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Preface

It's different now.
What's different?

How we read, share information, and learn. That's what's different.
All of these things are more visual, more graphical than before.

And so is this book.

Reading and Seeing

The central message of chemistry is that the properties of a substance come from its struc-
ture. What is less obvious, but very powerful, is that someone with training in chemistry
can look at the structure of a substance and tell you a lot about its properties. Organic
chemistry has always been, and continues to be, the branch of chemistry that best connects
structure with properties.

The goal of this text, as it has been through eight previous editions, is to provide
students with the conceptual tools to understand and apply the relationship between the
structures of organic compounds and their properties. Both the organization of the text and
the presentation of individual topics were designed with this objective in mind.

In planning this edition, we committed ourselves to emphasizing line formulas as the
primary tool for communicating structural information. Among other features, they replace
the act of reading and interpreting strings of letters with seeing structural relationships
between molecules. In order to provide a smooth transition for students as they progress
from the textual representations they’ve used in introductory chemistry, we gradually
increase the proportion of bond-line formulas chapter by chapter until they eventually
become the major mode of structural representation. Thus, we illustrate Sy1 stereochem-
istry in Chapter 8 by the equation:

CH;O0 .
M e )\/\%>\/+)\/\>icﬁ

(R)-3-Chloro-3,7- (5)-3,7-Dimethyl-3- (R)-3,7-Dimethyl-3-
dimethyloctane methoxyoctane (89%) methoxyoctane (11%)

The conversion from reading to seeing is also evident in data recast from a tabular to
a graphical format. One example compares Sy2 reaction rates:

Increasing relative reactivity toward Sy2 substitution
(RBr + Lil in acetone, 25°C)

%—Br >—Br \ CH;Br
Br
1

very slow 1,350 221,000

The pace of technological improvements in nuclear magnetic resonance spectroscopy
requires regular updating of this core topic, and almost all of the proton spectra in this
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edition were obtained at 300 MHz. The spectra themselves were provided courtesy of
Sigma-Aldrich, then graphically enhanced to maximize their usefulness as a teaching tool.

CICH(CH3),

10 9 8 7 6 5 4 3 2 1 0
Chemical shift (8, ppm)

The teaching of organic chemistry has especially benefited as powerful mod-
eling and graphics software have become routinely available. Computer-gen-
erated molecular models and electrostatic potential maps were integrated into
the third edition of this text and their number has increased in each succeeding
edition. Also seeing increasing use are molecular orbital theory and the role
of orbital interactions in chemical reactivity. These, too, have been adapted to
enhance their value as teaching tools as illustrated in Figure 10.2 showing the

mr-molecular orbitals of allylic carbocations, radicals, and anions.

Audience

Organic Chemistry is designed to meet the needs of the “mainstream,”

xxi

H

n2+ NZ_H_

H

At A

Radical Anion

two-semester

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

A Functional Group Organization
With a Mechanistic Emphasis

The text is organized according to functional groups—the structural units most closely
identified with a molecule’s characteristic properties. This time-tested organization offers

two major advantages over alternatives organized according to mecha-
nisms or reaction types.

1. The information content of individual chapters is more
manageable in the functional-group approach. A text organized
around functional groups typically has more and shorter chapters
than one organized according to mechanism.

2. Patterns of reactivity are reinforced when a reaction used to
prepare a particular functional-group family reappears as a
characteristic reaction of another.

Understanding organic chemistry, however, is impossible without a
solid grasp of mechanisms. Our approach is to build this understand-
ing from the ground up beginning in Section 1.12 “Curved Arrows
and Chemical Reactions” and continuing through Section 1.16 with
applications to Brgnsted and Lewis acid-base chemistry. The text
contains more than 60 mechanisms that are featured as stand-alone
items presented as a series of elementary steps. Numerous other
mechanisms—many of them accompanied by potential energy
diagrams—are incorporated into the narrative flow.

Numerous other mechanisms—many of them accompanied by
potential energy diagrams—are incorporated into the narrative flow.

Mechanism 5.1

The E1 Mechanism for Acid-Catalyzed Dehydration of tert-Butyl Alcohol
THE OVERALL REACTION:

H,S0;4

(CH3);COH (CH3),C=CH, + HO
tert-Butyl alcohol 2-Methylpropene Water

THE MECHANISM:

Step 1: Protonation of fert-butyl alcohol:

H H
%— /\ /\/ —“fﬂ;‘ %— /: +:O/:
+\ N\

H H

tert-Butyl alcohol Hydronium ion tert-Butyloxonium ion ‘Water

Step 2: Dissociation of zert-butyloxonium ion to a carbocation and water:

H
/\ / ilow + 3 O/:
; + \
H

tert-| Bulyloxomum ion tert-Butyl cation Water
Step 3: Deprotonation of rert-butyl cation:

)V /\ /H ; k /H
ast
A N H + ()\H ANy + H_S)\'

H
tert-Butyl cation Water 2-Methylpropene Hydronium ion
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Generous and Effective Use of Tables

. Reaction and comments Example

Annotated summary tables that incorporate commentary have + Reduction: Garbony

been a staple of Organic Chemistry since the first edition. ety o o N, gH on

- . . e " S " on

Some review reactions from earlier chapters, others the reac- rocuoton wit sodum B x [

. . borohydride or lithium

tions or concepts of a current chapter. Still others walk the STy o Galactose o Galcttol 00%)

reader step-by-step through skill builders and concepts unique 2. Cyanohydtin formation: o o on o oH
to organic chemistry. Well received by students and faculty oo dsseomens WO S0 P o R I

. . R GERE T OH OH OH OH OH OH

alike, these summary tables remain one of the text’s strengths. L vatinoss T Py

3. Acylation: All available

hydroxyl groups of Hgo o ’ FEY o ®
carbohydrates are capable 5 + 5Ac0 Pyidne - ASOS Ac= CHiC
of undergoing acylation to HO, AcO

form esters. CHl OAc
0-D-Glucopyranose  Acetic 1,2,3,4,6-Penta-O-acetyl-
anhydride D-glucopyranose (88%)

4. Alkylation: Carbohydrate

HO— CeHsCHzO
KOH Cﬁ”ﬁ“"z@’&%
HsCH,CI CeHsCHz0
Problem 14.4 sCHCl e Ot ZCeHsCHzOQCHS

Write the structure of the organic product of each of the following reactions.

o enzyl Methyl 2,3,4,6-tetra-O-benzyl-
loride. ‘a-D-glucopyranoside (95%)
7\ o~ . _1.diethyl ether
@ @—/H U TR
PrOblemS )OK/ B ZnCl, CSHS/VOO o
(b) 1. diethyl ether gEH=0 ———= HO-
. . . co AN M e Ho
Problem-solving strategies and skills are : e
OCHs Faldehyde Methyl 4,6-O-benzylidene-

emphasized throughout. Understanding :< . o sueopeneace 65%)
. . > -0 + _1. dietiyl other_
is progressively reinforced by problems (©) =0+ G 2 H0" on
y TSILOreea . e sor L e VL

that appear within topic sections. For ample Solution o Ho)
many problems, sample solutions are o-fibose b Abotrancee

. . . . 1 2 (ccandlor B)
given, including examples of handwrit- ) . Larbou- carbon. boud Formation ";“Z‘:‘

) . HO
ten solutions from the author. S v T Vol o ok HE?&E*/O — “&ﬁ;w
HO

O lar ben ;'./ Zarbeme. y Ay :
‘Lf D-Glucose or Enediol
GO oliebhyl Her T Ra
)\ y — @—; —H

o Aridifsatson convarte Fhe alboxide.
+o e éomc:;»ndag? »t/caép;;’ whiek
/s Fhe. ispleted ZroZuot:
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Chapter Openers

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

to chemistry that is included in the chapter. CHAPTER OUTLINE
141 Organometallic Nomenclature 575 Parkinsonism results from a dopamine deficitn the brain that afects the "ring
14.2 Carbon-Metal Bonds 579 of neurons. a pa),
14.3 Preparation of Organolithium and synthesis of which involves the enantioselective organorhodium-catalyzed
Organomagnesium Compounds 581 hydrogenation described in Section 14.12.

