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Ilove writing, and I love explaining organic chemistry. This book is now in its
ninth edition, but I'm still going over every word and every explanation,
updating a thousand small details and trying to improve everything. My aim
is always to refine the features that made earlier editions so successful, while
adding new ones.

n Changes and Additions for This Ninth Edition

Text content has been updated for greater accuracy as a response to user feed-
back. Discussions of NMR spectroscopy and opportunities to practice mecha-
nism problems have been expanded substantially for this ninth edition.
Changes include:
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Discussions of interpreting mass spectra have been expanded with new
spectroscopy problems included throughout the book.

Discussions of the theory of nuclear magnetic resonance and interpreta-
tion of NMR data have been reorganized and expanded with new NMR
problems.

Why This Chapter now precedes the introduction in each chapter, imme-
diately setting the context for what to expect.

Mechanism problems at the ends of chapters are now grouped together so
that they are easily located.

Many new problems at the ends of chapters have been added, including
108 new mechanism-drawing practice problems and new spectroscopy
and NMR problems.

Deeper Look features have been changed to Something Extra, with updated
coverage on each topic.

Seven new Practice Your Scientific Analysis and Reasoning essays and
corresponding questions modeled on professional tests such as the MCAT.
Topics focus on the latest developments in the medical, pharmaceutical,
or biological application of organic chemistry. Topics include: The Chiral
Drug Thalidomide, From Mustard Gas to Alkylating Anticancer Drugs,
Photodynamic Therapy (PDT), Selective Serotonin Reuptake Inhibitors
(SSRIs), Thymine in DNA, Melatonin and Serotonin, and The Potent Anti-
biotic Traits of Endiandric Acid C.
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In addition to seven new Practice Your Scientific Analysis and Reasoning sec-
tions, specific changes within individual chapters include:

® Chapter 2—Polar Covalent Bonds; Acids and Bases. Formal charge figures
have been added for greater accuracy. New mechanism problems have
been added at the end of the chapter.

® Chapter 3—Organic Compounds: Alkanes and Their Stereochemistry.
Figures and steps for naming alkanes have been revised based on user
feedback.

® Chapter 6—An Overview of Organic Reactions. New problems have been
added to the end of the chapter, including new reaction mechanism
problems.

® Chapter 7—Alkenes: Structure and Reactivity. Alkene Stereochemistry
has been updated with expanded examples for practicing E and Z geom-
etry. Additional practice problems on mechanisms have been added to the
end of the chapter.

® Chapter 8—Alkenes: Reactions and Synthesis. New mechanism practice
problems have been added at the end of the chapter.

® Chapter 9—Alkynes: An Introduction to Organic Synthesis. Sections on
alkyne nomenclature and reactions of alkynes have been updated for
greater accuracy. New mechanism problems have been added to the end
of the chapter.

¢ Chapter 10—Organohalides. Suzuki-Miyaura reactions, curved-arrow
drawings, and electron-pushing mechanisms are emphasized in new
problems at the end of the chapter.

® Chapter 11—Reactions of Alkyl Halides: Nucleophilic Substitutions and
Eliminations. There are additional end-of-chapter problems, with partic-
ular focus on elimination-reaction mechanisms.

® Chapter 12—Structure Determination: Mass Spectrometry and Infrared
Spectroscopy. Expanded discussion on interpreting mass spectra, addi-
tional examples, and new problems have been added.

® Chapter 13—Structure Determination: Nuclear Magnetic Resonance
Spectroscopy. Discussions on the theory of nuclear magnetic resonance
and the interpretation of NMR data have been expanded and reorganized,
and new NMR problems have been added.

® Chapter 14—Conjugated Compounds and Ultraviolet Spectroscopy. New
problems have been added to the end of the chapter, including mecha-
nism problems.

® Chapter 15—Benzene and Aromaticity. The discussion of spectroscopic
characterization of benzene derivatives has been expanded. New mecha-
nism and spectroscopy problems have been added to the end of the chapter.

® Chapter 16—Chemistry of Benzene: Electrophilic Aromatic Substitution.
New problems have been added to the end of the chapter, including mech-
anism practice problems.

