (minor)

© John McMurry
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Problem 7.16

Problem 7.17

Ignoring double-bond stereochemistry, what products would you expect from
elimination reactions of the following alkyl halides?

(a) I?r (|3H3 (b) (|2H3 (|:I (|3H3 (c) Ii%r
CH3CH,CHCHCH3 CH3CHCH2—C|—CHCH3 <:>—CHCH3
CHj

What alkyl halides might the following alkenes have been made from?
(a)  CHs CHg (b) CH3

I I
CH3CHCH2CH2CHCH=CH2 q

CHg

PA=Y Eliminations: The E1and E1cB Reactions

The E1 Reaction

Just as the E2 reaction is analogous to the Sy2 reaction, the Sy1 reaction has
a close analog called the Ei reaction (for elimination, unimolecular). The
E1 mechanism is shown in Figure 7.8 for the elimination of HCIl from
2-chloro-2-methylpropane.

MECHANISM

Figure 7.8 Mechanism of the
E1reaction. Two steps are involved,
and a carbocation intermediate is

present.

cl
o

CH3—C|—CH3
CHg

. . . . Rate-
alkyl chloride yields an intermediate limiting

@ Spontaneous dissociation of the tertiary
carbocation in a slow, rate-limiting step.

H3C\ T/‘\:Base
Carbocation ”/C[C—H + CI”
H3C |l|
@ Loss of a neighboring H* in a fast step
yields the neutral alkene product. The 0 || Fast
electron pair from the C-H bond goes to as
form the alkene 7 bond.

CH; H
\> 7
c=cC
/TN
CHz H

E1 eliminations begin with the same unimolecular dissociation to give a
carbocation that we saw in the Sy1 reaction, but the dissociation is followed
by loss of H* from the adjacent carbon rather than by substitution. In fact,
the E1 and Sy1 reactions normally occur together whenever an alkyl halide
is treated in a hydroxylic solvent with a nonbasic nucleophile. Thus, the
best E1 substrates are also the best Sy1 substrates, and mixtures of substitu-
tion and elimination products are usually obtained. For example, when

© John McMurry
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2-chloro-2-methylpropane is warmed to 65 °C in 80% aqueous ethanol, a
64 :36 mixture of 2-methylpropan-2-ol (Sy1) and 2-methylpropene (E1) results.

CH3 CHz H5C H
| H,0, ethanol | \
H3C—C—Cl —_ H3C—C—0OH + c=cC
[ 65 °C | / \
CHs CH3 HaC H
2-Chloro-2-methylpropane 2-Methylpropan-2-ol 2-Methylpropene
(64%) (36%)

The E1cB Reaction

In contrast to the E1 reaction, which involves a carbocation intermediate, the
E1cB reaction takes place through a carbanion intermediate. Base-induced
abstraction of a proton gives an anion, which immediately expels a leaving
group on the adjacent carbon. The reaction is particularly common in sub-
strates that have a poor leaving group, such as ~OH, two carbons removed from
a carbonyl group, HO—C—CH—C==0. The poor leaving group disfavors the
alternative E1 and E2 possibilities, and the carbonyl group makes the adjacent
hydrogen unusually acidic by resonance stabilization of the anion intermediate.
We'll look at this acidifying effect of a carbonyl group in Section 11.4. Note that
the carbon—carbon double bond in the product is conjugated to the carbonyl,
C=C—C==0, a situation similar to that in conjugated dienes (Section 4.8).

X :O: X :@ Q :6:_ :O:

\/ \/qn VA |
/C\&C\ /C\S/C\ /C\?C\ e %C/C\
/M | | |

‘Base

Resonance-stabilized anion

Problem 7.18 What effect on the rate of an E1 reaction of 2-chloro-2-methylpropane would you
expect if the concentration of the alkyl halide were tripled?

ZA=Y A Summary of Reactivity: Sy1, Sn2, E1, E1cB, and E2

Now that we’ve seen five different kinds of nucleophilic substitution/elimina-
tion reactions, you may be wondering how to predict what will take place in
any given case. Will substitution or elimination occur? Will the reaction be
unimolecular or bimolecular? There are no rigid answers to these questions,
but it’s possible to recognize some trends and make some generalizations.

e Primary alkyl halide (RCH5X) SN2 substitution occurs if a nucleo-
phile such as I7, Br—, RS™, NHg, or CN 7, is used; E2 elimination
occurs if a strong base such as OH™ or an alkoxide ion (RO7) is used,;
and E1lcB elimination occurs if the leaving group is two carbons away
from a carbonyl group (HO—C—CH—C=0).

¢ Secondary alkyl halide (RogCHX) SN2 substitution predominates if a
weakly basic nucleophile is used; E2 elimination predominates if a
strong base is used; and E1cB elimination takes place if the leaving
group is two carbons away from a carbonyl group (HO—C—CH—C=0).
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e Tertiary alkyl halide (RgCX) E2 elimination occurs when a base is
used, but Sy1 substitution and E1 elimination occur together under
neutral or acidic conditions. E1cB elimination takes place if the leaving
group is two carbons away from a carbonyl group (HO—C—CH—C=0).

Worked Example 7.8 / Predicting the Mechanism of a Reaction

Tell whether each of the following reactions is likely to be Sy1, Sn2, E1, E1cB,
or E2:

Ot "
—_—
Ethanol Br HCO,H 0
H,O !
’ H-"0

Strategy Look to see whether the substrate is primary, secondary, or tertiary, and deter-
mine whether substitution or elimination has occurred. Then apply the general-
izations summarized above.

Solution (a) The substrate is a secondary alkyl halide, a strong base is used, and an
elimination has occurred. This is an E2 reaction.
(b) The substrate is a tertiary halide, an acidic solvent is used, and a substitu-
tion has occurred. This is an Sy1 reaction.

Problem 7.19 Tell whether each of the following reactions is likely to be Sx1, SN2, E1, E1cB,
or E2:

NaN
(a) CH3CH,CH,CH,Br E::]—% CH3CH,CH,CHy;N=N=N
er

(b) cl
CHsCH (|3HCH CHy —FOM CH.CH,CH=CHCH
3-F2 2%-n3 Ethanol 3-F2 3
(c) (I?
cl OCCH

CH3  CHzco,H OLCHs
—_—

pél®Y Substitution and Elimination Reactions
in Living Organisms

All chemistry, whether carried out in flasks by chemists or in cells by living
organisms, follows the same rules. Biological reactions therefore occur by the
same addition, substitution, elimination, and rearrangement mechanisms
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encountered in laboratory reactions. Both Sy1 and Sn2 reactions, for instance,
are well-known in biological chemistry.