Descriptive Passages and Interpretive Problems

Compounds as Bronsted Bases 582
14.5 Synthesis of Alcohols Using Grignard and

Many organic chemistry students later take standardized pre- s o Organometallic Compounds
. . . . 14.7 Retrosynthetic Analysis and Grignard and

professional examinations composed of problems derived from a og SR 36 ‘ o
descriptive passage; this text includes comparable passages and 1o i?::?,i‘;‘nfil.o,gmmn.c g;;;;';;;n;g’jrg;jgf;g;:*;g;_;t’;:rig;g;g\'g;m;;33;;;";;
*1: . . . . Compond e least one organon ¢ compound, sodium acetylide
problems to familiarize students with this testing style. " Nt Commome oy o iNddéf‘gﬂg,"w:.ch . mn.é’gm,ﬁ b;‘w'ge,,}] mo‘"’]i.;'(:
. . . 10 Organoem e sodium. But just beca ompound contains both a metal and
Thus, every chapter concludes with a self-contained Descrip- I v ot oo 55 STt iy ot e e
. . . 12 Romege e nlike sodium acetylide, however, the negative charge in sodium

tive Passage and Interpretive Problems unit that complements the N 5 methode s on vy ot cumon

. . 14.14 Ziegler-Natta Catalysis of Alkene a* :C= at 0
chapter’s content while emulating the “MCAT style.” These 27 o o5 i st e

. . . W L] (hasa etal bond)  (does not h netal bond)
passages—Ilisted on page xix—are accompanied by more than 100 The properies of organometllc compounds are much
. . . . G and (C different from those of the other classes we have studied so
total multiple-choice problems. Two of these: More on Spin-Spin e e e e o et
Splitting and Coupling Constants in Chapter 13 and Cyclobutadi- iyt s ;lﬁfel?a:l’ﬁ?a‘“:‘um Wi )du?Fl
ene and (Cyclobutadiene)tricarbonyliron in Chapter 14 are new to e S s e 3 S o
. Lo ence of a negatively charged, nucleophilic carbon in acetylide
this edition. fon: Conversely. cemai other organometaiie compounds

behave as electrophiles.
578

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

What's New

We have already described a number of graphical features designed to foster learning:

» an emphasis on bond-line structural drawings

» adoption of 300 MHz as the standard for nuclear magnetic resonance spectra and
enhancing them graphically to allow easier interpretation

» greater integration of molecular orbital diagrams

There have also been significant changes in content.

» Chapter 14 (Organometallic Compounds) has been a prominent part of our
text since the first edition and, owing to Nobel-worthy advances based on organic
compounds of transition metals, has steadily increased in importance. The chemistry
of these transition—metal organic compounds has been expanded in 9e to where it
now comprises approximately one-half of the chapter.

» Chapter 20 (Enols and Enolates) has been extensively revised and is much shorter.
The new, more conceptual organization allows many synthetic reactions formerly
treated independently according to purpose to be grouped efficiently according to
mechanism.

» Retrosynthetic analysis is introduced earlier (Section 6.15), elaborated with
dedicated sections in subsequent chapters (8.12, 10.13, 11.16, 12.16, 14.7), and used
regularly thereafter.

» Boxed essays— Fullerenes, Nanotubes, and Graphene updates the ever-expanding
role of elemental carbon in its many forms in Chapter 11. Sustainability and Organic
Chemistry is a new boxed essay in Chapter 15 that uses real-world examples to
illustrate principles of “green” chemistry.

McGraw-Hill Higher Education
and Blackboard Have Teamed Up

Blackboard®, the Web-based course management system, m\‘
has partnered with McGraw-Hill to better allow students ri/"
and faculty to use online materials and activities to com- ‘TJ

plement face-to-face teaching. Blackboard features excit-
ing social learning and teaching tools that foster more Do More The Best Of
logical, visually impactful, and active learning opportuni- ‘ 3

ties for students. You’ll transform your closed-door class- Both Worlds
rooms into communities where students remain connected to their educational experience
24 hours a day. This partnership allows you and your students access to McGraw-Hill’s
Connect® and McGraw-Hill Create™ right from within your Blackboard course—all with
one single sign-on. Not only do you get single sign-on with Connect and Create, you also
get deep integration of McGraw-Hill content and content engines right in Blackboard.
Whether you’re choosing a book for your course or building Connect assignments, all the
tools you need are right where you want them—inside of Blackboard. Gradebooks are now
seamless. When a student completes an integrated Connect assignment, the grade for that
assignment automatically (and instantly) feeds your Blackboard grade center. McGraw-
Hill and Blackboard can now offer you easy access to industry leading technology and
content, whether your campus hosts it or we do. Be sure to ask your local McGraw-Hill
representative for details.

McGraw-Hill LearnSmart™

i LearnSmal‘t“‘ McGraw-Hill LearnSmart is available as an integrated fea-
ture of McGraw-Hill Connect® Chemistry It is an adaptive learning system designed to help
students learn faster, study more efficiently, and retain more knowledge for greater success.
LearnSmart assesses a student’s knowledge of course content through a series of adaptive

xxiii



XXiv

Preface

questions. It pinpoints concepts the student does not understand and maps out a personalized
study plan for success. This innovative study tool also has features that allow instructors to
see exactly what students have accomplished and a built-in assessment tool for graded assign-
ments. Visit the following site for a demonstration. www.mhlearnsmart.com

B € D prodution] srhbsmerai eorm e Uik bl sl &) = JOART 380 ErbwmrvalTupe I s L AT 2cha7 S61 8221 3L 55T BBl L 36 o s
} i Commpune B 72 Covnd UNY 73 Uit 3 Soruni st

Q___C"a e 58

Which compound

would you sxpect i
to be the major
product of the

reaction shown? |
j * ACHy : /L§ ACH,

McGraw-Hill Connect” Chemistry
% C()r'ﬂtv'ec-l:® McGraw-Hill Connect Chemistry provides online presen-
tation, assignment, and assessment solutions. It connects
[CHEMISTRY your students with the tools and resources they’ll need to
achieve success. With Connect Chemistry, you can deliver assign-

ments, quizzes, and tests online. A robust set of questions and
activities are presented and aligned with the textbook’s learning

S outcomes. As an instructor, you can edit existing questions and
Chapter 1 ... author entirely new problems. Track individual student perform-
wodquentons s ipnent (0 Biesion ance—by question, assignment, or in relation to the class overall—
with detailed grade reports. Integrate grade reports easily with
SUEERED, Sive 2 e Learning Management Systems (LMS), such as WebCT and Black-
- o * board—and much more. ConnectPlus Chemistry provides stu-
X N O A S dents with all the advantages of Connect Chemistry, plus 24/7
i e B i, T online access to an eBook. This media-rich version of the book is
g = T e — available through the McGraw-Hill Connect platform and allows
E— seamless integration of text, media, and assessments. To learn more,

e visit www.mcgrawhillconnect.com

[ et s Pt

McGraw-Hill Create™

% Crea te With .McGraw'-Hill Create, you can easily rearrange chapters,

combine material from other content sources, and quickly upload
content you have written, like your course syllabus or teaching notes. Find the content you
need in Create by searching through thousands of leading McGraw-Hill textbooks. Arrange
your book to fit your teaching style. Create even allows you to personalize your book’s
appearance by selecting the cover and adding your name, school, and course information.
Order a Create book and you’ll receive a complimentary print review copy in 3—5 business
days or a complimentary electronic review copy (eComp) via e-mail in minutes. Go to
www.mcgrawhillcreate.com today and register to experience how McGraw-Hill Create
empowers you to teach your students your way. www.mcgrawhillcreate.com
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My Lectures—Tegrity”

% o eq rity McGrayv-Hill Tegrity® records and di'stributes.your class lectu?e with
° just a click of a button. Students can view anytime/anywhere via com-

puter, iPod, or mobile device. It indexes as it records your PowerPoint® presentations and

anything shown on your computer so students can use keywords to find exactly what they

want to study. Tegrity is available as an integrated feature of McGraw-Hill Connect Biology

and as a standalone.