® Chapter 17—Alcohols and Phenols. New spectroscopy examples and
problems have been added, along with new mechanism problems at the
end of the chapter.

® Chapter 18—Ethers and Epoxides; Thiols and Sulfides. New spectroscopy
examples and problems have been added, along with new mechanism
problems at the end of the chapter.
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® Chapter 19—Aldehydes and Ketones: Nucleophilic Addition Reactions.
The discussion of IR and NMR spectroscopy of aldehydes/ketones has
been expanded. New NMR problems and mechanism practice problems
have been added.

® Chapter 20—Carboxylic Acids and Nitriles. The discussion of IR and NMR
spectroscopy of carboxylic acid has been updated. New problems have
been added to the end of the chapter, including mechanism and spectros-
copy problems.

® Chapter 21—Carboxylic Acid Derivatives: Nucleophilic Acyl Substitution
Reactions. The discussion of electronic effects in the IR and NMR spec-
troscopy of carboxylic acid derivatives has been expanded with two new
end-of-chapter IR spectroscopy problems, along with new mechanism
problems. Four new worked examples on synthesizing esters, amides,
and amines have also been added.

® Chapter 22 and Chapter 23—Carbonyl Alpha-Substitution Reactions;
Carbonyl Condensation Reactions. New problems have been added to the
end of the chapter, including additional mechanism practice problems.

® Chapter 24—Amines and Heterocycles. The discussion of IR and NMR
spectroscopy of amines has been updated, and new spectroscopy and
mechanism practice problems have been added to the end of the chapter.

® Chapter 25—Biomolecules: Carbohydrates. The coverage of other impor-
tant carbohydrates was expanded, and the worked examples related to
drawing Fischer projections were revised.

® Chapter 26—Biomolecules: Amino Acids, Peptides, and Proteins. The
Something Extra feature on the Protein Data Bank was revised and updated
to make it more current.

® Chapter 28—Biomolecules: Nucleic Acids. Content on DNA sequencing
and DNA synthesis was updated and revised.

u Features

¢ The “Why This Chapter?” section is a short paragraph that appears before
the introduction to every chapter and tells students why the material
about to be covered is important.

® Each Worked Example includes a Strategy and a detailed Solution and is
followed by problems for students to try on their own. This book has more
than 1800 in-text and end-of-chapter problems.

® An overview chapter, A Preview of Carbonyl Chemistry, follows Chapter
18 and emphasizes the idea that studying organic chemistry requires both
summarizing and looking ahead.

® The Visualizing Chemistry Problems that begin the exercises at the end of
each chapter offer students an opportunity to see chemistry in a different
way by visualizing molecules rather than by simply interpreting struc-
tural formulas.

® New Mechanism Problems sections were added to the end-of-chapter
problems for most of the chapters. Mechanism-type problems are now
grouped together under this topic title.
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® The new Practice Your Scientific Analysis and Reasoning feature pro-
vides two-page essays and corresponding professional exam-style ques-
tions on special topics related to medical, pharmaceutical, and biological
applications of organic chemistry. These sections are located at various
points throughout the book. Essays and questions touch on organic chem-
istry content from preceding chapters. The multiple-choice format of the
questions is modeled on professional exams such as the MCAT. The focus
is on reinforcing the foundations of organic chemistry through practical
application and real-world examples.

® Applied essays called Something Extra complement the text and high-
light applications to chemistry. They include, “Where Do Drugs Come
From?” in Chapter 6 and “Molecular Mechanics” in Chapter 4.

® Summaries and Key Word lists help students by outlining the key con-
cepts of each chapter.

® Summaries of Reactions at the ends of appropriate chapters bring together
the key reactions from the chapter in one complete list.

n Alternate Editions

Organic Chemistry, Ninth Edition Hybrid Version with Access (24 months)
to OWLv2 with MindTap Reader

ISBN: 9781305084445

This briefer, paperbound version of Organic Chemistry, Ninth Edition does
not contain the end-of-chapter problems, which can be assigned in OWL, the
online homework and learning system for this book. Access to OWLv2 and the
MindTap Reader eBook is included with the Hybrid version. The MindTap
Reader version includes the full text, with all end-of-chapter questions and
problem sets.

