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PREFACE

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.

u 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:

® 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.

® DeeperLookfeatures 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.

XXV
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XXvi PREFACE

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.

e 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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PREFACE xxvii

® 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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xxviii PREFACE

® 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.

HO i

Rofecoxib Atorvastatin Oxycodone
(Vioxx) (Lipitor) (OxyContin)
1 Continued
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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 5A 6A 7A | " Otherelements commonly
L | Be Blec!|N . F | Ne found in organic compounds
are shown in the colors
Na | Mg AllsilpPp ]| 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 |AulHg| 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 itz

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 = 10~10 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 S
(capacity—18 electrons) 3p sialnialiniz
3s +H
>
:}',’ 2nd shell 2p H H
s (capacity—8 electrons) 2s H-
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 A 2p H H A
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 of page

into page =
D

/ p
H\ _ D
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.

Copyright 2016 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



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 R P
(Lewis structures) H E H H.NI—]'H H:0:H H |(_|: O:H

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
(CHg) (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 (2s% 2p5), 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
~— — — — | N
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,?

Bl 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.

o 0 @

1s 1s H, molecule
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1-5 DESCRIBING CHEMICAL BONDS: VALENCE BOND THEORY n

The overlapping orbitals in the H, molecule have the elongated egg shape
we might get by pressing two spheres together. If a plane were to pass through
the middle of the bond, the intersection of the plane and the overlapping
orbitals would be a circle. In other words, the H-H bond is cylindrically sym-
metrical, as shown in FIGURE 1-7. Such bonds, which are formed by the head-
on overlap of two atomic orbitals along a line drawn between the nuclei, are
called sigma (o) bonds.

During the bond-forming reaction 2 H- — Hj, 436 kJ/mol (104 kcal/mol)
of energy is released. Because the product H, molecule has 436 kJ/mol less
energy than the starting 2 H- atoms, the product is more stable than the reac-
tant and we say that the H-H bond has a bond strength of 436 kJ/mol. In other
words, we would have to put 436 kJ/mol of energy into the H-H bond to break
the Hy molecule apart into H atoms (FIGURE 1-8). [For convenience, we’ll gener-
ally give energies in both kilocalories (kcal) and the SI unit kilojoules (kJ):
1 kJ = 0.2390 kcal; 1 kcal = 4.184 k].]

t

2H‘—>H2

- —

Two hydrogen atoms

Energy

436 k

Jmol Released when bond forms
mo Absorbed when bond breaks

Hy molecule

_/H_

How close are the two nuclei in the H, molecule? If they are too close, they
will repel each other because both are positively charged, yet if they’re too far
apart, they won’t be able to share the bonding electrons. Thus, there is an opti-
mum distance between nuclei that leads to maximum stability (FIGURE 1-9).
Called the bond length, this distance is 74 pm in the H, molecule. Every cova-
lent bond has both a characteristic bond strength and bond length.

|

—D

HH (too close)

Energy
o

i<— Bond length
74 pm

Internuclear distance —»

/

Circular
cross-section
FIGURE 1-7 The cylindrical
symmetry of the H—H o bond in
an Hy molecule. The intersection
of a plane cutting through the o
bond is a circle.

FIGURE 1-8 Relative energy
levels of two H atoms and the

H, molecule. The H, molecule
has 436 kJ/mol (104 kcal/mol)
less energy than the two H atoms,
50 436 kJ/mol of energy is
released when the H—H bond
forms. Conversely, 436 k| /mol is
absorbed when the H—H bond
breaks.

FIGURE 1-9 A plot of energy
versus internuclear distance

for two H atoms. The distance
between nuclei at the minimum
energy point is the bond length.
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12 CHAPTER T STRUCTURE AND BONDING

m sp3 Hybrid Orbitals and the Structure of Methane

The bonding in the hydrogen molecule is fairly straightforward, but the situa-
tion is more complicated in organic molecules with tetravalent carbon atoms.
Take methane, CHy, for instance. As we’ve seen, carbon has four valence elec-
trons (2s? 2p?) and forms four bonds. Because carbon uses two kinds of orbit-
als 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 oriented toward the corners of a regular tetrahedron (Figure 1-6).
How can we explain this?

An answer was provided in 1931 by Linus Pauling, who showed mathe-
matically how an s orbital and three p orbitals on an atom can combine, or
hybridize, to form four equivalent atomic orbitals with tetrahedral orienta-
tion. Shown in FIGURE 1-10, these tetrahedrally oriented orbitals are called sp3
hybrid orbitals. Note that the superscript 3 in the name sp? tells how many of
each type of atomic orbital combine to form the hybrid, not how many elec-
trons occupy it.

Hybridization

‘
Four tetrahedral
. sp3 orbitals
' -1 ‘— 2px " An sp3 orbital
2p,

FIGURE 1-10 Four sp? hybrid orbitals, oriented to the corners of a regular tetrahedron, are
formed by the combination of an s orbital and three p orbitals (red/blue). The sp® 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.

2py

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 resul-
tant sp® hybrid orbitals are unsymmetrical about the nucleus. One of the two
lobes is larger than the other and can therefore overlap more effectively with
an orbital from another atom to form a bond. As a result, sp? hybrid orbitals
form stronger bonds than do unhybridized s or p orbitals.
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1-7 sp> HYBRID ORBITALS AND THE STRUCTURE OF ETHANE 13

The asymmetry of sp3 orbitals arises because, as noted previously, the two
lobes of a p orbital have different algebraic signs, + and —, in the wave func-
tion. Thus, when a p orbital hybridizes with an s orbital, the positive p lobe
adds to the s orbital 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
overlaps 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 kJ/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 1-11.

FIGURE 1-11 The structure of

Bond ! methane, showing its 109.5° bond
?gglgo R Bond angles.
’ | [ length
[ 109 pm
H ~H

(DB sp? Hybrid Orbitals and the Structure of Ethane

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

Some representations of ethane

We can picture the ethane molecule by imagining that the two carbon
atoms bond to each other by o overlap of an sp3 hybrid orbital from each
(FIGURE 1-12). The remaining three sp® hybrid orbitals on each carbon over-
lap 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 kJ/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 kJ/mol
(90 kcal/mol). All the bond angles of ethane are near, although not exactly
equal to, the tetrahedral value of 109.5°.
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14 CHAPTER T STRUCTURE AND BONDING

FIGURE 1-12 The structure

of ethane. The carbon—carbon
bond is formed by o overlap of
sp® hybrid orbitals. For clarity, the
smaller lobes of the sp® hybrid
orbitals are not shown.

sp3 carbon sp3 carbon sp3-sp3 obond

/

C
1154 pm'

Ethane
PROBLEM 1-8

Draw a line-bond structure for propane, CH3CH,CHjs. Predict the value of
each bond angle, and indicate the overall shape of the molecule.

PROBLEM 1-9

Convert the following molecular model of hexane, a component of gasoline,
into a line-bond structure (gray = C, ivory = H).