Instructor Resources
Presentation Center

Accessed from the Connect website, Presentation Center is an online digital library
containing photos, artwork, animations, and other media types that can be used to create
customized lectures, visually enhanced tests and quizzes, compelling course websites, or
attractive printed support materials. All assets are copyrighted by McGraw-Hill Higher
Education, but can be used by instructors for classroom purposes. The visual resources in
this collection include:

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

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

Also accessed through your textbook’s Connect website are:

® PowerPoint® Lecture Outlines Ready-made presentations that combine art and
lecture notes are provided for each chapter of the text.

B Classroom Response Systems bring interactivity into the classroom or lecture hall.
These wireless response systems, which are essentially remote that are easy to use
and engage students, give the instructor and students immediate feedback from the
entire class. Wireless response systems allow instructors to motivate student prepara-
tion, interactivity, and active learning. Nearly 600 questions covering the content of
the Organic Chemistry text are available on the Organic Chemistry site for use with
any classroom response system.

B Test Bank An updated test bank with over 1300 questions is available with the
9th edition. The Test Bank is available as both word files and in a computerized test
bank program, which utilizes testing software to quickly create customized exams.
This user-friendly program allows instructors to sort questions by format; edit exist-
ing questions or add new ones; and scramble questions for multiple versions of the
same test.

B Solutions Manual This manual provides complete solutions to all end-of-chapter
problems in the text. The Solutions Manual includes step-by-step solutions to each
problem in the text as well as self-tests to assess student understanding.

Student Resources

Solutions Manual

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

Schaum’s Outline of Organic Chemistry

This helpful study aid provides students with hundreds of solved and supplementary prob-
lems for the organic chemistry course.

XXV



XXVi

ACKNOWLEDGEMENTS

Special thanks to the author of the Student Solutions Manual, Neil Allison, University of
Arkansas, who had a monumental task in updating the manual for this edition. Thanks, as
well, to Matt McIntosh, University of Arkansas, who completed an accuracy review of the
manual. The authors acknowledge the generosity of Sigma-Aldrich for providing almost
all of the 300-MHz NMR spectra.

Reviewers

Hundreds of teachers of organic chemistry have reviewed this text in its various editions.
Our thanks to all of them, especially the following reviewers for the ninth edition.

Igor Alabugin, Florida State University

Donald H. Aue, University of California, Santa Barbara
William Bailey, University of Connecticut

Arthur Bull, Oakland University

Kevin Caran, James Madison University

Brenton DeBoef, University of Rhode Island

William S. Jenks, lowa State University

James McKee, University of the Sciences in Philadelphia
Musiliyu Musa, Florida A&M University

Bob Kane, Baylor University

Margaret Kerr, Worcester State College

Dennis Kevill, Northern Illinois University

Rebecca M. Kissling, Binghamton University

Kyungsoo Oh, Indiana University Purdue University — Indianapolis
Jon Parquette, Ohio State University

Laurie Starkey, California Polytechnic, Pomona

Andreas Zavitsas, Long Island University, Brooklyn Campus

The addition of LearnSmart to the McGraw-Hill digital offerings has been invaluable.
Thank you to the individuals who gave their time and talent to develop LearnSmart for
Organic Chemistry.

Margaret R. Asirvatham, University of Colorado, Boulder
Susan Bane, Binghamton University

Kelly B. Butzler, Pennsylvania College of Technology
David Cartrette, South Dakota State University

Tammy Davidson, University of Florida

Peter de Lijser, California State University, Fullerton
Dana¢ R. Quirk Dorr, Minnesota State University, Mankato
David G. Jones, North Carolina Central University

Adam 1. Keller, Columbus State Community College
Margaret Ruth Leslie, Kent State University

Karen E. S. Phillips, Hunter College of CUNY

Ron Wikholm, University of Connecticut



Acknowledgements

Organic Chemistry is also complemented by the exemplary digital products in Connect. We
are extremely appreciative for the talents of the following individuals who played important
roles in the authoring and content development for our digital products.

Kim Albizati, University of California — San Diego
Neil Allison, University of Arkansas

Chloe Brennan, St. Olaf University

David P. Cartrette, South Dakota State University
Ronald K. Castellano, University of Florida

Greg Cook, North Dakota State University

Peter de Lijser, California State University — Fullerton
Amy Deveau, University of New England

Mike Evans, University of Illinois at Urbana—Champaign
Tiffany Gierasch, University of Maryland — Baltimore County
Sara Hein, Winona State University

Shirley Hino, Santa Rosa Junior College

Phil Janowicz, California State University — Fullerton
Eric Kantorowski, California Polytechnic State University
Jens Kuhn, Santa Barbara City College

Amy Lane, University of North Florida

Michael Lewis, Saint Louis University

Eric Masson, Ohio University

Mark McMills, Ohio University

Layne Alan Morsch, University of Illinois — Springfield
Thomas W. Nalli, Winona State University

Andrea Pellerito, Indiana University — Bloomington
Jacob Schroeder, Clemson University

Chad Stearman, Missouri State University

Brent Sumerlin, Southern Methodist University

Emily Tansey, Otterbein University

John T. Tansey, Otterbein University

Yitzhak Tor, University of California — San Diego

Khoi N. Van, Texas A&M University

Haim Weizman, University of California — San Diego
Ron Wikholm, University of Connecticut

Gregory M. Williams, University of Oregon

Regina Zibuck, Wayne State University

XXvii



This page intentionally left blank



Organic
Chemistry



CHAPTER OUTLINE

1.1

|
1.2
1.3

1.4
1.5

[ ]
1.6
1.7

1.8
1.9

1.10

[ ]
mm
1.12

1.13

114
1.15
1.16
117

Atoms, Electrons, and Orbitals 2
Organic Chemistry: The Early Days 3
lonicBonds 6

Covalent Bonds, Lewis Formulas, and the
OctetRule 8

Double Bonds and Triple Bonds 9

Polar Covalent Bonds, Electronegativity,
and Bond Dipoles 10

Electrostatic Potential Maps 13

Formal Charge 13

Structural Formulas of Organic Molecules:
Isomers 15

Resonance 19

Sulfur and Phosphorus-Containing Organic
Compounds and the Octet Rule 23

The Shapes of Some Simple Molecules 24
Molecular Models and Modeling 25
Molecular Dipole Moments 27

Curved Arrows and Chemical

Reactions 28

Acids and Bases: The Brgnsted-Lowry
View 30

How Structure Affects Acid Strength 35
Acid-Base Equilibria 39

Lewis Acids and Lewis Bases 41
Summary 43

Problems 46
Descriptive Passage and Interpretive Problems 1:
Amide Lewis Structural Formulas 51

~ g N e T

LR =/
ARMY ETRONC.

Although function dictates form in the things we build, structure determines
properties in molecules. Dragsters are designed to accelerate to high speeds
in a short distance from a standing start. Most are powered by nitromethane
(CH3NO,), which, because of its structure, makes it more suitable for this
purpose than gasoline.

Structure Determines
Properties

tructure* is the key to everything in chemistry. The properties

of a substance depend on the atoms it contains and the way
these atoms are connected. What is less obvious, but very power-
ful, is the idea that someone who is trained in chemistry can look
at the structural formula of a substance and tell you a lot about its
properties. This chapter begins your training toward understand-
ing the relationship between structure and properties in organic
compounds. It reviews some fundamental principles of the Lewis
approach to molecular structure and bonding. By applying these
principles, you will learn to recognize structural patterns that are
more stable than others and develop skills in communicating
structural information that will be used throughout your study of
organic chemistry. A key relationship between structure and
properties will be introduced by examining the fundamentals of
acid-base chemistry from a structural perspective.