Among the most common biological substitution reactions is methylation,
the transfer of a ~CHg group from an electrophilic donor to a nucleophile. A
laboratory chemist might choose CHg3l for such a reaction, but living organisms
use the complex molecule S-adenosylmethionine (abbreviated SAM) as the bio-
logical methyl donor. Because the sulfur atom in S-adenosylmethionine has a
positive charge (a sulfonium ion, RgS1), it is a highly reactive leaving group for
SN2 displacements on the methyl carbon. In the biosynthesis of epinephrine
(adrenaline) from norepinephrine, for instance, the nucleophilic nitrogen atom
of norepinephrine attacks the electrophilic methyl carbon atom of S-adenosyl-
methionine in an SN2 reaction, displacing S-adenosylhomocysteine.

HO H HO H
HO 3 HO 4
HO HoN: HO JrNH2CH3
Norepinephrine Epinephrine
(adrenaline)
NH2 5 . NH;
—_—
(‘:H3 /N NN /N XN
“0,C Sst ¢ | ) ~0,C s ¢ | )
H NH3 H NH3
OH OH OH OH
S-Adenosylmethionine (SAM) S-Adenosylhomocysteine (SAH)

After dealing only with simple halides such as CHgslI up to this point, it’s a
shock to encounter a molecule as complex as S-adenosylmethionine. From a
chemical standpoint, however, CH3l and S-adenosylmethionine do exactly the
same thing: both transfer a methyl group by an Sn2 reaction.

Eliminations, like substitutions, also occur frequently in biological path-
ways, with the E1cB mechanism particularly common. The substrate is usu-
ally an alcohol, and the H atom removed is usually adjacent to a carbonyl
group, just as in laboratory reactions. A typical example occurs during the
biosynthesis of fats when a 3-hydroxybutyryl thioester is dehydrated to the
corresponding unsaturated (crotonyl) thioester. The base in this reaction is an
amine functional group in the enzyme.

HO H 09 HO H O H 0
Y. N~ clé) HZZO do &
HaC” ((lcw/ SR HecT ~c” sR HyCc” Sc” sR
N\ | |
Hs H H H
He X\ > H_ /\(\/H Crotonyl
N N: N N thioester

3-Hydroxybutyryl
thioester
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@INTERLUDE

Naturally Occurring Organohalides

s recently as 1970, only about 30 naturally occurring organo-
halides were known. It was simply assumed that chloroform, halo-
genated phenols, chlorinated aromatic compounds called PCBs, and
other such substances found in the environment were industrial pollut-
ants. Now, a bit more than a third of a century later, the situation is
quite different. More than 5000 organohalides have been found to occur
naturally, and tens of thousands more surely exist. From a simple com-
pound like chloromethane to an extremely complex one like vancomycin,
& s w " - a remarkably diverse range of organohalides exists in plants, bacteria,
] ORGP TG and animals. Many even have valuable physiological activity. The
Marine corals secrete organohalide ~ Pentahalogenated alkene halomon, for instance, has been isolated from
compounds that act as a feeding the red alga Portieria hornemannii and found to have anticancer activity
deterrent to starfish. against several human tumor cell lines.

Image copyright melissaf84, 2009. Used under

license from Shutterstock.com

Halomon

Some naturally occurring organohalides are produced in massive quan-
tities. Forest fires, volcanoes, and marine kelp release up to 5 million tons
of CH3Cl per year, for example, while annual industrial emissions total
about 26,000 tons. Termites are thought to release as much as 108 kg of
chloroform per year. A detailed examination of the Okinawan acorn worm
Ptychodera flava found that the 64 million worms living in a 1 km? study
area excreted nearly 8000 pounds per year of bromophenols and bromo-
indoles, compounds previously thought to be nonnatural pollutants.

Why do organisms produce organohalides, many of which are undoubt-
edly toxic? The answer seems to be that many organisms use organo-
halogen compounds for self-defense, either as feeding deterrents, as
irritants to predators, or as natural pesticides. Marine sponges, coral,
and sea hares, for example, release foul-tasting organohalides that deter
fish, starfish, and other predators from eating them. Even humans
appear to produce halogenated compounds as part of their defense
against infection. The human immune system contains a peroxidase
enzyme capable of carrying out halogenation reactions on fungi and
bacteria, thereby killing the pathogen. And most remarkable of all, even
free chlorine—Cls—has been found to be present in humans.

Much remains to be learned—only a few hundred of the more than
500,000 known species of marine organisms have been examined—but it
is clear that organohalides are an integral part of the world around us.
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Summary and Key Words

alkyl halide 223

bimolecular reaction 231

carbanion 227

E1reaction 240
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E2 reaction 239

Grignard reagent 226

nucleophilic substitution
reaction 228

organohalide 222

Sn1reaction 234

SN2 reaction 230

unimolecular reaction 234

Zaitsev’s rule 237

Alkyl halides are not often found in terrestrial organisms, but the kinds of
reactions they undergo are among the most important and well-studied reac-
tion types in organic chemistry. In this chapter, we saw how to name and pre-
pare alkyl halides, and we made a detailed study of their substitution and
elimination reactions.

Alkyl halides are usually prepared from alcohols by treatment either with
HX (for tertiary alcohols) or with SOCly or PBrg (for primary and secondary
alcohols). Alkyl halides react with magnesium metal to form organomagnesium
halides, called Grignard reagents (RMgX). Because Grignard reagents are both
nucleophilic and basic, they react with acids to yield hydrocarbons.

Treatment of an alkyl halide with a nucleophile/base results either in sub-
stitution or elimination. Nucleophilic substitution reactions occur by two
mechanisms: SN2 and Syl. In the Sn2 reaction, the entering nucleophile
attacks the substrate from a direction 180° away from the leaving group,
resulting in an umbrella-like inversion of configuration at the carbon atom.
SN2 reactions are strongly inhibited by increasing steric bulk of the reagents
and are favored only for primary substrates and simple secondary substrates.
In the Sy1reaction, the substrate spontaneously dissociates to a carbocation,
which reacts with a nucleophile in a second step. As a consequence, SN1 reac-
tions take place with racemization of configuration at the carbon atom and
are favored only for tertiary substrates.

Elimination reactions occur commonly by three mechanisms—E2, E1, and
E1lcB—which differ in the timing of C-X and C-H bond-breaking. In the
E2 reaction, a base abstracts a hydrogen at the same time that the adjacent
halide group departs. The E2 reaction usually gives a mixture of alkene prod-
ucts in which the more highly substituted alkene predominates (Zaitsev’s
rule). In the E1reaction, C—X bond-breaking occurs first. The substrate spon-
taneously dissociates to form a carbocation, which subsequently loses
H* from a neighboring carbon. In the EicB reaction, C—H bond-breaking
occurs first. A base removes H* to give a carbanion intermediate, followed by
loss of the leaving halide group from the adjacent carbon. Biological elimina-
tion reactions typically occur by this E1cB mechanism.