Hexane

m sp? Hybrid Orbitals and the Structure of Ethylene

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 nearly 150 years ago, however, that carbon atoms can also form
double bonds by sharing two electron pairs between atoms or triple bonds by
sharing three electron pairs. Ethylene, for instance, has the structure
H,C=CH; and contains a carbon—carbon double bond, while acetylene has
the structure HC=CH and contains a carbon—carbon triple bond.

How are multiple bonds described by valence bond theory? When we dis-
cussed sp? hybrid orbitals in Section 1-6, we said that the four valence-shell
atomic orbitals of carbon combine to form four equivalent sp? hybrids. Imagine
instead that the 2s orbital combines with only two of the three available 2p orbit-
als. Three sp? hybrid orbitals result, and one 2p orbital remains unchanged.
Like sp® hybrids, sp? hybrid orbitals are unsymmetrical about the nucleus and
are strongly oriented in a specific direction so they can form strong bonds. The
three sp? orbitals lie in a plane at angles of 120° to one another, with the remain-
ing p orbital perpendicular to the sp? plane, as shown in FIGURE 1-13.
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1-8 spz HYBRID ORBITALS AND THE STRUCTURE OF ETHYLENE 15

p FIGURE 1-13 sp? Hybridization.
H 2 . 2 .
I sp The three equivalent sp* hybrid
:(_\ \\‘\/\120" orbitals lie in a plane at angles of
. ' N 120° to one another, and a single
sp o unhybridized p orbital (red/blue)

is perpendicular to the sp? plane.

I
I
I
!
Side view Top view

When two carbons with sp? hybridization approach each other, they form a
strong o bond by sp?—sp? head-on overlap. At the same time, the unhybridized
p orbitals interact by sideways overlap to form what is called a pi (a) bond. The
combination of an sp?~sp? o bond and a 2p—2p 7 bond results in the sharing of
four electrons and the formation of a carbon—carbon double bond (FIGURE 1-14).
Note that the electrons in the o-bond occupy the region centered between nuclei,
while the electrons in the 7 bond occupy regions above and below a line drawn
between nuclei.

To complete the structure of ethylene, four hydrogen atoms form o bonds
with the remaining four sp? orbitals. Ethylene thus has a planar structure, with
H-C-H and H-C-Cbond angles of approximately 120°. (The actual values are
117.4° for the H-C-H bond angle and 121.3° for the H-C-C bond angle.) Each
C-Hbond has a length of 108.7 pm and a strength of 464 kJ/mol (111 kcal/mol).

p orbitals 7 bond FIGURE 1-14 The structure

obond  othylene. One part of the
double bond in ethylene
results from o (head-on)
overlap of sp? orbitals,
and the other part results
from ar (sideways) overlap
of unhybridized p orbitals
(red/blue). The 7r bond has
regions of electron density

sp? orbitals 7 bond above and below a line drawn

sp? carbon sp? carbon Carbon-carbon double bond between nuclei.

121 3°

108.7 p\ C—C >117.4°

-134 pm-

As you might expect, the carbon—carbon 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
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16 CHAPTER T STRUCTURE AND BONDING

is less than twice as strong as a single bond because the sideways overlap in the
7 part of the double bond is not as great as the head-on overlap in the o part.

Drawing Electron-Dot and Line-Bond Structures

Commonly used in biology as a tissue preservative, formaldehyde, CH,0, con-
tains a carbon—oxygen double bond. Draw electron-dot and line-bond struc-
tures of formaldehyde, and indicate the hybridization of the carbon orbitals.

Strategy

We know that hydrogen forms one covalent bond, carbon forms four, and oxy-
gen forms two. Trial and error, combined with intuition, is needed to fit the
atoms together.

Solution

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

combine:
:0:
¢ ¢
H'. .'H H/ \H
Electron-dot Line-bond
structure structure

Like the carbon atoms in ethylene, the carbon atom in formaldehyde is in a
double bond and its orbitals are therefore sp?-hybridized.

PROBLEM 1-10

Draw a line-bond structure for propene, CH3CH=CH,. Indicate the hybridiza-
tion of the orbitals on each carbon, and predict the value of each bond angle.
PROBLEM 1-11

Draw a line-bond structure for 1,3-butadiene, H,C=CH — CH=CH,. Indicate
the hybridization of the orbitals on each carbon, and predict the value of each
bond angle.

PROBLEM 1-12

Following is a molecular model of aspirin (acetylsalicylic acid). Identify the
hybridization of the orbitals on each carbon atom in aspirin, and tell which
atoms have lone pairs of electrons (gray = C, red = O, ivory = H).

o

Aspirin
(acetylsalicylic acid)
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m sp Hybrid Orbitals and the Structure of Acetylene

In addition to forming single and double bonds by sharing two and four elec-
trons, respectively, carbon also can form a triple bond by sharing six electrons.
To account for the triple bond in a molecule such as acetylene, H—C=C—H,
we need a third kind of hybrid orbital, an sp hybrid. Imagine that, instead of
combining with two or three p orbitals, a carbon 2s orbital hybridizes with only
a single p orbital. Two sp hybrid orbitals result, and two p orbitals remain
unchanged. The two sp orbitals are oriented 180° apart on the x-axis, while the
p orbitals are perpendicular on the y-axis and the z-axis, as shown in FIGURE 1-15.

FIGURE 1-15 sp Hybridization.
The two sp hybrid orbitals are
oriented 180° away from each
other, perpendicular to the two
remaining p orbitals (red/blue).

One sp hybrid  Another sp hybrid

When two sp-hybridized carbon atoms approach each other, sp hybrid
orbitals on each carbon 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 sharing of six electrons and formation of a carbon—carbon triple
bond. The two remaining sp hybrid orbitals each form a o bond with hydrogen
to complete the acetylene molecule (FIGURE 1-16).

FIGURE 1-16 The structure
of acetylene. The two carbon
atoms are joined by one sp—sp

\ r‘ p orbitals _  bond o bond and two p—p 7 bonds.
R 7

sp orbital
p orbitalsV %

sp orbitals

sp orbital

-
[
o

°

|
|||
.-[--. (@]
|
T

=
X}
S

°
3

As suggested by sp hybridization, acetylene is a linear molecule with
H-C-C bond angles of 180°. The C-H bonds have a length of 106 pm and a
strength of 558 kJ/mol (133 kcal/mol). The C-C bond length in acetylene is
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18 CHAPTER T STRUCTURE AND BONDING

Comparison of C—C and C—H Bonds in Methane,
Ethane, Ethylene, and Acetylene

Bond strength Bond

length

Molecule Bond (kJ/mol) (kcal/mol) (pm)
Methane, CHy (sp3) C—H 439 105 109
Ethane, CH3CHj3 (sp®) C—C (sp?) 377 90 154
(sp®) C—H 421 101 109
Ethylene, H,C=CH, (sp?) C=C (sp?) 728 174 134
(sp?) C—H 464 111 109
Acetylene, HC=CH (sp) C=C (sp) 965 231 120
(sp) C—H 558 133 106

120 pm, and its strength is about 965 kJ/mol (231 kcal/mol), making it the
shortest and strongest of any carbon—carbon bond. A comparison of sp, sp?,
and sp? hybridization is given in TABLE 1-2.