1.1 Atoms, Electrons, and Orbitals

Before discussing structure and bonding in molecules, let’s first
review some fundamentals of atomic structure. Each element is
characterized by a unique atomic number Z, which is equal to

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



1.1

Organic Chemistry: The Early Days

Atoms, Electrons, and Orbitals

Eighteenth—century chemists regarded their science as being
composed of two branches. One dealt with substances
obtained from natural or living sources and was called organic
chemistry; the other dealt with materials from nonliving matter—
minerals and the like—and was called inorganic chemistry. Over
time, combustion analysis established that the compounds
derived from natural sources contained carbon, and a new defi-
nition of organic chemistry emerged: Organic chemistry is the
study of carbon compounds. This is the definition we still use
today.

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

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

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

This transformation was remarkable at the time because
an inorganic salt, ammonium cyanate, was converted to urea,
a known organic substance earlier isolated from urine. It is
now recognized as a significant early step toward overturning
the philosophy of vitalism. Although Woéhler himself made no
extravagant claims concerning the relationship of his discovery
to vitalist theory, the die was cast, and over the next generation
organic chemistry outgrew vitalism. What particularly seemed to
excite Wohler and Berzelius had very little to do with vitalism.
Berzelius was interested in cases in which two clearly different
materials had the same elemental composition, and he invented

the word isomers to apply to them. Wéhler’s observation that an
inorganic compound (ammonium cyanate) of molecular formula
CH4N,0 could be transformed into an organic compound (urea)
of the same molecular formula had an important bearing on the
concept of isomerism.

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

Three mid-nineteenth-century scientists, August Kekulé,
Archibald S. Couper, and Alexander M. Butlerov, stand out for
separately proposing the elements of the structural theory. The
essential features of Kekulé's theory, developed and presented
while he taught at Heidelberg in 1858, were that carbon nor-
mally formed four bonds and had the capacity to bond to other
carbons so as to form long chains. Isomers were possible because
the same elemental composition (say, the CH;N,O molecular
formula common to both ammonium cyanate and urea) accom-
modates more than one pattern of atoms and bonds. Shortly
thereafter, Couper, a Scot working at the Ecole de Medicine
in Paris, and Butlerov, a Russian chemist at the University of
Kazan, proposed similar theories.

In the late nineteenth and early twentieth centuries, major
discoveries about atoms and electrons placed theories of molec-
ular structure and bonding on a more secure, physics-based
foundation. Several of these are described at the beginning of
this section.

1.1, Berzelius 1779-1848
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the number of protons in its nucleus. A neutral atom has equal numbers of protons, which
are positively charged, and electrons, which are negatively charged.

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



Figure 1.1

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

A complete periodic table of the
elements is presented at the back of
the book.

Other methods are also used to
contrast the regions of an orbital where
the signs of the wave function are
different. Some mark one lobe of a

p orbital + and the other —. Others
shade one lobe and leave the other
blank. When this level of detail isn't
necessary, no differentiation is made
between the two lobes.

Figure 1.2

Boundary surfaces of a 1s orbital and a
2s orbital.
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According to the Heisenberg uncertainty principle, we can’t tell exactly where an
electron is, but we can tell where it is most likely to be. The probability of finding an elec-
tron at a particular spot relative to an atom’s nucleus is given by the square of the wave func-
tion (%) at that point. Figure 1.1 illustrates the probability of finding an electron at various
points in the lowest energy (most stable) state of a hydrogen atom. The darker the color in
a region, the higher the probability. The probability of finding an electron at a particular
point is greatest near the nucleus and decreases with increasing distance from the nucleus
but never becomes zero.

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

Orbitals are described by specifying their size, shape, and directional properties.
Spherically symmetrical ones such as shown in Figure 1.1 are called s orbitals. The letter s is
preceded by the principal quantum number n (n = 1, 2, 3, etc.), which specifies the shell
and is related to the energy of the orbital. An electron in a ls orbital is likely to be found
closer to the nucleus, is lower in energy, and is more strongly held than an electron in a 2s
orbital.

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

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

Hydrogen: 1s' Helium: 15

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

Lithium: 15°2s’

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

With beryllium (Z = 4), the 2s level becomes filled and, beginning with boron
(Z =5), the next orbitals to be occupied are 2p,, 2p,, and 2p,. These three orbitals (Fig-
ure 1.3) are of equal energy and are characterized by boundary surfaces that are usually
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2p, 2p, 2p,

Figure 1.3

Boundary surfaces of the 2p orbitals. The wave function changes sign at the nucleus. The two halves

of each orbital are indicated by different colors. The yz-plane is a nodal surface for the 2p, orbital. The
probability of finding a 2p, electron in the yz-plane is zero. Analogously, the xz-plane is a nodal surface for
the 2p, orbital, and the xy-plane is a nodal surface for the 2p, orbital.

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

The electron configurations of the first 12 elements, hydrogen through magnesium,
are given in Table 1.1. In filling the 2p orbitals, notice that each is singly occupied before
any one is doubly occupied. This general principle for orbitals of equal energy is known
as Hund’s rule. Of particular importance in Table 1.1 are hydrogen, carbon, nitrogen, and
oxygen. Countless organic compounds contain nitrogen, oxygen, or both in addition to
carbon, the essential element of organic chemistry. Most of them also contain hydrogen.

It is often convenient to speak of the valence electrons of an atom. These are
the outermost electrons, the ones most likely to be involved in chemical bonding and

TABLE 1.1  Electron Configurations of the First Twelve Elements

of the Periodic Table

Number of electrons in indicated orbital

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




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

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

Figure 1.4

An ionic bond is the force of attraction
between oppositely charged ions. Each
Na* ion in the crystal lattice of solid
NaCl is involved in ionic bonding to
each of six surrounding CI™ ions and vice
versa. The smaller balls are Na* and the
larger balls are CI".
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reactions. For second-row elements these are the 2s and 2p electrons. Because four
orbitals (2s, 2p,, 2p,, 2p.) are involved, the maximum number of electrons in the valence
shell of any second-row element is 8. Neon, with all its 2s and 2p orbitals doubly
occupied, has eight valence electrons and completes the second row of the periodic table.
For main-group elements, the number of valence electrons is equal to its group number
in the periodic table.

Problem 1.1

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

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

Problem 1.2

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

Sample Solution The third period begins with sodium and ends with argon. The atomic
number Z of sodium is 11, and so a sodium atom has 11 electrons. The maximum number of
electrons in the 1s, 2s, and 2p orbitals is ten, and so the eleventh electron of sodium occupies
a 3sorbital. The electron configuration of sodium is 1s?2s?2p,?2p,?2p,?3s.

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

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

1.2 lonic Bonds

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

Whether an element is the source of the cation or anion in an ionic bond depends on
several factors, for which the periodic table can serve as a guide. In forming ionic compounds,
elements at the left of the periodic table typically lose electrons, giving a cation that has the
same electron configuration as the preceding noble gas. Loss of an electron from sodium, for
example, yields Na™, which has the same electron configuration as neon.

Nag) — Na'(9) + e
Sodium atom Sodium ion Electron
15225°2p°%3s" 15%25°2p°
[The symbol (g) indicates that the species is present in the gas phase.]
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Problem 1.3

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

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

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

Cl(g) + e — Cl (g)

Chloride ion
15225%2p%3523p°

Chlorine atom Electron

15725%2p%3523p°

Problem 1.4

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

(a) K* (c) H (e) F
(b) He* (d) O (f) Ca®*
Sample Solution (a) Potassium has atomic number 19, and so a potassium atom has

19 electrons. The ion K*, therefore, has 18 electrons, the same as the noble gas argon. The
electron configurations of both K* and Ar are 1522522p®3523p°.

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

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

Na(g) + Cl(g)

Sodium atom Chlorine atom

— Na'(g) + ClI(g)

Sodium ion  Chloride ion

Were we to simply add the ionization energy of sodium (496 kJ/mol) and the electron affin-
ity of chlorine (—349 kJ/mol), we would conclude that the overall process is endothermic by
+147 kJ/mol. The energy liberated by adding an electron to chlorine is insufficient to override
the energy required to remove an electron from sodium. This analysis, however, fails to con-
sider the force of attraction between the oppositely charged ions Na™ and CI', as expressed in
terms of the energy released in the formation of solid NaCl from the separated gas-phase ions:

Na*(g) +

Sodium ion

NaCl(s)

Sodium chloride

g —
Chloride ion
This lattice energy is 787 kJ/mol and is more than sufficient to make the overall process for
formation of sodium chloride from the elements exothermic. Forces between oppositely

charged particles are called electrostatic, or Coulombic, and constitute an ionic bond when
they are attractive.