Summary of Reactions

1. Synthesis of alkyl halides from alcohols (Section 7.2)
(a) Reaction of alcohols with HX, where X = Cl, Br

OH X
| HX |
,7C\ Ether ,7C\

Reactivity order: 3° > 2° > 1°

continued
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(b) Reaction of primary and secondary alcohols with SOCly and

PBrg
OH Cl
| SOCly |
AC owr—— AC

// \H Pyridine // \H

OH Br
| PBr; |
—_—

/7C\H Ether /7C\H
2. Reactions of alkyl halides
(a) Formation of Grignard reagents (Section 7.3)

ReX —9 ., R_mg—
Ether 9—X

(b) SN2 reaction: backside attack of nucleophile on alkyl halide
(Section 7.5)

N\ N /-

Nui~___ SC—X —— Nu—C~ + X:i~

(e) Syl reaction: carbocation intermediate is involved (Section 7.6)

(d) E2 reaction (Section 7.7)

H ,
N -\ /
I S
7N /A
(e) E1 reaction (Section 7.8)
H X H R
|2 | . \
—C—C—R — |—C—C—R| — ¢=C + HX
|| || /N
R R R

(f) ElcB reaction (Section 7.8)

X H O

X (0] c=0
A e (NEL) N
| | /



| Exercises 247

Exercises
Visualizin g Chemistry 7.20 Write the product you would expect from reaction of each of the following

(Problems 71-719 appear within alkyl halides with (i) Na* “SCHj3 and (ii) NaOH (yellow-green = Cl):

the chapter.)

UWL

Interactive versions of these
problems are assignable in OWL.

(c)

7.21 Assign R or S configuration to the following molecule, write the product
you would expect from SN2 reaction with NaCN, and assign R or S configu-
ration to the product (red = O, yellow-green = Cl):

7.22 Draw the structure of the product you expect from E2 reaction of the
following molecule with NaOH (yellow-green = Cl):

7.23 From what alkyl bromide was the following alkyl acetate made by
SN2 reaction? Write the reaction, showing all stereochemistry.
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7.24 The following alkyl bromide can be prepared by reaction of the alcohol
(S)-pentan-2-ol with PBrg. Name the compound, assign (R) or (S) stereo-
chemistry, and tell whether the reaction of the alcohol with PBr3 occurs
with retention of the same stereochemistry or with a change in stereo-
chemistry (reddish brown = Br).

-4 !
- -

o
Y

Additional Problems

N AMING ALKYL HALIDES 7.25 Name the following alkyl halides:

(a) HsC BrBr  CHg (b) { e/ Br Cl CHg
CH3CHCHCHCH,CHCH3 CH3CH=CHCH,CHCHs CH3C|CH20HCHCH3
CH3
(d) (linBr (e) CICH,CH,CH,C=CCH,Br
CH3CH,CHCH,CH,CHs

7.26 Draw structures corresponding to the following IUPAC names:
(a) 2,3-Dichloro-4-methylhexane
(b) 4-Bromo-4-ethyl-2-methylhexane
(e) 3-lIodo-2,2,4,4-tetramethylpentane

7-27 Draw and name the monochlorination products you might obtain by reac-
tion of 2-methylpentane with Cly. Which of the products are chiral?

CHARACTERISTICS 7.28 Describe the effects of the following variables on both Sy2 and Syl
oF SnT AND S 2 reactions:
REACTIONS (a) Substrate structure (b) Leaving group

7.29 Which ion in each of the following pairs is a better leaving group?
(a) F~ or Br™ (b) C1~ or NHy™ (¢c) OH  or I~

7-30 Which alkyl halide in each of the following pairs will react faster in an
SN2 reaction with OH™?
(a) Bromobenzene or benzyl bromide, CgH5;CHgBr
(b) CH3Cl or (CH3)3CCl
(¢) CH3CH=CHBr or HoC=CHCHyBr

7-31 What effect would you expect the following changes to have on the
SN2 reaction of CH3Br and CN ™ to give CH3CN?
(a) The concentration of CHgBr is tripled and that of CN~ is halved.
(b) The concentration of CH3Br is halved and that of CN~ is tripled.
(¢) The concentration of CH3Br is tripled and that of CN™ is doubled.
(d) The reaction temperature is raised.
(e) The volume of the reacting solution is doubled by addition of more
solvent.
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7.32 What effect would you expect the following changes to have on the Syl

reaction of (CH3)3CBr with CH3OH to give (CH3)3COCHg3?

(a) The concentration of (CHg)3CBr is doubled and that of CH3OH is
halved.

(b) The concentration of (CHg)3CBr is halved and that of CH3OH is
doubled.

(¢) The concentrations of both (CHg)3CBr and CH30OH are tripled.

(d) The reaction temperature is lowered.

7.33 Order the following compounds with respect to both Syl and Sy2

reactivity:
?H3 CH,CI cl
CH3(|2C| ©/ ©/
CHs

7.34 Order each set of compounds with respect to SN2 reactivity:

(a) CHs CH3CH,CH,CI (|2I
ch—?—u CH3CH,CHCH3
CH3
(b) CH3 CH3 CH3BF
CH3CH?HCH3 CH3CHCHzBr
Br

S YNTHESIS 7.35 How would you prepare the following compounds, starting with cyclo-
pentene and any other reagents needed?
(a) Chlorocyclopentane (b) Cyclopentanol
(¢) Cyclopentylmagnesium chloride (d) Cyclopentane

7.36 Predict the product(s) of the following reactions:

SOCI
(a) H3C OH (b) CH3CH,CH,CHOH 2 ?
HBr ?
Ether
Mg H20

(c) OH (d) CH3CH,CH(Br)CH3 ——— A —— B
O/ PBr Ether
3 ?
IR IR
Ether
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7-37

738

7-39

SUBSTITUTIONS 7.40
AND ELiIMINATIONS

7-41

7-42

How might you prepare the following molecules using a nucleophilic
substitution reaction at some step?

(a) CH3CH,Br (b) CH3CH,CH,CH,CN (c) CHs
CH3OCCH3
Sy
(d) CH3CH,CHoN=N=N" (e) CH3CH,SH (f)
CH3gOCH3

What products do you expect from reaction of 1-bromopropane with the
following reagents?
(a) Nal (b) NaCN (¢) NaOH (d) Mg (e) NaOCHjs

None of the following reactions take place as written. What is wrong with
each?

(a) Br CN
| NaCN |
CH3CH2$CH2CH3 _— CH3CH2(|:CH2CH3
CH3 CH3
(b)  CHs CHs
NaBr

|
CH3CHCH,CH,CHo,OH  ———  CH3CHCH,CH,CH,Br

(c) OH CH3
| HBr
CH3CH2$CH3 ——  CH3CH=CCHj3
CHs

Propose a structure for an alkyl halide that can give a mixture of three
alkenes on E2 reaction.