PROBLEM 1-13

Draw a line-bond structure for propyne, CH3C=CH. Indicate the hybridiza-
tion of the orbitals on each carbon, and predict a value for each bond angle.

Hybridization of Nitrogen, Oxygen,
Phosphorus, and Sulfur

The valence-bond concept of orbital hybridization described in the previous
four sections is not limited to carbon. Covalent bonds formed by other ele-
ments can also be described using hybrid orbitals. Look, for instance, at the
nitrogen atom in methylamine (CH3NH,), an organic derivative of ammonia
(NHj3) and the substance responsible for the odor of rotting fish.

The experimentally measured H-N-H bond angle in methylamine is
107.1°, and the C-N-H bond angle is 110.3°, both of which are close to the
109.5° tetrahedral angle found in methane. We therefore assume that nitrogen
forms four sp3-hybridized orbitals, just as carbon does. One of the four sp3 orbit-
als is occupied by two nonbonding electrons, and the other three hybrid orbitals
have one electron each. Overlap of these three half-filled nitrogen orbitals with
half-filled orbitals from other atoms (C or H) gives methylamine. Note that the
unshared lone pair of electrons in the fourth sp3 hybrid orbital of nitrogen occu-
pies as much space as an N—H bond does and is very important to the chemistry
of methylamine and other nitrogen-containing organic molecules.

Lone pair

L 4

H"]N\CH3

Ui/

107.1° 110.3°

Methylamine
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1-10 HYBRIDIZATION OF NITROGEN, OXYGEN, PHOSPHORUS, AND SULFUR 19

Like the carbon atom in methane and the nitrogen atom in methylamine,
the oxygen atom in methanol (methyl alcohol) and many other organic mole-
cules can be described as sp3-hybridized. The C-O—-H bond angle in metha-
nol is 108.5°, very close to the 109.5° tetrahedral angle. Two of the four sp?
hybrid orbitals on oxygen are occupied by nonbonding electron lone pairs,
and two are used to form bonds.

Lone palrs\v
9\*,»
\CH3
H

108.5°

Methanol
(methyl alcohol)

Phosphorus and sulfur are the third-row analogs of nitrogen and oxygen,
and the bonding in both can be described using hybrid orbitals. Because of
their positions in the third row, however, both phosphorus and sulfur can
expand their outer-shell octets and form more than the typical number of
covalent bonds. Phosphorus, for instance, often forms five covalent bonds,
and sulfur often forms four.

Phosphorus is most commonly encountered in biological molecules in
organophosphates, compounds that contain a phosphorus atom bonded to
four oxygens, with one of the oxygens also bonded to carbon. Methyl phos-
phate, CH30PO32~, is the simplest example. The O—P—-0 bond angle in such
compounds is typically in the range 110 to 112°, implying an sp3 hybridiza-
tion in the phosphorus orbitals.

Methyl phosphate
(an organophosphate)

Sulfur is most commonly encountered in biological molecules either in
compounds called thiols, which have a sulfur atom bonded to one hydrogen
and one carbon, or in sulfides, which have a sulfur atom bonded to two car-
bons. Produced by some bacteria, methanethiol (CH3SH) is the simplest exam-
ple of a thiol, and dimethyl sulfide [(CH3),S] is the simplest example of a
sulfide. Both can be described by approximate sp® hybridization around sul-
fur, although both have significant deviation from the 109.5° tetrahedral angle.

Lone pairs Lone pairs
~N

- ", o ~gF
.9 3 .

S
~ ~
9 ,/ CH3 . e // CHs ] -
96.5° H3C%1° -
Methanethiol Dimethyl sulfide
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20 CHAPTER T STRUCTURE AND BONDING

PROBLEM 1-14

Identify all nonbonding lone pairs of electrons in the following molecules,
and tell what geometry you expect for each of the indicated atoms.

(a) The oxygen atom in dimethyl ether, CH3—0—CHj3

(b) The nitrogen atom in trimethylamine, H3C—ITI—CH3

CH3
(c) The phosphorus atom in phosphine, PH3
0]

I
(d) The sulfur atom in the amino acid methionine, CH3—S—CH2CH2(|:HCOH
NH,

Describing Chemical Bonds:
Molecular Orbital Theory

We said in Section 1-5 that chemists use two models for describing covalent
bonds: valence bond theory and molecular orbital theory. Having now seen the
valence bond approach, which uses hybrid atomic orbitals to account for
geometry and assumes the overlap of atomic orbitals to account for electron
sharing, let’s look briefly at the molecular orbital approach to bonding. We’ll
return to this topic in Chapters 14, 15, and 30 for a more in-depth discussion.

Molecular orbital (MO) theory describes covalent bond formation as
arising from a mathematical combination of atomic orbitals (wave functions)
on different atoms to form molecular orbitals, so called because they belong
to the entire molecule rather than to an individual atom. Just as an atomic
orbital, whether unhybridized or hybridized, describes a region of space
around an atom where an electron is likely to be found, so a molecular orbital
describes a region of space in a molecule where electrons are most likely to
be found.

Like an atomic orbital, a molecular orbital has a specific size, shape, and
energy. In the H, molecule, for example, two singly occupied 1s atomic orbitals
combine to form two molecular orbitals. There are two ways for the orbital
combination to occur—an additive way and a subtractive way. The additive
combination leads to the formation of a molecular orbital that is lower in
energy and roughly egg-shaped, while the subtractive combination leads to a
molecular orbital that is higher in energy and has a node between nuclei
(FIGURE 1-17). Note that the additive combination is a single, egg-shaped, molec-
ular orbital; it is not the same as the two overlapping 1s atomic orbitals of the
valence bond description. Similarly, the subtractive combination is a single
molecular orbital with the shape of an elongated dumbbell.

The additive combination is lower in energy than the two hydrogen
1s atomic orbitals and is called a bonding MO because electrons in this MO
spend most of their time in the region between the two nuclei, thereby bond-
ing the atoms together. The subtractive combination is higher in energy than
the two hydrogen 1s orbitals and is called an antibonding MO because any
electrons it contains can’t occupy the central region between the nuclei,
where there is a node, and can’t contribute to bonding.
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1-12 DRAWING CHEMICAL STRUCTURES 21

Node FIGURE 1-17 Molecular orbitals
of Hy. Combination of two
hydrogen 1s atomic orbitals leads
to two Hy molecular orbitals.
The lower-energy, bonding MO
o Antibonding MO is filled, and the higher-energy,
(unfilled) antibonding MO is unfilled.