Problem 1.5

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

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

lonic bonding was proposed by the
German physicist Walther Kossel in
1916, in order to explain the ability of
substances such as molten sodium
chloride to conduct an electric current.
He was the son of Albrecht Kossel,
winner of the 1910 Nobel Prize in
Physiology or Medicine for early studies
of nucleic acids.



Gilbert Newton Lewis has been called
the greatest American chemist.

Unshared pairs are also called /one
pairs.
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Ionic bonds are very common in inorganic compounds, but rare in organic ones. The
ionization energy of carbon is too large and the electron affinity too small for carbon to realis-
tically form a C** or C* ion. What kinds of bonds, then, link carbon to other elements in mil-
lions of organic compounds? Instead of losing or gaining electrons, carbon shares electrons
with other elements (including other carbon atoms) to give what are called covalent bonds.

1.3 Covalent Bonds, Lewis Formulas, and the Octet Rule

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

H- ‘H H:H

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

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

Only the electrons in an atom’s valence shell are involved in covalent bonding.
Fluorine, for example, has nine electrons, but only seven are in its valence shell. Pairing a
valence electron of one fluorine atom with one of a second fluorine gives a fluorine mol-
ecule (F,) in which each fluorine has eight valence electrons and an electron configuration
equivalent to that of the noble gas neon. Shared electrons count toward satisfying the octet
of both atoms.

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

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

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

The Lewis model limits second-row elements (Li, Be, B, C, N, O, F, Ne) to a total
of eight electrons (shared plus unshared) in their valence shells. Hydrogen is limited to
two. Most of the elements that we’ll encounter in this text obey the octet rule: In forming
compounds they gain, lose, or share electrons to achieve a stable electron configuration
characterized by eight valence electrons. When the octet rule is satisfied for carbon, nitro-
gen, oxygen, and fluorine, each has an electron configuration analogous to the noble gas
neon. The Lewis formulas of methane (CH,), ammonia (NH;), water (H,0O), and hydrogen
fluoride (HF) given in Table 1.2 illustrate the octet rule.

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

H H H H

Combine two . . to write a HH |
carbons and H- -C- -C--H  Lewis formula H:C:C:H or H—C—C—H

six hydrogens for ethane HH | |

H H

H H



1.4 Double Bonds and Triple Bonds

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

Atom and sufficient Lewis formula
Number of number of
valence electrons hydrogen atoms to
Compound Atom in atom complete octet Dot Line
Methane Carbon 4 H H IT
H-C-H H'S'H H—C—H
Z |
H H
Ammonia Nitrogen 3 H- -N- H H:N:H H—l'\|]—H
H H H
Water Oxygen 6 H-: O ‘H H:O::H H—Q—H
Hydrogen Fluorine 7 H- -F: H:F: H—F:

fluoride

Problem 1.6

Write Lewis formulas, including unshared pairs, for each of the following. Carbon has four
bonds in each compound.

(a) Propane (C3Hg) (c) Methyl fluoride (CH5F)

(b) Methanol (CH,0) (d) Ethyl fluoride (C,H5F)

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

Combine three . . .
carbons and H--C--C--C- -H
eight hydrogens

H H H
H H H
to write a HHH |1
Lewis formula H:C:C:C:H or H—C—C—C—H
for propane HHH I1| |_|| Il|

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

1.4 Double Bonds and Triple Bonds

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

H H
Combine two carb Hu
ombine two carbons &~ .
and four hydrogens ¢ € to write ESI

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

HH i NN
-C:C- to give C:C or /CIC\
HH H H H H

Share these two electrons
between both carbons

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

H:C:::C:H or H—C=C—H

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

:Q::C::Q: or O:C:O

Problem 1.7

All of the hydrogens are bonded to carbon in both of the following. Write a Lewis formula that
satisfies the octet rule for each.

(a) Formaldehyde (CH,0) (b) Hydrogen cyanide (HCN)

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

: H
Combine C -0 to give -C:0-
: H

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

’ H

-C:0- to give or C=0

Share these two electrons
between carbon and oxygen

T:0:T
o

1.5 Polar Covalent Bonds, Electronegativity,
and Bond Dipoles

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

Hydrogen fluoride, for example, has a polar covalent bond. Fluorine is more elec-
tronegative than hydrogen and pulls the electrons in the H—F bond toward itself, giving



1.5 Polar Covalent Bonds, Electronegativity, and Bond Dipoles

fluorine a partial negative charge and hydrogen a partial positive charge. Two ways of rep-
resenting the polarization in HF are:
+—>
STH—F" H—F
(The symbols 8+ and 8 —
indicate partial positive
and partial negative
charge, respectively)

(The symbol +— represents
the direction of polarization
of electrons in the H—F bond)

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

- —p

Negatively charged
region of molecule

Positively charged
region of molecule

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

6 .
N’

H—H S H—F & F—F

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

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

TABLE 1.3

Selected Values from the Pauling Electronegativity Scale

Group number

Period 1A 2A 3A 4A 5A 6A 7A
1 H
2.1
2 Li Be B © N 0 F
1.0 1.5 2.0 2.5 3.0 3.5 4.0
3 Na Mg Al Si P S Cl
0.9 1.2 1.5 1.8 2.1 2.5 3.0
4 K Ca Br
0.8 1.0 2.8
5 |

11

Linus Pauling (1901-1994) was born
in Portland, Oregon, and was educated
at Oregon State University and at the
California Institute of Technology,
where he earned a Ph.D. in chemistry
in 1925. In addition to research in
bonding theory, Pauling studied the
structure of proteins and was awarded
the Nobel Prize in Chemistry for that
work in 1954. Pauling won a second
Nobel Prize (the Peace Prize) in 1962
for his efforts to limit the testing of
nuclear weapons. He was one of only
four scientists to have won two Nobel
Prizes. The first double winner was a
woman. Can you name her?
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The debye unit is named in honor of
Peter Debye, a Dutch scientist who
did important work in many areas of
chemistry and physics and was
awarded the Nobel Prize in Chemistry
in 1936.
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Electronegativity increases from left to right across a row in the periodic table. Of
the second-row elements, the most electronegative is fluorine, the least electronegative is
lithium. Electronegativity decreases going down a column. Of the halogens, fluorine is the
most electronegative, then chlorine, then bromine, then iodine. Indeed, fluorine is the most
electronegative of all the elements; oxygen is second.

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

Problem 1.8

In which of the compounds CH,4, NH3, H,0, SiH,, or H,S is 8+ for hydrogen the greatest? In
which one does hydrogen bear a partial negative charge?

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

w=eXd

Because the charge on an electron is 4.80 X 107'? electrostatic units (esu) and the distances
within a molecule typically fall in the 10" cm range, molecular dipole moments are on
the order of 107'® esu-cm. To simplify the reporting of dipole moments, this value of 107'%
esu-cm is defined as a debye, D. Thus the experimentally determined dipole moment of
hydrogen fluoride, 1.7 X 107'® esu-cm is stated as 1.7 D.

The bond dipoles in Table 1.4 depend on the difference in electronegativity of the
bonded atoms and on the bond distance. The polarity of a C—H bond is relatively low; sub-
stantially less than a C—O bond, for example. Don’t lose sight of an even more important
difference between a C—H bond and a C—0O bond, and that is the direction of the dipole
moment. In a C—H bond the electrons are drawn away from H, toward C. In a C—0O bond,
electrons are drawn from C toward O. As we’ll see in later chapters, the kinds of reactions
that a substance undergoes can often be related to the size and direction of key bond dipoles.