Heating either tert-butyl chloride or tert-butyl bromide with ethanol yields
the same reaction mixture: approximately 80% tert-butyl ethyl ether
[(CH3)3COCH9CHg3] and 20% 2-methylpropene. Explain why the identity
of the leaving group has no effect on the product mixture.

What effect would you expect the following changes to have on the rate of
the reaction of 1-iodo-2-methylbutane with CN~?
CH3CH2C|HCH2]: + CNT —— CH3CH2?HCH2CN
CHs3 CH3
1-Iodo-2-methylbutane
(a) CN~ concentration is halved and 1-iodo-2-methylbutane

concentration is doubled.
(b) Both CN™ and 1-iodo-2-methylbutane concentrations are tripled.
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7-43 What effect would you expect on the rate of reaction of ethyl alcohol with
2-iodo-2-methylbutane if the concentration of the alkyl halide is tripled?

I OCH2CH3
| CH3CH,0H |

CH3CH2C|CH3 T CH3CH2?CH3 + HI
CH3 CHs3

2-Iodo-2-methylbutane

7.44 ldentify the following reactions as either Sy1, SN2, E1, or E2:

Br

(a) ;

CHCH34 CH=CH,
©/ n ©/

(b) I|3r OCHj3

|
CHCH3 CHCH3
CH30H
—_—
Heat

7.45 Predict the major alkene product from the following eliminations:

(@) HsC (b) HsC CHs
- CH CliHéB CHsCOH 5
KoH | ? 3 [ ' Heat ’
“~ CH,»CH
“H 2CH3
Br

7.46 Treatment of an alkyl chloride C4HgCl with strong base gives a mixture of
three isomeric alkene products. What is the structure of the alkyl chloride,
and what are the structures of the three products?

7-47 Predict the product and give the stereochemistry of reactions of the follow-
ing nucleophiles with (R)-2-bromooctane:
(a) CN™ (b) CH3CO9~ (c) Br~

7.48 Draw all isomers of C4HgBr, name them, and arrange them in order of
decreasing reactivity in the Sy2 reaction.

7-49 Although the radical chlorination of alkanes with Cly is usually unselective
and gives a mixture of products, chlorination of propene, CH3CH=CHo,,
occurs almost exclusively on the methyl group rather than on a double-
bond carbon. Draw resonance structures of the allyl radical CHo—=CHCH,-
to account for this result.

7.50 Draw resonance structures of the benzyl radical CgH5CHy- to account for
the fact that radical chlorination of toluene with Cly occurs exclusively on
the methyl group rather than on the aromatic ring.
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7-51

7-52

7-53

7-54

7-55

7.56

7-57

Ethers can be prepared by Sn2 reaction of an alkoxide ion with an alkyl
halide: R—O~ + R"—Br — R—O—R’ + Br~. Suppose you wanted to pre-
pare cyclohexyl methyl ether. Which of the following two routes would you
choose? Explain.

o
[::::]// +  CHsl
OCHs
=Y
I
[::::f/ + CHz0™

How could you prepare diethyl ether, CH3CHyOCH9CH3s, starting from
ethyl alcohol and any inorganic reagents needed? More than one step is
needed. (See Problem 7.51.)

How could you prepare cyclohexane starting from 3-bromocyclohexene?
More than one step is needed.

The SN2 reaction can occur intramolecularly, meaning within the same
molecule. What product would you expect from treatment of 4-bromobutan-
1-ol with base?

Base _
BI’CH2CH2CH2CH20H —_— BI’CH2CH2CH2CH20 Na+ — ?

trans-1-Bromo-2-methylcyclohexane yields the non-Zaitsev elimination
product 3-methylcyclohexene on treatment with KOH. What does this
result tell you about the stereochemistry of E2 reactions?

CH3
_H CH3
KOH ©/
D
“Br
H
trans-1-Bromo-2-methylcyclohexane 3-Methylcyclohexene

How can you explain the fact that treatment of (R)-2-bromohexane with
NaBr yields racemic 2-bromohexane?

Reaction of HBr with (R)-3-methylhexan-3-ol yields (=*)-3-bromo-3-methyl-
hexane. Explain.
Cl)H
CH3CH2CH2(|:CH2CH3 3-Methylhexan-3-ol
CHs3
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7.58 (S)-Butan-2-ol slowly racemizes to give (*)-butan-2-ol on standing in dilute
sulfuric acid. Propose a mechanism to account for this observation.

(|3H
CH3CH,CHCH3 Butan-2-ol

7.59 Metabolism of S-adenosylhomocysteine (Section 7.10) involves the follow-
ing step. Propose a mechanism.

+
H NH3
S COq
+
Adenine H NH Adenine
0o _Base S0 L HC 0
H HS COy~
(0] OH Homocysteine 0 OH

7.60 Compound A is optically inactive and has the formula CigH;gBrg. On
treatment with strong base, A gives hydrocarbon B, C1gH14, which absorbs
2 equivalents of Hg when reduced over a palladium catalyst. Hydrocarbon
B also reacts with acidic KMnOy to give two carbonyl-containing products.
One product, C, is a carboxylic acid with the formula C;HgOs. The other
product is oxalic acid, HO9CCO9H. Formulate the reactions involved, and
suggest structures for A, B, and C.

7.61 Why do you suppose it’s not possible to prepare a Grignard reagent from a
bromoalcohol such as 4-bromopentan-1-o0l?
Br MgBr
I Mg
CH3CHCH,CH,CHyOH —><—  CH3CHCH,CH,CH,OH

7-62 One step in the urea cycle for ridding the body of ammonia is the conver-
sion of argininosuccinate to the amino acid arginine plus fumarate. Pro-
pose a mechanism for the reaction, and show the structure of arginine.

+
lﬁle H COy~ H
~0,C C { COy~ :B CO,~
>\/\/\|?|/ \T>§\/ Da%e Arginine + ~0,C X 2
N+ N\
H N H3 H H H H H
Argininosuccinate Fumarate

7.63 The following reaction is an important step in the laboratory synthesis of
proteins. Propose a mechanism.

HsC CH3 O HsC 0
SNV 3

c C Strong acid
H¢” Y07 N7 / HO
| H3C |
H H
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In THE MEDICINE CABINET 7.64 The antidepressant fluoxetine, marketed as Prozac, can be prepared by a
sequence of steps that involves the substitution reaction of an alkyl chlo-
ride with a phenol, using a base to convert the phenol into its phenoxide

anion.
OH C|H3 C|2H3
N N
“CHs SH
F3C o o
KOH
+ C|H3 DMSO >
N H H
CHs F3C F3C
Cl
Fluoxetine

(a) Identify the nucleophile and electrophile in the reaction.

(b) The rate of the substitution reaction depends on concentrations of
both the alkyl chloride and phenol. Is this an Sy1 or an SN2 reaction?

(¢) The physiologically active enantiomer of fluoxetine has (S)
stereochemistry. Based on your answer in part (b), draw the
structure of the alkyl chloride you would need, showing the correct
stereochemistry.