Combine
_—

Energy

4H7

o Bonding MO
(filled) L

Two 1s orbitals

Just as bonding and antibonding o molecular orbitals result from the head-
on combination of two s atomic orbitals in H,, so bonding and antibonding
7 molecular orbitals result from the sideways combination of two p atomic
orbitals in ethylene. As shown in FIGURE 1-18, the lower-energy, = bonding MO
has no node between nuclei and results from the combination of p orbital lobes
with the same algebraic sign. The higher-energy, 7 antibonding MO has a node
between nuclei and results from the combination of lobes with opposite alge-
braic signs. Only the bonding MO is occupied; the higher-energy, antibonding
MO is vacant. We’ll see in Chapters 14, 15, and 30 that molecular orbital theory
is particularly useful for describing 7 bonds in compounds that have more than
one double bond.

z : o
_

Two p orbitals

FIGURE 1-18 A molecular orbital

description of the C—C 7 bond

in ethylene. The lower-energy,

7 bonding MO results from an
— additive combination of p orbital
lobes with the same algebraic
sign and is filled. The higher-
energy,  antibonding MO results
from a subtractive combination
of p orbital lobes with opposite
algebraic signs and is unfilled.

7 Antibonding MO
(unfilled)

Energy

I+

7 Bonding MO
(filled) L

Drawing Chemical Structures

Let’s cover just one more point before ending this introductory chapter. In the
structures we’ve been drawing until now, a line between atoms has repre-
sented the two electrons in a covalent bond. Drawing every bond and every
atom is tedious, however, so chemists have devised several shorthand ways
for writing structures. In condensed structures, carbon—hydrogen and carbon—
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22 CHAPTER T STRUCTURE AND BONDING

carbon single bonds aren’t shown; instead, they’re understood. If a carbon has
three hydrogens bonded to it, we write CHjy; if a carbon has two hydrogens
bonded to it, we write CHy; and so on. The compound called 2-methylbutane,
for example, is written as follows:

I
—C—

H H Condensed structures
SN ¢ /N
H—?—?—?—?—H = CH3CH2CHCH3 or CH3CH2CH(CH3)2
H H H H

2-Methylbutane

Notice that the horizontal bonds between carbons aren’t shown in con-
densed structures—the CH3, CH,, and CH units are simply placed next to each
other—but the vertical carbon—carbon bond in the first of the condensed
structures drawn above is shown for clarity. Also, notice that in the second of
the condensed structures the two CHj3 units attached to the CH carbon are
grouped together as (CH3),.

Even simpler than condensed structures are skeletal structures such as
those shown in TABLE 1-3. The rules for drawing skeletal structures are straight-
forward.

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

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

RULE 3
Atoms other than carbon and hydrogen are shown.

One further comment: although such groupings as ~CHgz, —OH, and —NH,
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 H,N - if needed to
make the bonding connections in a molecule clearer. Larger units such
as —~CH,CHj are not inverted, though; we don’t write H3CH,C— 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 CH3 CH3CH» CH,CH3
HO\ OH HoN \ NH»
Inverted order to Inverted order to
show O-C bond show N-C bond

Copyright 2016 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



1-12 DRAWING CHEMICAL STRUCTURES 23

Kekulé and Skeletal Structures for Some Compounds
Compound Kekulé structure Skeletal structure

H
Isoprene, CgHg C

I—O

Methylcyclohexane, C7H14 H—C C—C—H

Phenol, CgHgO

Interpreting a Line-Bond 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

Strategy

The end of a line represents a carbon atom with 3 hydrogens, CHs; a two-way
intersection is a carbon atom with 2 hydrogens, CH,; a three-way intersection
is a carbon atom with 1 hydrogen, CH; and a four-way intersection is a carbon
atom with no attached hydrogens.

Solution

Carvone (C10H140)
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24 CHAPTER T STRUCTURE AND BONDING

PROBLEM 1-15
Tell how many hydrogens are bonded to each carbon in the following com-
pounds, and give the molecular formula of each substance:
(a) OH (b) 0
HO NHCH3

HO
HO

Adrenaline Estrone (a hormone)

PROBLEM 1-16

Propose skeletal structures for compounds that satisfy the following molec-
ular formulas. There is more than one possibility in each case.
(@) CsHyz (b) CoH7N  (¢) C3HgO  (d) C4HoCl

PROBLEM 1-17

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)
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SOMETHING EXTRA

Organic Foods:
Risk versus Benefit

Contrary to what you may hear in supermarkets or on
television, all foods are organic—that is, complex mix-
tures of organic molecules. Even so, when applied to
food, the word organic has come to mean an absence
of synthetic chemicals, typically pesticides, antibiot-
ics, and preservatives. How concerned should we be
about traces of pesticides in the food we eat? Or tox-
ins 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, even though there is a ten times
greater likelihood per mile of dying in a bicycling acci-
dentthan in a car. We decide to walk down stairs rather
than take an elevator, even though 7000 people die
from falls each year in the United States. Some of us
decide to smoke cigarettes, even though it increases
our chance of getting cancer by 50%. But what about
risks from chemicals 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, food prices would increase,

© Rocky33/Shutterstock.com

How dangerous is the pesticide being sprayed on this crop?

and famines would occur in less developed parts of
the world. Take the herbicide atrazine, for instance. In
the United States alone, approximately 100 million
pounds of atrazine are used each year to kill weeds in
corn, sorghum, and sugarcane fields, greatly improv-
ing the yields of these crops. Nevertheless, the use of
atrazine continues to be a concern because traces per-
sist in the environment. Indeed, heavy atrazine expo-
sure can pose health risks to humans and some
animals, but the United States Environmental Protec-
tion 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.

| |
H3C\C/',\!\C4
/\ I [|
H3C H N N,
Cl
Atrazine

How can the potential hazards from a chemical like
atrazine be determined? Risk evaluation of chemicals
is carried out by exposing test animals, 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 hun-
dreds or thousands of times greater than those a per-
son might normally encounter. The results obtained in
animal tests are then distilled into a single number
called an LDgg, the amount of substance per kilogram
body weight that is a lethal dose for 50% of the test
animals. For atrazine, the LDsgq value is between 1and
4 g/kg depending on the animal species. Aspirin, for
comparison, has an LDsg of 1.1 g/kg, and ethanol
(ethyl alcohol) has an LDsq of 10.6 g/kg.

TABLE 1-4 lists values for some other
familiar substances. The lower the value,
the more toxic the substance. Note, though,
that LDsq values only pertain to the effects of
heavy exposure for a relatively short time. They
say nothing about the risks of long-term
exposure, such as whether the substance

continued
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Some LDsg Values

Substance LD5 (g/kg) Substance LDs5 (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

can cause cancer or interfere with development in the
unborn.

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 ben-
eficial effects of a new drug outweigh a potentially
dangerous side effect in a small number of users? Dif-

ferent people will have different opinions, but an hon-
est evaluation 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 ben-
efits of increased food production outweigh possible
health risks. At the same time, though, use of atrazine
is banned in the European Union.

KEY WORDS
antibonding MO, 20
bond angle, 13
bond length, 11
bond strength, 11
bonding MO, 20
condensed structures, 21
covalent bond, 8
electron-dot structures, 8
electron shells, 4
ground-state electron
configuration, 6

isotopes, 4
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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 organic
and inorganic chemistry occurred historically, there is no scientific reason for
the division.