n Supporting Materials

Please visit http://www.cengage.com/chemistry/mcmurry/oc9e to learn about
student and instructor resources for this text, including custom versions and
laboratory manuals.

u Special Contributions

This revision would not have been possible without the work of several key
contributors. Special thanks go to KC Russell of Northern Kentucky Univer-
sity for writing the many new mechanism questions that appear in this edi-
tion; to James S. Vyvyan of Western Washington University for reshaping the
NMR and spectroscopy discussions and corresponding problems throughout
the book; to Andrew Frazer of the University of Central Florida for creating the
new Practice Your Scientific Analysis and Reasoning sections and Gordon W.
Gribble of Dartmouth College for assisting in their development; and to Jordan
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L. Fantini of Denison University for carefully reviewing the new material and
incarnations of the manuscript as it made its way through production.

u Reviewers

This book has benefited greatly from the helpful comments and suggestions of
those who have reviewed it. They include:

Reviewers of the Ninth Edition

Peter Bell, Tarleton State University

Andrew Frazer, University of Central Florida

Stephen Godleski, State University of New York—Brockport
Susan Klein, Manchester College

Barbara Mayer, California State University—Fresno

James Miranda, Sacramento State University

Pauline Schwartz, University of New Haven

Gabriela Smeureanu, Hunter College

Douglas C. Smith, California State University—San Bernardino
Linfeng Xie, University of Wisconsin—Oshkosh

Yan Zhao, lowa State University

Reviewers of the Eighth Edition

Andrew Bolig, San Francisco State University

Indraneel Ghosh, University of Arizona

Stephen Godleski, State University of New York—Brockport
Gordon Gribble, Dartmouth College

Matthew E. Hart, Grand Valley State University

Darren Johnson, University of Oregon

Ernest G. Nolen, Colgate University

Douglas C. Smith, California State University—San Bernardino
Gary Sulikowski, Vanderbilt University

Richard Weiss, Georgetown University

Yan Zhao, lowa State University

Reviewers of the Seventh Edition
Arthur W. Bull, Oakland University
Robert Coleman, Ohio State University
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Structure and Bonding

The enzyme HMG-CoA reductase,
shown here as a so-called ribbon
model, catalyzes a crucial step in
the body’s synthesis of cholesterol.
Understanding how this

enzyme functions has led to the
development of drugs credited with
saving millions of lives.

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

WHY THIS

CHAPTER?

What is organic chemistry, and why should you study it? The answers to these
questions are all around you. Every living organism is made of organic chemi-
cals. The proteins that make up your hair, skin, and muscles; the DNA that
controls your genetic heritage; the foods that nourish you; and the medicines
that heal you are all organic chemicals. Anyone with a curiosity about life and
living things, and anyone who wants to be a part of the remarkable advances
now occurring in medicine and the biological sciences, must first understand
organic chemistry. Look at the following drawings for instance, which show
the chemical structures of some molecules whose names might be familiar to
you. Although the drawings may appear unintelligible at this point, don’t
worry. Before long, they’ll make perfectly good sense, and you’ll soon be
drawing similar structures for any substance you're interested in.
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CHAPTER 1 STRUCTURE AND BONDING

Cholesterol Benzylpenicillin

The foundations of organic chemistry date from the mid-1700s, when
chemistry was evolving from an alchemist’s art into a modern science. 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 gener-
ally low-melting solids and were usually more difficult to isolate, purify, and
work with than high-melting inorganic compounds.

To many chemists, the simplest explanation for the difference in behavior
between organic and inorganic compounds was that organic compounds con-
tained a peculiar “vital force” as a result of their origin in living sources.
Because of this vital force, chemists believed, organic compounds could not
be prepared and manipulated in the laboratory as could inorganic compounds.
As early as 1816, however, this vitalistic theory received a heavy blow when
Michel Chevreul found that soap, prepared by the reaction of alkali with ani-
mal fat, could be separated into several pure organic compounds, which he
termed fatty acids. For the first time, one organic substance (fat) was con-
verted into others (fatty acids plus glycerin) without the intervention of an
outside vital force.