7.65 The antipsychotic drug flupentixol is prepared by the following scheme:

1. SOCly

+ B — HO _—
N/\ (\N/\ 2. Mg, ether
H/N\) OCH,Ph N\) OCHaPh
A

0 K\N/\/OH

CF3 N
D + — F |
CF3
S
E ‘ O
S

Flupentixol

(a) What alkyl chloride B reacts with amine A to form C?

(b) Compound C is treated with SOCls, and the product is allowed to
react with magnesium metal to give a Grignard reagent D. What is
the structure of D?
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(e¢) We'll see in Section 9.6 that Grignard reagents add to ketones, such
as E, to give tertiary alcohols, such as F. Because of the newly formed
chirality center, compound F exists as a pair of enantiomers. Draw
both, and assign R,S configuration.

(d) Two stereoisomers of flupentixol are subsequently formed from F,
but only one is shown. Draw the other isomer, and identify the type of
stereoisomerism.

7.66 All five of the following herbicides contain a trifluoromethyl group attached
to a benzene ring. This group is commonly included in many bioactive
molecules because it slows down oxidative decomposition of the aromatic
ring, making the —CF3 containing compounds more stable than their

—CHj3 analogs.

QW A
Cl

F3C l?l | F3C | |

N

X NHCH3 I?I
Norflurazon CHg
Fluridone

CI:©/CF3 CI:©/CF3 CI:©/CF3
0] (0] (0]

0]

e ¢

H

3 Y “OCH,CH3

_0
OCH,CH3 ﬁ CO2H

NO5 NO, O NO,
Oxyfluorfen Lactofen Acifluorfen

(a) Oxidation is defined as the loss of electrons. Is it likely to be easier
to remove electrons from a benzene ring with a ~CFg or ~CHg group
attached? Why?

(b) Two of the compounds shown inhibit pigment synthesis in plants,
while three inhibit lipid synthesis. Group the compounds by their
likely mechanism of action. What criteria did you use to make these
groupings?
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The Harger Drunkometer was introduced in 1938 to help
keep drunk drivers off the road. Drunk driving is still

a problem, but methods for detecting the amount of alcohol
consumed have improved greatly in the last 70 years.

Alcohols, Phenols, Ethers,
and Their Sulfur Analogs

: 8.1 Naming Alcohols, Phenols, and Ethers
: 8.2  Properties of Alcohols and Phenols:
Hydrogen Bonding and Acidity
8.3  Synthesis of Alcohols from Carbonyl

Compounds

Reactions of Alcohols

Reactions of Phenols

Reactions of Ethers

Cyclic Ethers: Epoxides

Thiols and Sulfides

Interlude—Epoxy Resins and Adhesives

No0oDn
onNOOb

In this and the next three chapters, we’ll focus on the
most commonly occurring of all functional groups—those
that contain oxygen—beginning in this chapter with a
look at compounds that contain C-O single bonds. An
alcohol is a compound that has a hydroxyl group bonded to a satu-
rated, sp3-hybridized carbon atom, R—OH; a phenol has a
hydroxyl group bonded to an aromatic ring, Ar—OH; and an ether
has an oxygen atom bonded to two organic groups, R—O—R’.
The corresponding sulfur analogs are called thiols (R—SH),
thiophenols (Ar—SH), and sulfides (R—S—R).

Alcohols, phenols, and ethers occur widely in nature and have
many industrial, pharmaceutical, and biological applications.
Ethanol, for instance, is a fuel additive, an industrial solvent, and
a beverage; phenol is a general disinfectant, commonly called car-

bolic acid; and diethyl ether—the familiar “ether” of medical use—is frequently
used as a reaction solvent and was once popular as an inhaled anesthetic.

WHY THIS CHAPTER?

UWL

Online homework for this chapter can be
assigned in OWL, an online homework

Up to this point, we've focused on developing some general ideas of organic
reactivity and on looking at the chemistry of hydrocarbons and alkyl halides.

assessment tool. With that background, it’s now time to begin a study of oxygen-containing

256
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'
W
(&
&
w
H\ H H, H H H
VA SN
H H H HH H
Ethanol Phenol Diethyl ether

functional groups, which lie at the heart of organic and biological chemistry.
In fact, practically every one of the hundreds of thousands of different com-
pounds in your body contains oxygen. We'll look at compounds with C-O sin-
gle bonds in this chapter and then move on to carbonyl compounds in Chapters
9 to 11.

=¥ Naming Alcohols, Phenols, and Ethers
Alcohols

STEP1

STEP 2

Alcohols are classified as primary (1°), secondary (2°), or tertiary (3°), depend-
ing on the number of carbon substituents bonded to the hydroxyl-bearing
carbon.

(l)H (|)H (l)H
.C .C .C
R7 H R7 H R¢ R

H R R

A primary (1°) alcohol A secondary (2°) alcohol A tertiary (3°) alcohol

Simple alcohols are named in the IUPAC system as derivatives of the par-
ent alkane, using the suffix -ol. As always, the locant indicating the position
of the hydroxyl group in the parent chain is placed immediately before the
-ol suffix in the newer, post-1993 naming system.

Select the longest carbon chain containing the hydroxyl group, and replace
the -e ending of the corresponding alkane with -ol. The -e is deleted to pre-
vent the occurrence of two adjacent vowels: propanol rather than propaneol,
for example.

Number the carbons of the parent chain beginning at the end nearer the
hydroxyl group.
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STEP 3 Number all substituents according to their position on the chain, and write
the name listing the substituents in alphabetical order and identifying the
position to which the —OH is bonded. Note that in naming cis-cyclohexane-
1,4-diol, the final -e of cyclohexane is not deleted because the next letter (d) is
not a vowel; that is, cyclohexanediol rather than cyclohexandiol.

OH 4

1 23 4 5 3?"'?5 1
CHg?CHZCHZCH3 CHClHCH3
CHs ©/ OH
2-Methylpentan-2-ol cis-Cyclohexane-1,4-diol 3-Phenylbutan-2-ol

Some well-known alcohols also have common names that are accepted by
TUPAC. For example:

CH,0H (l:H 3
H,C=CHCH,0H CH3C|:OH HOCH,CH,0OH HOCH2(|ZHCH20H
CH3 OH
Benzyl alcohol Allyl alcohol tert-Butyl alcohol Ethylene glycol Glycerol
(phenylmethanol) (prop-2-en-1-ol) (2-methylpropan-2-ol) (ethane-1,2-diol) (propane-1,2,3-triol)
Phenols

The word phenol is used both as the name of a specific substance (hydroxy-
benzene) and as the family name for all hydroxy-substituted aromatic com-
pounds. Substituted phenols are named as described previously in Section 5.2
for aromatic compounds, with -phenol used as the parent name rather than

-benzene.
H3C \©/OH : :OH
OoN NO,
m-Methylphenol 2,4-Dinitrophenol
(m-cresol)
Ethers

Simple ethers that contain no other functional groups are named by identify-
ing the two organic groups and adding the word ether.