An atom consists of a positively charged nucleus surrounded by one or
more negatively charged electrons. The electronic structure of an atom can be
described by a quantum mechanical wave equation, in which electrons are
considered to occupy orbitals around the nucleus. Different orbitals have dif-
ferent energy levels and different shapes. For example, s orbitals are spherical
and p orbitals are dumbbell-shaped. The ground-state electron configuration
of an atom can be found by assigning electrons to the proper orbitals, begin-
ning with the lowest-energy ones.

A covalent bond is formed when an electron pair is shared between atoms.
According to valence bond theory, electron sharing occurs by the overlap of



two atomic orbitals. According to molecular orbital (MO) theory, bonds result
from the mathematical combination of atomic orbitals to give molecular orbit-
als, which belong to the entire molecule. Bonds that have a circular cross-
section and are formed by head-on interaction are called sigma (o) bonds;
bonds formed by sideways interaction of p orbitals are called pi () 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 a double
bond with planar geometry, carbon uses three equivalent sp? hybrid orbitals
and one unhybridized p orbital. When forming a triple bond with linear geom-
etry, carbon uses two equivalent sp hybrid orbitals and two unhybridized p
orbitals. Other atoms such as nitrogen, phosphorus, oxygen, and sulfur also
use hybrid orbitals to form strong, oriented bonds.

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

WORKING PROBLEMS

There’s 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, while end-of-chapter problems provide additional practice
and come in several forms. They begin with a short section called “Visu-
alizing Chemistry,” which helps you “see” the microscopic world of mol-
ecules and provides practice for working in three dimensions. After the
visualizations are many “Additional Problems,” which are organized by
topic. Early problems are primarily drill-type, providing an opportunity
for you to practice your command of the fundamentals. Later problems
tend to be more thought-provoking, and some are real challenges.

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 Solutions Manual for an explanation that will help clarify the diffi-
culty. Working problems takes effort, but the payoff in knowledge and
understanding is immense. ‘

SUMMARY

line-bond structures, 8

lone-pair electrons, 9

molecular orbital (MO)
theory, 20

molecule, 8

node, 5

orbital, 4

organic chemistry, 2

pi (@) bond, 15

sigma (o) bond, 11

skeletal structures, 22

sp hybrid, 17

sp? hybrid orbitals, 14

sp? hybrid orbitals, 12

valence bond theory, 10

valence shell, 7
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CHAPTER 1 STRUCTURE AND BONDING

EXERCISES

VISUALIZING CHEMISTRY

(Problems 1-1-1-17 appear within the chapter.)

1-18  Convert each of the following molecular models into a skeletal struc-
ture, and give the formula of each. Only the connections between atoms
are shown; multiple bonds are not indicated (gray = C, red = O,
blue = N, ivory = H).

(a) (b)

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

1-19  The following model is a representation of citric acid, the key substance
in the so-called citric acid cycle, by which food molecules are metabo-
lized in the body. Only the connections between atoms are shown; mul-
tiple bonds are not indicated. Complete the structure by indicating the
positions of multiple bonds and lone-pair electrons (gray = C, red = O,
ivory = H).

1-20 The following model is a representation of acetaminophen, a pain
reliever sold in drugstores under a variety of names, including Tylenol.
Identify the hybridization of each carbon atom in acetaminophen, and
tell which atoms have lone pairs of electrons (gray = C, red = O,
blue = N, ivory = H).
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EXERCISES

1-21  The following model is a representation of aspartame, C14H1gN,O5,
known commercially under many names, including NutraSweet. Only
the connections between atoms are shown; multiple bonds are not indi-
cated. Complete the structure for aspartame, and indicate the positions
of multiple bonds (gray = C, red = O, blue = N, ivory = H).

ADDITIONAL PROBLEMS

Electron Configurations

1-22 How many valence electrons does each of the following dietary trace
elements have?

(a) Zinc (b) Iodine (c) Silicon (d) Iron

1-23  Give the ground-state electron configuration for each of the following
elements:

(a) Potassium (b) Arsenic (¢) Aluminum (d) Germanium

Electron-Dot and Line-Bond Structures
1-24  What are likely formulas for the following molecules?

(a) NH.OH (b) AICl; (c) CF,Cl; (d) CH-O
1-25 Why can’t molecules with the following formulas exist?
(a) CHs (b) CoHgN (c) C3HsBr,

1-26 Draw an electron-dot structure for acetonitrile, Co;H3N, which contains
a carbon—nitrogen triple bond. How many electrons does the nitrogen
atom have in its outer shell? How many are bonding, and how many are
nonbonding?

1-27 Draw a line-bond structure for vinyl chloride, C,H3Cl, the starting
material from which PVC [poly(vinyl chloride)] plastic is made.
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27c CHAPTER T STRUCTURE AND BONDING

1-28 Fill in any nonbonding valence electrons that are missing from the fol-
lowing structures:

(a) S CHj (b) 0) (c) 0]
H3C/ \S/ g i
HsC” “NH, HsC” YO~
Dimethyl disulfide Acetamide Acetate ion

1-29  Convert the following line-bond structures into molecular formulas:

(a) ’ O§C/CH3 (b) Ho CH,OH
~
| | c. O
/N 0N 0
H C (0] =
~e” e e
| I C=C
T ho  OH
| |
H  OH
Aspirin Vitamin C
(acetylsalicylic acid) (ascorbic acid)
(c) H\C4N\C/H (d) ! C|:H20H
¢ LS e He ST m
~ -
HT Sc” \C/N\ _H ~ ~
| | c’ HO™ \  / "OH
H H//C\C/\ H HO/| l\H
g | H H OH
H
Nicotine Glucose

1-30  Convert the following molecular formulas into line-bond structures
that are consistent with valence rules:

(a) C3Hg (b) CH5N
(c) CyHgO (2 possibilities) (d) C3H;Br (2 possibilities)
(e) C,H40 (3 possibilities) (f) C3HgN (4 possibilities)

1-31 Draw a three-dimensional representation of the oxygen-bearing carbon
atom in ethanol, CH3CH,OH, using the standard convention of solid,
wedged, and dashed lines.

1-32  Oxaloacetic acid, an important intermediate in food metabolism, has
the formula C4H405 and contains three C=0 bonds and two O-H
bonds. Propose two possible structures.
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EXERCISES

1-33  Draw structures for the following molecules, showing lone pairs:

(a) Acrylonitrile, C3H3N, which contains a carbon—carbon double
bond and a carbon-nitrogen triple bond

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

(c) Butane, C4Hqq, which contains a chain of four carbon atoms

(d) Cyclohexene, CgH;g, which contains a ring of six carbon atoms and
one carbon—carbon double bond

1-34 Potassium methoxide, KOCHj, contains both covalent and ionic bonds.
Which do you think is which?