Problem 1.9

Indicate the direction of the dipole for the following bonds using the symbol — and &,
&~ notation.

H—O0 H—N C—0 C=0 C—N C=N C=N

TABLE 1.4 Selected Bond Dipole Moments

Bond* Dipole moment, D Bond* Dipole moment, D
H—F 1.7 CG—IF 1.4
H—CI 1.1 C—o0 0.7
H—DBr 0.8 C—N 0.4
H—I 0.4 Cc=0 2.4
H—C 0.3 C=N 1.4
H—N 1.3 C=N 3.6
H—O 1.5

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

Il of the material in this text, and most of chemistry gener-

ally, can be understood on the basis of what physicists call
the electromagnetic force. lts major principle is that opposite
charges attract and like charges repel. A good way to connect
structure to properties such as chemical reactivity is to find the
positive part of one molecule and the negative part of another.
Most of the time, these will be the reactive sites.

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

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

9 ¢

H—F H—Li

The H—F bond is polarized so that hydrogen is partially positive
(blue) and fluorine partially negative (red). Because hydrogen is

more electronegative than lithium, the H—Li bond is polarized
in the opposite sense, making hydrogen partially negative (red)
and lithium partially positive (blue).

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

H—F

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

1.6 Formal Charge

Lewis formulas frequently contain atoms that bear a positive or negative charge. If the mol-
ecule as a whole is neutral, the sum of its positive charges must equal the sum of its negative
charges. An example is nitromethane CH;NO,.

H

O:
|7
H—C—N/
| N
H :Q:

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

Formal charges correspond to the difference between the number of valence elec-
trons in the neutral free atom and the number of valence electrons in its bonded state. The
number of electrons in the neutral free atom is the same as the atom’s group number in the
periodic table. To determine the electron count of an atom in a Lewis formula, we add the
total number of electrons in unshared pairs to one-half the number of electrons in bonded
pairs. It’s important to note that counting electrons for the purpose of assigning formal
charge differs from counting electrons to see if the octet rule is satisfied. A second-row
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Figure 1.5

Chapter 1 Structure Determines Properties

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

It will always be true that a covalently

bonded hydrogen has no formal charge

(formal charge = 0).

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

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

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

Electron count (O) = 3(4) +4 =6

7 _ gy —
Electron count (H) = 1(2) = le—$—§<//EleCtr"lq count (N) =5(8) = 4
HOHE

Electron count (C) =1 (8)= 4 “~—Electron count O)=532)+6=17

element has a complete octet if the sum of all the electrons around it, shared and unshared,
is eight. When counting the electrons to assign formal charge, half the number of electrons
in covalent bonds are assigned to each atom.

Figure 1.5 applies this procedure to the calculation of formal charges in nitromethane.
Starting with the three hydrogens, we see that each is associated with two electrons, giving
each an electron count of 3(2) = 1. Because a neutral hydrogen atom has one electron, the
hydrogens of nitromethane have no formal charge. Similarly for carbon, the electron count is
%(8) = 4, which is the number of electrons on a neutral carbon atom, so carbon has no formal
charge in nitromethane.

Moving to nitrogen, we see that is has four covalent bonds, so its electron count is
3(8) =4, which is one less than the number of valence electrons of a nitrogen atom; therefore,
its formal charge is +1. The doubly bonded oxygen has an electron count of six (four electrons
from the two unshared pairs + two from the double bond). An electron count of six is the same
as that of a neutral oxygen’s valence electrons; therefore, the doubly bonded oxygen has no
formal charge. The singly bonded oxygen, however, has an electron count of seven: six for
the three nonbonded pairs plus one for the single bond to nitrogen. This total is one more than
the number of valence electrons of a neutral oxygen, so the formal charge is —1.

Problem 1.10

s

0]
i i i ? | Y
Why is the formula shown for nitromethane incorrect? He—C—N
| N
H O

Problem 1.11

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

:6:
2Qj*§fgli 0=0—0 H*Q*Nzot
(a) Thionyl chloride (b) Ozone (c) Nitrous acid

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

valence electrons is the same as the group number in the periodic table for the main-group
elements.)

Valence electrons of neutral atom Electron count Formal charge

Sulfur: 6 16)+2=5 +1

Oxygen: 6 12)+6=7 -1

Chlorine: 7 12)+6=7 0
:6:7

The formal charges are shown in the Lewis formula of thionyl chloride as C|—S+—C|




1.7 Structural Formulas of Organic Molecules

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

Formal charge = Group number in periodic table — Electron count
where
Electron count = ; (Number of shared electrons) + Number of unshared electrons

So far we’ve only considered neutral molecules—those in which the sums of the posi-
tive and negative formal charges were equal. With ions, of course, these sums will not be
equal. Ammonium cation and borohydride anion, for example, are ions with net charges of
+1 and —1, respectively. Nitrogen has a formal charge of +1 in ammonium ion, and boron
has a formal charge of —1 in borohydride. None of the hydrogens in the Lewis formulas
shown for these ions bears a formal charge.

H H
H—l\|l+—H H—1|3;H
H H
Ammonium ion Borohydride ion

Formal charges are based on Lewis formulas in which electrons are considered to be shared
equally between covalently bonded atoms. Actually, polarization of N—H bonds in ammo-
nium ion and of B—H bonds in borohydride leads to some transfer of positive and negative
charge, respectively, to the hydrogens.

Problem 1.12

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

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

1.7 Structural Formulas of Organic Molecules

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

In step 3 we set out a partial structure that shows the order in which the atoms are
connected. This is called the connectivity of the molecule and is almost always determined
by experiment. Most of the time carbon has four bonds, nitrogen has three, and oxygen
two. It frequently happens in organic chemistry that two or more different compounds have
the same molecular formula, but different connectivities. Ethanol and dimethyl ether—the
examples shown in the table—are different compounds with different properties, yet have
the same molecular formula (C,H4O). Ethanol is a liquid with a boiling point of 78°C.
Dimethyl ether is a gas at room temperature; its boiling point is —24°C.

Different compounds that have the same molecular formula are classified as isomers.
Isomers can be either constitutional isomers (differ in connectivity) or stereoisomers
(differ in arrangement of atoms in space). Constitutional isomers are also sometimes called
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The suffix -mer in the word “isomer”
is derived from the Greek word meros,
meaning “part,” “share,” or “portion.”
The prefix iso- is also from Greek (isos,
meaning “the same”). Thus isomers
are different molecules that have the
same parts (elemental composition).
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TABLE 1.5

Structure Determines Properties

Step

1.

The molecular formula is determined
experimentally.

. Based on the molecular formula, count

the number of valence electrons.

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

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

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

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

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

7. Calculate formal charges.

A Systematic Approach to Writing Lewis Formulas

Illustration

Ethanol and dimethyl ether both have the
molecular formula C,HgO.

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

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

H H H H
HoC— G 0—H H_C—0 G
H H H H

Ethanol Dimethyl ether

The structural formulas in step 3 contain
eight bonds, accounting for 16 electrons.
Because C,Hg0 contains 20 valence
electrons, 4 more are needed.

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

H H H H
H—cl—(|:—oj—H H—C|:—Q—(|3—H
W o
Ethanol Dimethyl ether

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

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

structural isomers. Ethanol and dimethyl ether are constitutional isomers of each other.
Stereoisomers will be introduced in Section 3.11.

The framework of covalent bonds revealed by the connectivity information accounts
for 16 of the 20 valence electrons in C,H4O (step 4). The remaining four valence electrons
are assigned to each oxygen as two unshared pairs in step 5 to complete the Lewis formulas
of ethanol and dimethyl ether.



1.7 Structural Formulas of Organic Molecules

Problem 1.13

Write structural formulas for all the constitutional isomers that have the given molecular
formula.

(a) CzH7N (b) C3H7C| (C) C3H80

Sample Solution (a) The molecular formula C,H,N requires 20 valence electrons. Two
carbons contribute a total of eight, nitrogen contributes five, and seven hydrogens contribute a
total of seven. Nitrogen and two carbons can be connected in the order CCN or CNC. Assuming
four bonds to each carbon and three to nitrogen, we write these connectivities as:

L1 | |
o

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

T T
H—C—(|3—N—H and H—(|J—l\|l—C—H
H H H H H

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

T L
H—(|3—(|3—[\!—H and H—(f—l}]—(‘)—H
H H H H H

These two are constitutional isomers.