0. _CH 0

Hoe” ¢ 0 CH,CH

3 aN 2 3
H CHs

Isopropyl methyl ether Ethyl phenyl ether
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If other functional groups are present, the ether part is named as an alkoxy
substituent. For example:

3

CH30 O.__CH
3 2 4 \C/ 3
/\
1 H3C CH3
OCH3

p-Dimethoxybenzene 4-tert-Butoxycyclohex-1-ene

Problem 8.1 Give ITUPAC names for the following compounds:

(a) Cl)H Cl)H OH (¢) HO
CH3CHCH2CH?HCH3 CH2CH2CCH3 \]::::]K_
CH3 ©/
(d) H (e) H3C:©/ (f) Q/ocH3
_-Br

Problem 8.2 Identify the alcohols in Problem 8.1 as primary, secondary, or tertiary.

Problem 8.3 Draw structures corresponding to the following IUPAC names:

(a) 2-Methylhexan-2-ol (b) Hexane-1,5-diol
(¢) 2-Ethylbut-2-en-1-ol (d) Cyclohex-3-en-1-0l
(e) o-Bromophenol (f) 2,4,6-Trinitrophenol

Problem 8.4 Name the following ethers by IUPAC rules:

(a) CH3 CH3 (b)
[ OCH,CH,CHg
CH3CHOCHCH5
(c) 0CH3 (d) ?H3
/J::::]// CH3CHCH,OCH,CH3
Br

=¥ Properties of Alcohols and Phenols:

Hydrogen Bonding and Acidity

Alcohols, phenols, and ethers can be thought of as organic derivatives of water
in which one or both of the hydrogens have been replaced by organic parts:
H—O—H becomes R—O—H, Ar —O—H, or R—O—R’. Thus, all three classes
of compounds have nearly the same geometry as water. The C—O-H or C-O-C
bond angles are approximately tetrahedral—109° in methanol and 112° in
dimethyl ether, for instance—and the oxygen atoms are sp3-hybridized.
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Figure 8.1 Hydrogen bonding in alco-
hols and phenols. The weak attraction
between a positively polarized

—OH hydrogen and a negatively
polarized oxygen holds molecules
together. The electrostatic potential
map of methanol shows the positively
polarized —OH hydrogen (blue) and the
negatively polarized oxygen (red).

Also like water, alcohols and phenols have higher boiling points than might
be expected. Propan-1-ol and butane have similar molecular weights, for
instance, yet propan-1-ol boils at 97.2 °C and butane boils at —0.5 °C. Simi-
larly, phenol boils at 181.9 °C but toluene boils at 110.6 °C.

Alcohols and phenols have unusually high boiling points because, like
water, they form hydrogen bonds. The positively polarized —~OH hydrogen of
one molecule is attracted to a lone pair of electrons on the negatively polar-
ized oxygen of another molecule, resulting in a weak force that holds the mole-
cules together (Figure 8.1). These forces must be overcome for a molecule to
break free from the liquid and enter the vapor, so the boiling temperature is
raised. Ethers, because they lack hydroxyl groups, can’t form hydrogen bonds
and therefore have lower boiling points.

l 5— Cl)ﬁ— l 6—
A Ho P
o “Hoo- o+ TH_ - o+ )
. 5+>0° 5+
| |
R R

Another similarity with water is that alcohols and phenols are both weakly
basic and weakly acidic. As weak Lewis bases, alcohols and phenols are
reversibly protonated by strong acids to yield oxonium ions, ROHyt.

An alcohol An oxonium ion

+
[or ArOH + HX <— ArOHy X_]

As weak acids, alcohols and phenols dissociate to a slight extent in dilute
aqueous solution by donating a proton to water, generating H3O" and an
alkoxide ion (RO ™) or a phenoxide ion (ArO™).

T i

g\/ 0 s e — O+
R—0: + p o>y <= R—0: + =y

An alcohol An alkoxide ion

K? —
Oy °
or Y + HO: <= Y + Hzo*

A phenol A phenoxide ion
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Recall from the earlier discussion of acidity in Sections 1.10 and 1.11 that the
strength of any acid HA in water can be expressed by an acidity constant, K.

A~ ||H30%
K, = —[ EP[IA] ] pPK, = —log K,
Compounds with a smaller K, and larger pK, are less acidic, whereas com-
pounds with a larger K, and smaller pK, are more acidic. Table 8.1 gives the
pK, values of some common alcohols and phenols.

Table8.1 Acidity of Some Alcohols and Phenols
Compound pKa
(CHg)sCOH 18.00 Weaker
acid

CH3CH0OH 16.00
Hy0 15.74
CH3;0H 15.54
p-Methylphenol 10.17
Phenol 9.89

Stronger
p-Nitrophenol 7.15 acid

The data in Table 8.1 show that alcohols are about as acidic as water. Thus,
they don’t react with weak bases such as amines or bicarbonate ion and they
react to only a limited extent with metal hydroxides, such as NaOH. They do,
however, react with alkali metals to yield alkoxides that are themselves
strong bases. Alkoxides are named commonly by replacing the -ane suffix of
the corresponding alkane with -oxide: methane gives methoxide, for instance.
They are named systematically by adding the -ate suffix to the name of the
alcohol. Methanol becomes methanolate, for instance.

2 CHsOH + 2 Na —— 2 CHgO Na® + H,

Methanol Sodium methanolate
(sodium methoxide)

H3C CH H3C CH
2 3\0/3 + 2K 2 3\c/3 + H
_—
2
HaC”~  “OH HeC” YO~ K*
2-Methylpropan-2-ol Potassium 2-methylpropan-2-olate

(tert-butyl alcohol) (potassium tert-butoxide)
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Figure 8.2 A resonance-stabilized
phenoxide ion is more stable than an
alkoxide ion. Electrostatic potential
maps show how the negative charge

is more concentrated on oxygen in the
methoxide ion but is less concentrated
on the phenoxide oxygen.

Phenoxide ion

Phenols are about a million times more acidic than alcohols and are there-
fore soluble in dilute aqueous NaOH.

OH O~ Na*
©/ + NaOH — ©/ + H,0

Phenol Sodium phenoxide
(sodium phenolate)

Phenols are more acidic than alcohols because the phenoxide anion is
resonance-stabilized by the aromatic ring. Sharing the negative charge over
the ring increases the stability of the phenoxide anion and thus increases the
tendency of the corresponding phenol to dissociate (Figure 8.2).

Methoxide ion

=CY Synthesis of Alcohols from Carbonyl Compounds

Alcohols occupy a central position in organic chemistry. They can be prepared
from many other kinds of compounds (alkenes, alkyl halides, ketones, alde-
hydes, and esters, among others), and they can be transformed into an equally
wide assortment of compounds. We saw in Section 4.3, for instance, that alco-
hols can be prepared by hydration of alkenes.