Hybridization

1-35 What is the hybridization of each carbon atom in acetonitrile (Prob-
lem 1-26)?

1-36 What kind of hybridization do you expect for each carbon atom in the
following molecules?

(a) Propane, CH3CH,CH3 (b) 2-Methylpropene, C|H3
CH3C=CH2
(¢) But-1-en-3-yne, HoC=CH—C=CH (d) Acetic acid, (0]
CH3COH

1-37 What is the shape of benzene, and what hybridization do you expect for
each carbon?

H H

\ /
c=cC

/ \

H—C\\ //C—H Benzene

c—C

/ \

H H

1-38 What bond angles do you expect for each of the following, and what
kind of hybridization do you expect for the central atom in each?

(a) o BIH N A (o) OH 0
HyN—CHy—C—OH | | CH3—CH—C—OH
T T
I
H
Glycine Pyridine Lactic acid
(an amino acid) (in sour milk)
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27e CHAPTER T STRUCTURE AND BONDING

1-39  Propose structures for molecules that meet the following descriptions:

(a) Contains two sp?-hybridized carbons and two sp3-hybridized
carbons

(b) Contains only four carbons, all of which are sp?-hybridized

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

1-40  What kind of hybridization do you expect for each carbon atom in the
following molecules?

(a) III II) H CHy-CHg (b) Ho\(llHQOH

H c C CHy, *N c_ O o
~e” e o7 \CH/Z \CHZ—CH3 H/ /\C/ \04

I g H™ C/

HoN™ ¢ H cl /N
| HO OH

H
Procaine Vitamin C

(ascorbic acid)

1-41  Pyridoxal phosphate, a close relative of vitamin Bg, is involved in a
large number of metabolic reactions. Tell the hybridization, and predict
the bond angles for each nonterminal atom.

o) H
HO % O/IID\O_ Pyridoxal phosphate
o-
X
HsC N

Skeletal Structures
1-42  Convert the following structures into skeletal drawings:

(a) H H (b) oo
/
H .20~ . _cC H 20~ 2O H
CTN
I [I /C—H I I H/ \H
NN H
H ? \
H H
Indole 1,3-Pentadiene
H d O
(c) N (d) T
c H c H
H. / ~c—cl o7 TN e
SEN AN
H/I H H ﬁ H
(0]
1,2-Dichlorocyclopentane Benzoquinone
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EXERCISES 27f

1-43  Tell the number of hydrogens bonded to each carbon atom in the fol-
lowing substances, and give the molecular formula of each:

(a) (b) (c)

=0

Br C
\OQ/ - i
Cs

N

1-44 Quetiapine, marketed as Seroquel, is a heavily prescribed antipsy-
chotic drug used in the treatment of schizophrenia and bipolar disor-
der. Convert the following representation into a skeletal structure, and
give the molecular formula of quetiapine.

(l)CHQCHzOCHQCHon
N
H2(|3 PN (l:HZ
H2C\N/CH2
H | H
\ N=C /
c_/ \C _C
H\C// (i\ h %C/H Quetiapine
{ ¢ c / (Seroquel)
~Ne —
H/C§C/ ST M=t
{ [
H H

1-45  Tell the number of hydrogens bonded to each carbon atom in (a) the
antiinfluenza agent oseltamivir, marketed as Tamiflu, and (b) the plate-
let aggregation inhibitor clopidogrel, marketed as Plavix. Give the
molecular formula of each.

‘a’m 0 (b) SO0 g

0.
~ o/\ N
H |

NN s

/K NH
0 2
Oseltamivir Clopidogrel

(Tamiflu) (Plavix)

General Problems
1-46  Why do you suppose no one has ever been able to make cyclopentyne

as a stable molecule?
@ Cyclopentyne
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27g CHAPTER 1 STRUCTURE AND BONDING

1-47  Allene, H,C=C=CH,, is somewhat unusual in that it has two adjacent
double bonds. Draw a picture showing the orbitals involved in the o
and 7 bonds of allene. Is the central carbon atom sp?- or sp-hybridized?
What about the hybridization of the terminal carbons? What shape do
you predict for allene?

1-48  Allene (see Problem 1-47) is structurally related to carbon dioxide,
CO,. Draw a picture showing the orbitals involved in the o and 7 bonds
of CO,, and identify the likely hybridization of carbon.

1-49 Complete the electron-dot structure of caffeine, showing all lone-pair
electrons, and identify the hybridization of the indicated atoms.

[l C—H Caffeine

1-50 Most stable organic species have tetravalent carbon atoms, but species
with trivalent carbon atoms also exist. Carbocations are one such class
of compounds.

A carbocation

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

(b) What hybridization do you expect this carbon atom to have?
(c) What geometry is the carbocation likely to have?

1-51 A carbanion is a species that contains a negatively charged, trivalent
carbon.

A carbanion

T
|
I—Q—I

|

(a) What is the electronic relationship between a carbanion and a tri-
valent nitrogen compound such as NH;3?

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

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

(d) What geometry is the carbanion likely to have?
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1-52

1-53

1-54

1-55

1-56

1-57

EXERCISES

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

There are two different substances with the formula C4H;o. Draw both,
and tell how they differ.

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

There are two different substances with the formula C,HgO. Draw both,
and tell how they differ.

There are three different substances that contain a carbon—carbon dou-
ble bond and have the formula C4Hg. Draw them, and tell how they
differ.

Among the most common over-the-counter drugs you might find in a
medicine cabinet are mild pain relievers such ibuprofen (Advil,
Motrin), naproxen (Aleve), and acetaminophen (Tylenol).

HO

Ibuprofen Naproxen Acetaminophen

(a) How many sp3-hybridized carbons does each molecule have?
(b) How many sp?-hybridized carbons does each molecule have?

(c) Can you spot any similarities in their structures?
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SOMETHING EXTRA
Alkaloids: From Cocaine to
Dental Anesthetics

Polar Covalent Bonds;
Acids and Bases

The opium poppy is the source of morphine, one of the first “vegetable alkali,” or alkaloids, to
be isolated.

N5t | Understanding organic chemistry means knowing not just
what happens but also why and how it happens at the
molecular level. In this chapter, we’ll look at some of the

ways that chemists describe and account for chemical reactivity, thereby
providing a foundation to understand the specific reactions discussed in
subsequent chapters. Topics such as bond polarity, the acid—base behavior
of molecules, and hydrogen-bonding are a particularly important part of

that foundation.

We saw in the last chapter how covalent bonds between atoms are described,
and we looked at the valence bond model, which uses hybrid orbitals to
account for the observed shapes of organic molecules. Before going on to a
systematic study of organic chemistry, however, we still need to review a few
fundamental topics. In particular, we need to look more closely at how elec-
trons are distributed in covalent bonds and at some of the consequences that
arise when the electrons in a bond are not shared equally between atoms.

yYAl 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 produce Na* and Cl~ ions, which are held together in the solid
by electrostatic attractions between unlike charges. The C-C bond in ethane,
however, is covalent. The two bonding electrons are shared equally by the two
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 cova-
lent 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 2-1).