Now let’s consider a molecule in which we have to include multiple bonds when
writing the Lewis formula (step 6). Formaldehyde has the molecular formula CH,0O, and
both hydrogens are attached to carbon. The total number of valence electrons is 12, and 6
of these are accounted for in 3 bonds to carbon. Because oxygen is more electronegative
than carbon, we assign the six additional electrons to oxygen.

H H H
\ \ . \ e __
C—(O add 6 electrons to O C—0Q: calculate formal charges +C—Q:
/ / .o / .o
H H H

At this point, the octet rule is satisfied for oxygen, but not carbon. Moreover, the structural
formula is destabilized by separation of positive charge from negative. The octet rule can
be satisfied for both atoms and the charge separation removed by involving one of the
unshared pairs of oxygen in a double bond to carbon.

H H
\ . — \ .o
+(C—Q: share one pair of oxygen's unshared pairs with carbon C=0:
/ .. /
H H

The resulting structure has one more bond than the original and no separation of opposite
charges. It is the structural formula for formaldehyde that best satisfies the Lewis rules.

17
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Problem 1.14

Nitrosomethane and formaldoxime both have the molecular formula CH3;NO and the connectivity
CNO. All of the hydrogens are bonded to carbon in nitrosomethane. In formaldoxime, two of the
hydrogens are bonded to carbon and one to oxygen. Write Lewis formulas for (a) nitrosomethane
and (b) formaldoxime that satisfy the octet rule and are free of charge separation.

4 )

O Sample Solutron

/ puunt
(4] « TAE esnnectnnty /= H=L—N=0 whid ateounts

M
Yoo 10 valincs 2/ectoons,
. Tptal number of valinet eketrons
IH=3
=4 =/
AM=5
g=6
* 5 Bouds acaaszﬁ.- JO tlechrons.
/ﬂssja. rEmami 97 & electrons 7o O and N 11
?mmc so 45 ;/ eony;ké oCtess. %fn wrdh, O,

/.;.a. --A/-::J,
{ ’
H
O s N has only & clctroms. Lke one of the

Palrs ASSiened Fo O Fo foom 4 Aowble
bond faé

H i .
#...é,...-ﬂ =Nz = Lew;s 7§rbmé.
4 or nitrase methane.

WWMJ

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

CH3;CH,0CH,CH; or  (CH;CHy),0: \/Q\/

Condensed formulas Bond-line formula



1.8 Resonance

In a condensed formula, we omit the bonds altogether. Atoms and their attached hydro-
gens are grouped and written in sequence; subscripts indicate the number of identical
groups attached to a particular atom. Bond-line formulas (or skeletal formulas) are modi-
fied line formulas (see Section 1.3) in which labels for individual carbons are omitted and
hydrogens attached to carbon are shown only when necessary for clarity. Heteroatoms—
atoms other than carbon or hydrogen—are shown explicitly as are hydrogens attached to
them. Unshared electron pairs are shown when necessary, but are often omitted.

Problem 1.15

Expand the bond-line formulas of the amino acid cysteine and the neurotransmitter serotonin to
show all the unshared electron pairs. Molecular formulas of organic compounds are customarily
presented in the fashion C,H.X.Y4. Carbon and hydrogen are cited first, followed by the other
atoms in alphabetical order. What are the molecular formulas of cysteine and serotonin?

0]
HO NHz
HS OH AN
NH2 N
H
Cysteine Serotonin

1.8 Resonance

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

x
/O\ O .

‘Q
This Lewis formula, however, is inconsistent with the experimentally determined struc-
ture. On the basis of the Lewis formula, we would expect ozone to have two different
O—O0 bond lengths, one of them similar to the O—O single bond distance of 147 pm in
hydrogen peroxide (HO—OH) and the other similar to the 121 pm double bond distance
in O,. In fact, both bond distances are the same (128 pm)—somewhat shorter than a sin-
gle bond, somewhat longer than a double bond. The structure of ozone requires that the
central oxygen must be identically bonded to both terminal oxygens.
An electrostatic potential map shows the equivalence of the two terminal oxygens.
Notice, too, that the central oxygen is blue (positively charged) and both terminal oxygens
are red (negatively charged).

ya /

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

mula is sufficient to describe the true electron distribution. The true structure is said to be a
resonance hybrid of the various Lewis formulas, called contributing structures, that can
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Ozone occurs naturally in large
quantities in the upper atmosphere
where it screens the surface of the
Earth from much of the sun’s
ultraviolet rays.

We will express bond distances in
picometers (pm), which is an S| unit

(1 pm = 107!2 m). To convert pm to

angstrom units (1 A = 107° m), divide
by 100.
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Resonance is indicated by a double-
headed arrow «; equilibria are
described by two arrows =.

The main use of curved arrows is to
show electron flow in chemical
reactions and will be described in
Section 1.12.

Chapter 1 Structure Determines Properties

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

& &
/O\('j. — ."/O\

‘Q
Resonance attempts to correct a fundamental defect in Lewis formulas. Lewis for-
mulas show electrons as being localized; they either are shared between two atoms in a
covalent bond or are unshared electrons belonging to a single atom. In reality, electrons
distribute themselves in the way that leads to their most stable arrangement. This means
that a pair of electrons can be delocalized, or shared by several nuclei. In the case of ozone,
resonance attempts to show the delocalization of four electrons (an unshared pair of one
oxygen plus two of the electrons in the double bond) over the three oxygens.
It is important to remember that the double-headed resonance arrow does not indicate
a process in which contributing Lewis formulas interconvert. Ozone, for example, has a
single structure; it does not oscillate back and forth between two contributors. An average
of the two Lewis formulas is sometimes drawn using a dashed line to represent a “partial”
bond. In the dashed-line notation the central oxygen is linked to the other two by bonds
that are halfway between a single bond and a double bond, and the terminal oxygens each
bear one half of a unit negative charge. The structure below represents the resonance hybrid
for ozone.

+

. O ..
407 0

2

Dashed-line notation

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

Move electron pairs Na O NL to transform one .
as shown by -0~ T N0:  Lewis formula to 07 F 0
curved arrows . h another " o

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

Problem 1.16

All of the bonds in the carbonate ion (CO3%") are between C and O. Write Lewis formulas for
the major resonance contributors, and use curved arrows to show their relationship. Apply the
resonance concept to explain why all of the C—0 bond distances in carbonate are equal.

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

TABLE 1.6 Introduction to the Rules of Resonance

When can resonance be considered?

1. The connectivity must be the same in all

contributing structures; only the electron
positions may vary among the various
contributing structures.

. Each contributing structure must have the

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

. Each contributing structure must have the same

number of unpaired electrons.

. Contributing structures in which the octet rule

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

. Which resonance form contributes more?

. As long as the octet rule is not exceeded for

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

Illustration

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

H 0: :0—H
\.. 7/ ..
N—c and  N—c
/ N\ /
H H H H
A B

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

H <0: H :0: H :0:
\.. 7 \.Q / \ /
N—C <« N=-C+ <> +N=C
/ \ / \ / \
H H H H
A © D

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

H :('jf
.

Structural formula F has the same atomic positions and the same number
of electrons as A, C, and D, but is not a resonance form of any of them. F
has two unpaired electrons; all the electrons in A, C, and D are paired.

H O
\.. /
N—C-

/N
H H
F

Lewis formulas G and H are resonance contributors to the structure of
nitromethane. Structural formula | is not a permissible Lewis formula
because it has ten electrons around nitrogen.