NaOH
Animal fat W Soap + Glycerin
2

+
Soap & “Fatty acids”

Little more than a decade later, the vitalistic theory suffered further when
Friedrich Wahler discovered in 1828 that it was possible to convert the “inor-
ganic” salt ammonium cyanate into the “organic” substance urea, which had
previously been found in human urine.

Heat I
> /C\

NH,* ~OCN
HoN NH,

Ammonium cyanate Urea

By the mid-1800s, the weight of evidence was clearly against the vitalistic
theory and it was clear that there was no fundamental difference between
organic and inorganic compounds. The same fundamental principles explain
the behaviors of all substances, regardless of origin or complexity. The only
distinguishing characteristic of organic compounds is that all contain the ele-
ment carbon.

Organic chemistry, then, is the study of carbon compounds. But why is
carbon special? Why, of the more than 50 million presently known chemical
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1-1 ATOMIC STRUCTURE: THE NUCLEUS

compounds, do most of them contain carbon? The answers to these questions
come from carbon’s electronic structure and its consequent position in the
periodic table (FIGURE 1-1). As a group 4A element, carbon can share four
valence electrons and form four strong covalent bonds. Furthermore, 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 compounds, from the
simple methane, with one carbon atom, to the staggeringly complex DNA,
which can have more than 100 million carbons.

Grou
1A g 8A FIGURE 1-1 The position of
. H carbon in the periodic table.
2A 3A 4A B5A 6A 7A| " [ Otherelements commonly
L | Be Blcl|N . F | Ne found in organic compounds
are shown in the colors
Na | Mg AllsilPp ]| s |alar typically used to represent

them.
K | Ca| Sc | Ti V | Cr|Mn|Fe|Co| Ni|Cu|Zn|Ga|Ge|As Se.Kr

Rb | Sr| Y | Zr |[Nb|[Mo| Tc [Ru | Rh |Pd|Ag|[Cd | In [Sn|Sb| Te | I | Xe

Cs|Ba|La|Hf | Ta|W |Re|Os| Ir | Pt | Au|Hg | Tl | Pb| Bi | Po | At | Rn

Fr | Ra | Ac

Of course, not all carbon compounds are derived from living organisms.
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.

m Atomic Structure: The Nucleus

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 protons, which are positively charged, and neu-
trons, which are electrically neutral. 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.

Nucleus (protons + neutrons)

\Volume around nucleus &
occupied by orbiting electrons T

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 negatively 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.
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CHAPTER 1 STRUCTURE AND BONDING

Although extremely small—about 10~14 to 10~1® meter (m) in diameter—
the nucleus nevertheless contains essentially all the mass of the atom. Electrons
have negligible mass and circulate around the nucleus at a distance of approxi-
mately 10710 m. Thus, the diameter of a typical atom is about 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, particularly in the United States, 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.

A specific atom is described by its atomic number (Z), which gives the
number of protons (or electrons) it contains, and its mass number (A), which
gives the total number of protons and 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 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 periodic table in
the front of this book.

m Atomic Structure: Orbitals

How are the electrons distributed in an atom? You might recall from your gen-
eral chemistry course that, according to the quantum mechanical model, the
behavior of a specific electron in an atom can be described by a mathematical
expression called a wave equation—the same type of expression used to
describe the motion of waves in a fluid. The solution to a wave equation is
called a wave function, or orbital, and is denoted by the Greek letter psi ().

By plotting the square of the wave function, ¢?, in three-dimensional
space, an orbital describes the volume of space around a nucleus that an elec-
tron is most likely to occupy. You might therefore think of an orbital as look-
ing like a photograph of the electron taken at a slow shutter speed. In such a
photo, the orbital would appear as a blurry cloud, indicating the region of
space where the electron has been. This electron cloud doesn’t have a sharp
boundary, but for practical purposes we can set its limits by saying that an
orbital represents the space where an electron spends 90% to 95% of its time.

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 primarily 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; a p orbital is dumbbell-shaped; and four of the five d orbitals are
cloverleaf-shaped, as shown in FIGURE 1-3. The fifth d orbital is shaped like an
elongated dumbbell with a doughnut around its middle.