28
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2-1 POLAR COVALENT BONDS: ELECTRONEGATIVITY 29

Ionic character

® 0

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 2-2, electronegativities are based on an arbitrary scale, with fluorine
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 electronegativi-
ties. Carbon, the most important element in organic compounds, has an elec-
tronegativity value of 2.5.

FIGURE 2-1 The continuum in
bonding from covalent to ionic is
a result of an unequal distribution
of bonding electrons between
atoms. The symbol & (lowercase
Greek delta) means partial charge,
either partial positive (6+) for

the electron-poor atom or partial
negative (8—) for the electron-rich
atom.

H

2.1 He
Li | Be B © N | O F Ne
1.0 | 1.6 20|25|3.0|35]|4.0
Na | Mg Al | Si | P S | CI Ar
0.9 (1.2 15|18 [21|25] 3.0

K |Ca|Sc|Ti|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| 16|16 | 18| 20| 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|lLa|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|20/ 2.1

FIGURE 2-2 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 = 4.0 and Cs = 0.7. Elements in red are the most electronegative, those
in are medium, and those in green are the least electronegative.

As a rough guide, bonds between atoms whose electronegativities differ
by less than 0.5 are nonpolar covalent, bonds between atoms whose electro-
negativities differ by 0.5 to 2 are polar covalent, and bonds between atoms
whose electronegativities differ by more than 2 are largely ionic. Carbon—
hydrogen bonds, for example, are relatively nonpolar because carbon (EN =
2.5) and hydrogen (EN = 2.1) have similar electronegativities. Bonds between
carbon and more electronegative elements such as oxygen (EN = 3.5) and
nitrogen (EN = 3.0), by contrast, are polarized so that the bonding electrons
are drawn away from carbon toward the electronegative atom. This leaves
carbon with a partial positive charge, denoted by 6+, and the electronegative
atom with a partial negative charge, §— (8 is the lowercase Greek letter delta).
An example is the C-O bond in methanol, CH30H (FIGURE 2-3A). Bonds
between carbon and Iess electronegative elements are 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, CH3Li (FIGURE 2-3B).
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FIGURE 2-3 (a) Methanol, (a)
CH3OH, has a polar covalent

C-0 bond, and (b) methyllithium,
CHjslLi, has a polar covalent

C-Li bond. The computer- Carbon: EN=25

H
0o l Oxygen: EN =3.5

C5+

generated representations, called Hey H .
electrostatic potential maps, use H Difference = 1.0
color to show calculated charge Methanol
distributions, ranging from
red (electron-rich; 6—) to blue
(electron-poor; 6+) (b)
Lio+ Carbon: EN =25
I T Lithium: EN = 1.0
-CZ
H‘/ H
H Difference = 1.5
Methyllithium

Note in the representations of methanol and methyllithium in Figure 2-3
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 (6+), and the head
of the arrow is electron-rich (6—).

Note also in Figure 2-3 that calculated charge distributions in molecules
can be displayed visually with what are called electrostatic potential maps,
which use color to indicate electron-rich (red; §—) and electron-poor (blue;
8+) regions. In methanol, 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 par-
tial positive charge (blue), while carbon and the hydrogen atoms carry par-
tial negative charges (red). Electrostatic potential maps are useful because
they show at a glance the electron-rich and electron-poor atoms in mole-
cules. We’ll make frequent use of these maps throughout the text and will
see many examples of how electronic structure 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
nonmetals, such as oxygen and nitrogen, inductively withdraw electrons.
Inductive effects play a major role in understanding chemical reactivity, and
we’ll use them many times throughout this text to explain a variety of chemi-
cal observations.

PROBLEM 2-1

Which element in each of the following pairs is more electronegative?
(a) LiorH (b)BorBr (c)JClorl (d)CorH
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PROBLEM 2-2

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

(a) H3C—C1 (b] H3C—NH2 (C) HzN—H

(d) H3C-SH (e) H3C-MgBr (f) H3C-F

PROBLEM 2-3

Use the electronegativity values shown in Figure 2-2 to rank the following
bonds from least polar to most polar: H3C-Li, H3C-K, H3C-F, H3C-MgBr,
H3;C-OH

PROBLEM 2-4

Look at the following electrostatic potential map of methylamine, a substance
responsible for the odor of rotting fish, and tell the direction of polarization of
the C-N bond:

NH, £ -

cl: ' 5 ’

H~/~—H .
N
\H"*:a-/"/

Methylamine

y Bl Polar Covalent Bonds: Dipole Moments

Just as individual bonds are often polar, molecules as a whole are often polar
as well. Molecular polarity results from the vector summation of all individ-
ual bond polarities and lone-pair contributions in the molecule. As a practical
matter, strongly polar substances are often soluble in polar solvents like water,
whereas less polar substances are insoluble in water.

Net molecular polarity is measured by a quantity called the dipole moment
and can be thought of in the following way: assume that there is a center of
mass of all positive charges (nuclei) in a molecule and a center of mass of all
negative charges (electrons). If these two centers don’t coincide, then the
molecule has a net polarity.

The dipole moment, u (Greek mu), is defined as the magnitude of the
charge Q at either end of the molecular dipole times the distance rbetween the
charges, u = Q X r. Dipole moments are expressed in debyes (D), where 1 D =
3.336 X 10739 goulomb meters (C - m) in SI units. For example, the unit charge
on an electron is 1.60 X 10~19 C. Thus, if one positive charge and one negative
charge are separated by 100 pm (a bit less than the length of a typical covalent
bond), the dipole moment is 1.60 X 10729 C - m, or 4.80 D.

w=QXr

(1.60 x 107'2C)(100 X 10_12m)( 1D

3.336 X 10730 C - m

m ) = 4.80D
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Dipole Moments of Some Compounds

Compound Dipole moment (D) Compound Dipole moment (D)
NaCl 9.00 NH3 1.47
CH,0 2.33 CH3NH, 1.31
CHsCl 1.87 Co, 0
H>0 1.85 CHy4 0
CH30H 1.70 CH3CH3 0
CH3CO,H 1.70 0
CH3SH 1.52
Benzene

Dipole moments for some common substances are given in TABLE 2-1. Of
the compounds shown in the table, sodium chloride has the largest dipole
moment (9.00 D) because it is ionic. Even small molecules like water (u =
1.85 D), methanol (CH30H; u = 1.70 D), and ammonia (u = 1.47 D), have sub-
stantial dipole moments, however, both because they contain strongly electro-
negative atoms (oxygen and nitrogen) and because all three molecules have
lone-pair electrons. The lone-pair electrons on oxygen and nitrogen stick out
into space away from the positively charged nuclei, giving rise to a consider-
able charge separation and making a large contribution to the dipole moment.

® & 9

H“)C\H H")N\
H H
Water Methanol Ammonia
(w=1.85D) (w=1.70D) (w=1.47 D)

In contrast with water, methanol, and ammonia, molecules such as carbon
dioxide, methane, ethane, and benzene have zero dipole moments. Because of
the symmetrical structures of these molecules, the individual bond polarities
and lone-pair contributions exactly cancel.