CH3 OH
__HO CHs
H2SOy4 catalyst

1-Methylcyclohexene 1-Methylcyclohexanol
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Reduction of Carbonyl Compounds

The most general method for preparing alcohols, both in the laboratory and
in living organisms, is by the reduction of a carbonyl compound. Just as reduc-
tion of an alkene adds hydrogen to a C=C bond to give an alkane (Section 4.5),
reduction of a carbonyl compound adds hydrogen to a C=0 bond to give an
alcohol. All kinds of carbonyl compounds can be reduced, including aldehydes,
ketones, carboxylic acids, and esters.

OH
I H] | where [H] is a
/C\ — 7C\ reducing agent
- H
A carbonyl compound An alcohol

Reduction of Aldehydes and Ketones
Aldehydes are reduced to give primary alcohols, and ketones are reduced to

give secondary alcohols.

i T i i
[H] [H]
PN ,/C\ /C\ ,—‘C\
R H R“¢ "H R R’ R7 ~H
H R’
An aldehyde A primary alcohol A ketone A secondary alcohol

Many reducing reagents are available, but sodium borohydride, NaBHy,
is usually chosen because of its safety. It is a white, crystalline solid that can
be weighed in the open atmosphere and used in either water or alcohol
solution.

Aldehyde reduction

o] OH
CH3CH2CH2gH g CH3CHZCH2(:3H
H
Butanal Butan-1-ol (85%)
(a 1° alcohol)

Ketone reduction

0 H OH
[ \/
C Cc
1. NaBHy, ethanol
2. H30+
Dicyclohexyl ketone Dicyclohexylmethanol (88%)

(a 2° alcohol)

We’ll defer a discussion of the mechanisms of these reductions until Section
9.6 but might note for now that they involve the addition of a nucleophilic
hydride ion (:H™) to the positively polarized, electrophilic carbon atom of the
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carbonyl group. The initial product is an alkoxide ion, which is protonated by
addition of H3O* in a second step to yield the alcohol product.

< T T
TH™ H30™
/c(\H—> C | —— _co
- / H - / H
A carbonyl An alkoxide ion An alcohol
compound intermediate

Reduction of Carboxylic Acids and Esters
Esters and carboxylic acids are reduced to give primary alcohols.

OH
Lo A
R” “OH R™ “OR R7 H
H
A carboxylic acid An ester A primary alcohol

These reactions aren’t as rapid as the reductions of aldehydes and ketones,
so the more powerful reducing agent lithium aluminum hydride (LiAlHy) is
used rather than NaBHy. (LiAlH4 will also reduce aldehydes and ketones.)
Note that only one hydrogen is added to the carbonyl carbon atom during the
reduction of an aldehyde or ketone, but two hydrogens are added to the
carbonyl carbon during reduction of an ester or carboxylic acid.

Carboxylic acid reduction

o

I 1. LiAlHg, ether
CH3(CH3)7CH=CH(CH5)7COH 2 H307
Octadec-9-enoic acid Octadec-9-en-1-ol (87%)

(oleic acid)

CH3(CH3)7CH=CH(CH3)7CH,0OH

Ester reduction

(0]

I 1. LiAlH4, eth
CH3CH,CH=CHCOCH; o

2. H30*
Methyl pent-2-enoate Pent-2-en-1-ol (91%)

CH3CH,CH=CHCH,0H + CH30OH

Worked Example 8.1 Predicting the Product of a Reduction Reaction
Predict the product of the following reaction:

(0]
1. NaBHg

|
CH3CH,CH,CCH,CH3 W
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Ketones are reduced by treatment with NaBH4 to yield secondary alcohols.
Thus, reduction of hexan-3-one yields hexan-3-ol.

0 OH
| 1. NaBH, |
CH3CH,CH,CCH,CH3 W CH3CH,CH,CHCH,CH3
-Hz
Hexan-3-one Hexan-3-ol

Synthesizing an Alcohol by Reduction of a Carbonyl Compound

What carbonyl compound(s) might you reduce to obtain the following alcohols?
(a) ?Hs ?H (b)//J\\v//\\
CH3CH2CHCH2CHCH3 = CHZOH

Identify the target alcohol as primary, secondary, or tertiary. A primary alcohol
can be prepared by reduction of an aldehyde, an ester, or a carboxylic acid; a
secondary alcohol can be prepared by reduction of a ketone; and a tertiary alco-
hol can’t be prepared by reduction.

(a) The target molecule is a secondary alcohol, which can be prepared by reduc-
tion of a ketone with NaBHy (or LiAlHy).

CHz O CH; OH

| I )
CH3CHoCHCH,CCHg  —-vaBHa or LiAlH, |
2. Hz0*

|
CH3CH,CHCH,CHCH3
(b) The target molecule is a primary alcohol, which can be prepared by reduc-
tion of an aldehyde, an ester, or a carboxylic acid with LiAlH4.

1. NaBHg or LiAlHg
2. H30%

)\/\—\
//J\\vff\\COZCHg s //J\\véf\\CHZOH
)\/\

CHO

2. H30t

1. LIAIH /
CO,H o

2. H30%

How would you carry out the following reactions?

@ 9 0 P i
?
CH3CCH,CH,COCHs ——  CHCHCH,CHoCOCHs

(b) ﬁ ﬁ ?H
?
CH3CCH,CH,COCHy  ——  CH3CHCH,CH,CHoOH
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Problem 8.6

What carbonyl compounds give the following alcohols on reduction with LiATH,4?
Show all possibilities.

(a) CH,0OH (b) OH (c) OH

|
CHCH3 H

Grignard Reactions of Carbonyl Compounds

Grignard reagents (RMgX), prepared by reaction of organohalides with mag-
nesium (Section 7.3), react with carbonyl compounds to yield alcohols in much
the same way that hydride reducing agents do. Just as carbonyl reduction
involves addition of a hydride ion to the C=0 bond, Grignard reaction involves
addition of a carbanion (R:~ tMgX).

o &+ R =1°, 2°, or 3° alkyl, aryl, or vinylic
R—X + Mg ——> R—MgX
X =Cl,Br,1
A Grignard
reagent
O OH
| 1. RMgX, ether é r HOMax
U\ 2.Hz0% /7 ~R 9

Formaldehyde, HoC=O0, reacts with Grignard reagents giving primary alco-
hols, aldehydes give secondary alcohols, and ketones give tertiary alcohols.