The orbitals in an atom are organized into different electron shells, cen-
tered around the nucleus and having successively larger size and energy. Dif-
ferent shells contain different numbers and kinds of orbitals, and each orbital
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1-2 ATOMIC STRUCTURE: ORBITALS

An s orbital A p orbital A d orbital

within a shell can be occupied by two electrons. The first shell contains only
a single s orbital, denoted 1s, and thus holds only 2 electrons. The second
shell contains one 2s orbital and three 2p orbitals and thus holds a total of 8
electrons. The third shell contains a 3s orbital, three 3p orbitals, and five 3d
orbitals, for a total capacity of 18 electrons. These orbital groupings and their
energy levels are shown in FIGURE 1-4.

3rd shell 3d -H_ -H_ -H_ -H_ -H_
(capacity—18 electrons) 3p sialnialiniz
3s +H-
>
> 2nd shell 2p H H
e (capacity—8 electrons) 2 H-
& s
1st shell
(capacity—2 electrons) 1s +

The three different p orbitals within a given shell are oriented in space
along mutually perpendicular directions, denoted px, py, and p,. As shown in
FIGURE 1-5, the two lobes of each p orbital are separated by a region of zero
electron density called a node. Furthermore, the two orbital regions separated
by the node have different algebraic signs, + and —, in the wave function, as
represented by the different colors in Figure 1-5. We’ll see in Section 1-11 that
these algebraic signs for different orbital lobes have important consequences
with respect to chemical bonding and chemical reactivity.

T

y

A 2p, orbital

A 2py orbital

A Zpy orbital

FIGURE 1-3 Representations of
s, p, and d orbitals. An s orbital is
spherical, a p orbital is dumbbell-
shaped, and four of the five

d orbitals are cloverleaf-shaped.
Different lobes of p and d orbitals
are often drawn for convenience
as teardrops, but their actual
shape is more like that of a
doorknob, as indicated.

FIGURE 1-4 The energy levels

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

FIGURE 1-5 Shapes of the

2p orbitals. Each of the three
mutually perpendicular, dumbbell-
shaped orbitals has two lobes
separated by a node. The two
lobes have different algebraic
signs in the corresponding wave
function, as indicated by the
different colors.
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CHAPTER 1 STRUCTURE AND BONDING

m Atomic Structure: Electron Configurations

The lowest-energy arrangement, or ground-state electron configuration, of an
atom is a listing of the orbitals occupied by its electrons. We can predict this
arrangement by following three rules.

RULE1

The lowest-energy orbitals fill up first, according to the order 1s — 2s —
2p —> 3s — 3p — 4s — 3d, a statement called the Aufbau principle.
Note that the 4s orbital lies between the 3p and 3d orbitals.

RULE 2

Electrons act in some ways as if they were spinning around an axis,
somewhat like how the earth spins. This spin can have two orientations,
denoted as up (1) and down (|). Only two electrons can occupy an orbital,
and they must be of opposite spin, a statement called the Pauli exclusion
principle.

RULE 3

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

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 orbital.
Thus, hydrogen has a 1s ground-state configuration. Carbon has six electrons
and the ground-state configuration 1s? 2s* 2p,! 2py!, and so forth. Note that a
superscript is used to represent the number of electrons in a particular orbital.

PROBLEM 1-1

Give the ground-state electron configuration for each of the following
elements:
(a) Oxygen (b) Nitrogen (c) Sulfur

PROBLEM 1-2

How many electrons does each of the following elements have in its outer-
most electron shell?
(a) Magnesium (b) Cobalt (c) Selenium

Ground-State Electron Configurations of Some Elements

Atomic Atomic
Element number Configuration Element number Configuration
Hydrogen 1 1s -+ Phosphorus 15 3p +— 4+ +
Carbon 6 2p = 4+ — 3s H-
2s 2p H H
1s 2s 4+
1s 4
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1-4 DEVELOPMENT OF CHEMICAL BONDING THEORY

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 compounds together. In
1858, August Kekulé and Archibald Couper independently proposed that,
in all organic compounds, carbon is tetravalent—it always forms four bonds
when it joins other elements to form stable compounds. Furthermore, said
Kekulé, carbon atoms can bond to one another to form extended chains of
linked atoms. In 1865, Kekulé provided another major advance when he sug-
gested that carbon chains can double back on themselves to form rings of
atoms.