H. /,H
|
Co Co H™ Sc” H
H? "H HY? H |
0=C=0 H H H
Carbon dioxide Methane Ethane Benzene
(p = 0) (v = 0) (w = 0) (w = 0)
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Predicting the Direction of a Dipole Moment

Make a three-dimensional drawing of methylamine, CH3NH,, a substance
responsible for the odor of rotting fish, and show the direction of its dipole
moment (u = 1.31).

Strategy

Look for any lone-pair electrons, and identify any atom with an electronega-
tivity substantially different from that of carbon. (Usually, this means O, N, F,
Cl, or Br.) Electron density will be displaced in the general direction of the
electronegative atoms and the lone pairs.

Solution

Methylamine contains an electronegative nitrogen atom with a lone pair of
electrons. The dipole moment thus points generally from —~CH3 toward the
lone pair.

H
I

H-7C~H
H

Methylamine
(n=131)

PROBLEM 2-5

Ethylene glycol, HOCH,CH,0OH, may look nonpolar when drawn, but an
internal hydrogen bond results in an electric dipole moment. Explain.

PROBLEM 2-6

Make three-dimensional drawings of the following molecules, and predict
whether each has a dipole moment. If you expect a dipole moment, show its
direction.

(a) H2C:CH2 (b) CHC13 (C) CH2C12 (d] HzC:CCIZ

Formal Charges

Closely related to the ideas of bond polarity and dipole moment is the concept
of assigning formal charges to specific atoms within a molecule, particularly
atoms that have an apparently “abnormal” number of bonds. Look at dimethyl
sulfoxide (CH3SOCH3), for instance, a solvent commonly used for preserving
biological cell lines at low temperature. The sulfur atom in dimethyl sulfoxide
has three bonds rather than the usual two and has a formal positive charge.
The oxygen atom, by contrast, has one bond rather than the usual two and has
a formal negative charge. Note that an electrostatic potential map of dimethyl
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34 CHAPTER 2 POLAR COVALENT BONDS; ACIDS AND BASES

sulfoxide shows the oxygen as negative (red) and the sulfur as relatively posi-
tive (blue), in accordance with the formal charges.

Formal negative Formal positive
charge on oxygen charge on sulfur
& e
Ho St _H /- |
\C\/"\C\/ Q‘ “‘-:J
H HH H vy

Dimethyl sulfoxide

Formal charges, as the name suggests, are a formalism and don’t imply the
presence of actual ionic charges in a molecule. Instead, they're a device for
electron “bookkeeping” and can be thought of in the following way: a typical
covalent bond is formed when each atom donates one electron. Although the
bonding electrons are shared by both atoms, each atom can still be considered
to “own” one electron for bookkeeping purposes. In methane, for instance, the
carbon atom owns one electron in each of the four C—H bonds. Because a neu-
tral, isolated carbon atom has four valence electrons, and because the carbon
atom in methane still owns four, the methane carbon atom is neutral and has
no formal charge.

An isolated carbon atom This carbon atom also owns
owns 4 valence electrons.

e

.Q. H:

/ g =4 valence electrons.
‘H

O:!IT

T

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

An isolated nitrogen atom This nitrogen atom also owns

owns 5 valence electrons. / g + 2 =5 valence electrons.
H

°N- H:I:\:I:
H

The situation is different in dimethyl sulfoxide. Atomic sulfur has six
valence electrons, but the dimethyl sulfoxide sulfur owns only five—one in
each of the two S—C single bonds, one in the S—-O single bond, and two in a
lone pair. Thus, the sulfur atom has formally lost an electron and therefore has
a positive charge. A similar calculation for the oxygen atom shows that it has
formally gained an electron and has a negative charge. Atomic oxygen has six
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valence electrons, but the oxygen in dimethyl sulfoxide has seven—one in the
O-S bond and two in each of three lone pairs.

For sulfur:

Sulfur valence electrons
Sulfur bonding electrons
Sulfur nonbonding electrons

Formal charge = 6 — 6/2 — 2

N OO

+

For oxygen:

Il
oN o

Oxygen valence electrons =
Oxygen bonding electrons
Oxygen nonbonding electrons =

Formal charge =6 — 2/2 — 6 -1

To express the calculations in a general way, the formal charge on an atom
is equal to the number of valence electrons in a neutral, isolated atom minus
the number of electrons owned by that bonded atom in a molecule. The num-
ber of electrons in the bonded atom, in turn, is equal to half the number of
bonding electrons plus the nonbonding, lone-pair electrons.

Number of Number of
Formal charge = | valence electrons | — | valence electrons
in free atom in bonded atom
Number of Number of Number of
= | valence electrons | — | bonding electrons | nonbonding
in free atom 2 electrons

A summary of commonly encountered formal charges and the bonding
situations in which they occur is given in TABLE 2-2. Although only a book-
keeping device, formal charges often give clues about chemical reactivity, so
it’s helpful to be able to identify and calculate them correctly.

A Summary of Common Formal Charges

2-3 FORMAL CHARGES 35

Atom @ N (0] S| P

. + = ‘ a = vt e v e ‘ .
Structure —t— —C— —C— —N~ —N— —0— —0:¢ —S— —S: —P—
Valence 4 4 4 5 5 6 6 6 6 5
electrons
Number of 3 3 3 4 2 3 1 3 1 4
bonds
Number of 1 0 2 0 4 2 6 2 6 0
nonbonding
electrons
Formal charge 0 +1 =il +1 =il +1 =il +1 =il +1
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PROBLEM 2-7
Calculate formal charges for the nonhydrogen atoms in the following molecules:
(a) Diazomethane, H2C=N=N= (b) Acetonitrile oxide, H3C—CEN—§=

(c) Methyl isocyanide, H3C—N=C:

PROBLEM 2-8

Organic phosphate groups occur commonly in biological molecules. Calcu-
late formal charges on the four O atoms in the methyl phosphate dianion.

T :ﬁ: 2-
H_(I:_Q_T_Q: Methyl phosphate dianion
H :0:

y2:8 Resonance

Most substances can be represented unambiguously by the Kekulé line-bond
structures we’ve been using up to this point, but an interesting problem some-
times arises. Look at the acetate ion, for instance. When we draw a line-bond
structure for acetate, we need to show a double bond to one oxygen and a single
bond to the other. But which oxygen is which? Should we draw a double bond
to the “top” oxygen and a single bond to the “bottom” oxygen, or vice versa?

Double bond to this oxygen?

H :0: H :0:
\ 7 \ /
p—C\ — /p—C\\

H|_il :Q:_ Hl_i' :0:

N

Acetate ion Or to this oxygen?

Although the two oxygen atoms in the acetate ion appear different in line-
bond structures, experiments show that they are equivalent. Both carbon—
oxygen bonds, for example, are 127 pm in length, midway between the length
ofatypical C-O