Formaldehyde reaction

O MgBr CH,0H
| N o 1. Mix in ether
H >H 2. H30*
Formaldehyde Cyclohexyl- Cyclohexylmethanol (65%)
magnesium (a 1° alcohol)
bromide

Aldehyde reaction
CH3 (0] MgBr CH3 OH

CHaCHCHAAH  + dMixinether o L Ly
3 2 2 H3o+ 3 2
3-Methylbutanal Phenylmagnesium 3-Methyl-1-phenyl-
bromide butan-1-ol (73%)

(a 2° alcohol)

Ketone reaction

OH
0}
+  CHaCH-MaB 1. Mix in ether CHZCHS
e T
Cyclohexanone Ethylmagnesium 1-Ethylcyclohexanol (89%)

bromide (a 3° alcohol)
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Esters react with Grignard reagents to yield tertiary alcohols in which two
of the substituents bonded to the hydroxyl-bearing carbon have come from the
Grignard reagent, just as esters are reduced by LiAlH4 with addition of two
hydrogens. As with the reduction of carbonyl compounds, we’ll defer a discus-
sion of the mechanism of Grignard additions until Section 9.6.

(0] H3C CHj
| 1.2 CHsMgBr \ /
PO — _C +  CH3CH,OH
CH3CH,CH,CH» OCH,CHz  2-H30 CH3CH,CH,CH, OH
Ethyl pentanoate 2-Methylhexan-2-ol (85%)
(a 3° alcohol)

Using a Grignard Reaction to Synthesize an Alcohol

How could you use the reaction of a Grignard reagent with a carbonyl compound
to synthesize 2-methylpentan-2-0l?

?H
CH3CH2CH2C|CH3 2-Methylpentan-2-ol
CHz

Identify the alcohol as 1°, 2°, or 3°. If the alcohol is secondary, the starting
carbonyl compound must be an aldehyde. If the alcohol is tertiary and the three
groups are all different, the starting carbonyl compound must be a ketone. If the
alcohol is tertiary and two of the three groups are identical, the starting
carbonyl compound might be either a ketone or an ester.

In the present instance, the product is a tertiary alcohol with two methyl groups
and one propyl group. Starting from a ketone, the possibilities are addition of
methylmagnesium bromide to pentan-2-one and addition of propylmagnesium
bromide to acetone.

| 1. CH3MgBr

o
CH3CH,CH,”  “CHy  2.H30* \ HaC  CHg
\ /

Pentan-2-one C
CH3CH,CH,” “OH
(0] 2-Methylpentan-2-ol
g 1. CH3CH,CH2MgBr
HsC”™  “CHs 2. H30"
Acetone

Starting from an ester, the only possibility is addition of methylmagnesium
bromide to an ester of butanoic acid, such as methyl butanoate.

HsC CHs
|(|: 1.2 CH3MgBr \C/ + CHOH
3
CH3CHoCH,~ “OCH;  2-H3O" CH3CH,CH,” “OH

Methyl butanoate 2-Methylpentan-2-ol
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Problem 8.7 Show the products obtained from addition of CH3gMgBr to the following carbonyl
compounds:

(a) (b) (IZI) (c) (ﬁ)
° CH3CH,CH,CCH,CHj

Problem 8.8 How might you use a Grignard reaction to prepare the following alcohols:

(a)  OH (b) OH (c) OH
I CH I
CH3(|ICH3 3 CH3CH2?CH2CH3
CH3 CH3

(=M=Y Reactions of Alcohols

Dehydration of Alcohols

Alcohols undergo dehydration—the elimination of HoO—to give alkenes. A
method that works particularly well for secondary and tertiary alcohols is treat-
ment with a strong acid. For example, when 1-methylcyclohexanol is treated
with aqueous sulfuric acid, dehydration occurs to yield 1-methylcyclohexene.

H3C OH CHg

H2S04, H2O
—_—
50 °C

1-Methylcyclohexanol 1-Methylcyclohexene (91%)

Acid-catalyzed dehydrations usually follow Zaitsev’s rule (Section 7.7)
and yield the more highly substituted alkene as the major product. Thus,
2-methylbutan-2-ol gives primarily 2-methylbut-2-ene (trisubstituted) rather
than 2-methylbut-1-ene (disubstituted).

C|H3 CHa CHa
H3C—C—CH,CH3 % C=CHCH; + \C—CHZCH3
Cl)H C/Hs C{*s
2-Methylbutan-2-ol 2-Methylbut-2-ene 2-Methylbut-1-ene
(trisubstituted) (disubstituted)
Major product Minor product

The mechanism of this acid-catalyzed dehydration is an E1 process (Sec-
tion 7.8). Strong acid first protonates the alcohol oxygen, the protonated
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Figure 8.3 Mechanism of the acid-
catalyzed dehydration of a tertiary alco-
hol to yield an alkene. The process is an
E1reaction and involves a carbocation
intermediate.
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intermediate spontaneously loses water to generate a carbocation, and loss
of H* from a neighboring carbon atom then yields the alkene product
(Figure 8.3).

+ H
TN
H3C O—H
@ Two electrons from the oxygen atom
bond to HY, yielding a protonated OH
alcohol intermediate.
+_H
Hac (07
.o H
Protonated
alcohol
@ The carbon-oxygen bond breaks, and
the two electrons from the bond stay 9“
with oxygen, leaving a carbocation
intermediate. CH3
+z‘\ H‘——\
H + Hy0:
Carbocation
© Two electrons from a neighboring
carbon-hydrogen bond form the alkene eﬂ
m bond, and H* (a proton) is eliminated.
CH3
H
+ H30+

As noted previously in Section 7.10, biological dehydrations are also com-
mon and usually occur by an ElcB mechanism on a substrate in which
the —OH group is two carbons away from a carbonyl group. An example occurs
in the biosynthesis of the aromatic amino acid tyrosine. A base (:B) first
abstracts a proton from the carbon adjacent to the carbonyl group, and the

© John McMurry
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5-Dehydroquinate

Worked Example 8.4

Strategy

Solution

Problem 8.9

Problem 8.10

anion intermediate then expels the —OH group with simultaneous proton-
ation by an acid (HA) to form water.

COy™
p— PV AN
HsN H
HO
. H . H
H OH H OH
Anion 5-Dehydroshikimate Tyrosine

intermediate

Predicting the Product of a Dehydration Reaction

Predict the major product of the following reaction:

H3C OH

| H,S04, Hy0
CH3CH,CHCHCHg —2—%72—. 2

Treatment of an alcohol with HoSO4 leads to dehydration and formation of the
more highly substituted alkene product (Zaitsev’s rule). Thus, dehydration of
3-methylpentan-2-ol yields 3-methylpent-2-ene as the major product rather
than 3-methylpent-1-ene.

H3C OH CH3 CH3
H,S04, Hy0
CH3CHCHCHCH3 ——— CH3CH,C=CHCH3 + CH3CH,CHCH=CH,
3-Methylpentan-2-ol 3-Methylpent-2-ene 3-Methylpent-1-ene
(major) (minor)

Predict the products you would expect from the following reactions. Ind