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 dimen-
sion to our ideas about organic compounds when they proposed that the four
bonds of carbon are not oriented randomly but have specific spatial direc-
tions. 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 1-6. 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 the text.

N

A regular

tetrahedron

Bonds in plane
Bond receding

into page ;
P

Bond coming
out of plane

A tetrahedral
carbon atom

Why, though, 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 separate atoms. Energy—usually as heat—always flows out
of the chemical system when a bond forms. Conversely, energy must be put
into the chemical 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 elements

FIGURE 1-6 A representation of a
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.
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CHAPTER 1 STRUCTURE AND BONDING

is governed by their tendency to take on the electron configuration of the near-
est 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 configuration by
gaining a p electron to fill their valence shell and form an anion. The resultant
ions are held together in compounds like Na* Cl~ by an electrostatic attrac-
tion that we call an ionic bond.

But how do elements closer to the middle of the periodic table form bonds?
Look at methane, CH,, the main constituent of natural gas, for example. The
bonding in methane is not ionic because it would take too much energy for
carbon (1s? 252 2p?) either to 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 collection
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 2p?), oxygen has six dots
(252 2p*), and so on. A stable molecule results whenever a noble-gas configu-
ration 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
Electron-dot structures . e L e
(Lewis structures) H'E'H H".\IH'H H:Q:H HEOH

Line-bond structures | .. . .
(Kekulé structures) H—(|3—H H_'T‘_H H—O0—H H_Cl:_.Q_H

H H H
Methane Ammonia Water Methanol
(CHyg) (NH3) (H20) (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 (2s% 2p?)
and needs four more to reach the neon configuration (2s2 2p®), so it forms four
bonds. Nitrogen has five valence electrons (2s? 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.

| . . F— G-
H— —C— —N— —0— . -
| | i Br— il
— — —_— — | NS
One bond Four bonds Three bonds Two bonds One bond
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1-4 DEVELOPMENT OF CHEMICAL BONDING THEORY 9

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

H:iN:H  or  H—N—H [or H—N—H
H | |
H H

Ammonia

Predicting the Number of Bonds Formed by an Atom

How many hydrogen atoms does phosphorus bond to in forming phos-
phine, PH»?

Strategy

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

Solution

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 PHj.

Drawing Electron-Dot and Line-Bond Structures

Draw both electron-dot and line-bond structures for chloromethane, CH5Cl.

Strategy

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

Solution

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

H H
o e |

H:g:gl: H—C—CI Chloromethane
T

PROBLEM 1-3

Draw a molecule of chloroform, CHCl3, using solid, wedged, and dashed lines
to show its tetrahedral geometry.
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10 CHAPTER T STRUCTURE AND BONDING

PROBLEM 1-4

Convert the following representation of ethane, C,Hg, into a conventional
drawing that uses solid, wedged, and dashed lines to indicate tetrahedral
geometry around each carbon (gray = C, ivory = H).

Ethane

PROBLEM 1-5

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

PROBLEM 1-6

Write line-bond structures for the following substances, showing all nonbond-
ing electrons:

(a) CHClj, chloroform (b) H,S, hydrogen sulfide

(c) CH3NH,, methylamine (d) CH3Li, methyllithium

PROBLEM 1-7

Why can’t an organic molecule have the formula C,H,?

IE-W Describing Chemical Bonds:
Valence Bond Theory

How does electron sharing lead to bonding between atoms? Two models have
been developed to describe covalent bonding: valence bond theory and molec-
ular orbital theory. Each model has its strengths and weaknesses, and chem-
ists tend to use them interchangeably depending on the circumstances.
Valence bond theory is the more easily visualized of the two, so most of the
descriptions we’ll use in this book derive from that approach.

According to valence bond theory, a covalent bond forms when two atoms
approach each other closely and a singly occupied orbital on one atom over-
laps a singly occupied orbital on the other atom. The electrons are now paired
in the overlapping orbitals and are attracted to the nuclei of both atoms, thus
bonding the atoms together. In the H, molecule, for instance, the H-H bond
results from the overlap of two singly occupied hydrogen 1s orbitals.

© 0 0

1s 1s H, molecule
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