< Y |/

H—C—N+ <= H—C—N+ <% H—C—N
| | N\
H <0 H O H O
G H |

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

H\ H\
cL0ies  +C—0F
Vs ks

H H

J (Major K (Minor

contributor) contributor)

Continued
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TABLE 1.6 Introduction to the Rules of Resonance (Continued)

Rule lllustration
6. When two or more structures satisfy the octet rule, The two structures L and M for methyl nitrite have the same number of
the major contributor is the one with the smallest bonds, but L is the major contributor because it lacks the separation of
separation of oppositely charged atoms. positive and negative charge that characterizes M.
| |
H_?_@Nﬁgz > H-C—0R-0
H H
L (Major M (Minor
contributor) contributor)
7. Among structural formulas that satisfy the octet The major contributing structure for cyanate ion is N because the
rule and in which one or more atoms bears a formal negative charge is on its oxygen.
charge, the major contributor is the one in which the AU 7
negative charge resides on the most electronegative :N=C+0: «—> :N=C=0:
atom, and the positive charge on the least . .
. N (Major O (Minor
electronegative element. contributor) contributor)

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

lll. What is the effect of resonance?

8. Electron delocalization stabilizes a molecule. Resonance Structures P, Q, and R for carbonate ion are equivalent and

is a way of showing electron delocalization. Therefore, contribute equally to the electron distribution. The true structure
the true electron distribution is more stable than any of of carbonate ion is a hybrid of P, Q, and R and is more stable than
the contributing structures. The degree of stabilization any of them.

is greatest when the contributing structures are of equal . . .

stability. <Ot :0: :0:

Problem 1.17

Write the resonance structure obtained by moving electrons as indicated by the curved arrows.
Compare the stabilities of the two Lewis formulas according to the guidelines in Table 1.6. Are
the two structures equally stable, or is one more stable than the other? Why?

i 7S

(a) +/C£O\ < (c) H—C\\ <
H H QN_H

(b) H—CEN—H - @ 0INLS: -

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

H H
> AN
—0: > C=0:

\ /N

H H H H

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

+
\O/




1.9 Sulfur and Phosphorus-Containing Organic Compounds and the Octet Rule

It is good chemical practice to represent molecules by their most stable contributing
structure. However, the ability to write alternative resonance forms and to assess their rela-
tive contributions can provide insight into both molecular structure and chemical behavior.

1.9 Sulfur and Phosphorus-Containing Organic
Compounds and the Octet Rule

Applying the Lewis rules to compounds that contain a third-row element such as sulfur is
sometimes complicated by a conflict between minimizing charge separation and following
the octet rule. Consider the two structural formulas A and B for dimethyl sulfoxide:

:il): ?:
/Si /S\
H;C™ ** "CHj H;C™ ** "CH;j
A B

According to resonance, A and B are contributing structures, and the actual structure is a
hybrid of both. The octet rule favors A, but maximizing bonding and eliminating charge
separation favor B. The justification for explicitly considering B is that sulfur has vacant 3d
orbitals that permit it to accommodate more than eight electrons in its valence shell.

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

:0: O: 0O:

[ 5y Iy Il
H3C—?—CH3 H3C—?—CH3 H3C—ﬁ—CH3
:Oi :Oi O
C D E

There is no consensus regarding which Lewis formula is the major contributor in these and
related sulfur-containing compounds. The IUPAC recommends writing double bonds rather
than dipolar single bonds; that is, B for dimethyl sulfoxide and E for dimethyl sulfone.
Similarly, compounds with four atoms or groups bonded to phosphorus can be repre-
sented by contributing structures of the type F and G shown for trimethylphosphine oxide.

:0: O:
H3C—I:)+—CH3 H3C—{%—CH3
CH; CH;
F G

Phosphorus shares 8 electrons in F, 10 in G. The octet rule favors F; involvement of 3d orbit-
als allows G. As with sulfur-containing compounds, the [IUPAC recommends G, but both
formulas have been used. Many biochemically important compounds—adenosine triphos-
phate (ATP), for example—are phosphates and can be written with either a P=0 or "P—O~
unit. The same recommendation applies to them; the double-bonded structure is preferred.

NH,
N NN
(0] (0] (0] o </ ‘
7\ 7\ 7\ (0]

O OHO OHO OH

OH OH
Adenosine triphosphate

Before leaving this introduction to bonding in sulfur and phosphorus compounds, we
should emphasize that the only valence orbitals available to second-row elements (Li, Be,
B, C, N, O, F, Ne) are 25 and 2p, and the octet rule cannot be exceeded for them.
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The 2008 IUPAC Recommendations
“Graphical Representation Standards
for Chemical Structure Diagrams”
can be accessed at http://www.iupac
.org/publications/pac/80/2/0277/. For
more on the IUPAC, see the boxed
essay “What's In A Name? Organic
Nomenclature” in Chapter 2.
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Problem 1.18

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

+ - + -
(CHg)sN=CH, (CHg)sN—CH, (CHg)sP=CH, (CHg)sP—CH,

1.10 The Shapes of Some Simple Molecules

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

TABLE 1.7  VSEPR and Molecular Geometry

Arrangement
Repulsive of electron Molecular Molecular
Compound Structural formula electron pairs pairs shape model
Methane 109.5, > Carbon has four Tetrahedral Tetrahedral
(CH,) H % 109.5° bonded pairs ¢
109.5° C—H ®
H 109.5°
Water 105° Oxygen has two Tetrahedral Bent
(H,0) H[)I_J bonded pairs _ o
\O +
two unshared
pairs
Ammonia 107, ~>n Nitrogen has_ Tetrahedral Trigonal. &f,,
(NH3) H = three bonded pairs pyramidal
\N +
/ ’ one unshared pair [
H
Boron trifluoride 1200 Boron has three Trigonal Trigonal
(BF3) Fo N bonded pairs planar planar ®
. B—F:
F
Formaldehyde H., Carbon has two Trigonal Trigonal .
(H,CO) “C—0: bonded pairs planar planar .
H/ - + ¢
one double
bond, which is
counted as one
bonded pair
Carbon dioxide 180° Carbon has two Linear Linear
(CO,) :0£cX0: double bonds, 06
B a which are

counted as two
bonded pairs
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Molecular Models And Modeling

e can gain a clearer idea about the features that affect struc-

ture and reactivity when we examine the three-dimensional
shape of a molecule, using either a physical model or a graphical
one. Physical models are tangible objects and first appeared on
the chemistry scene in the nineteenth century. They proved their
worth in two of the pioneering scientific achievements of the
mid-twentieth century—Pauling’s protein «-helix and the Watson-
Crick DNA double helix. But physical models are limited to infor-
mation about overall shape, angles, and distances and have given
way to computer graphics rendering of models in twenty-first cen-
tury chemistry, biochemistry, and molecular biology.

At its lowest level, computer graphics substitutes for
a physical molecular modeling kit. It is a simple matter to
assemble atoms into a specified molecule, then display it in a
variety of orientations and formats. Three of these formats are
illustrated for methane in Figure 1.6. The most familiar are ball-
and-stick models (Figure 1.6b), which direct attention both to
the atoms and the bonds that connect them. Framework models
(Figure 1.6a) and space-filling models (Figure 1.6¢) represent
opposite extremes. Framework models emphasize a molecule’s
bonds while ignoring the sizes of the atoms. Space-filling models
emphasize the volume occupied by individual atoms at the cost

of a clear depiction of the bonds; they are most useful in those
cases where we wish to examine the overall molecular shape and
to assess how closely nonbonded atoms approach each other.

Collections such as the Protein Data Bank (PDB) are freely
available on the Internet along with viewers for manipulating the
models. As of 2011, the PDB contains experimentally obtained
structural data for more than 77,000 molecules—mainly pro-
teins—and serves as a resource for scientists seeking to under-
stand the structure and function of important biomolecules.
Figure 1.7 shows a model of human insulin in a display option
in which the two chains are shown as ribbons of different colors.

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

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

e @ P2

(a) (b)
Figure 1.6

Figure 1.7

Molecular models of methane (CH,). (a) Framework models show the bonds connecting
the atoms but not the atoms themselves. (b) Ball-and-stick models show the atoms as

balls and the bonds as rods. (c) Space-filling models portray overall molecular size; the
radius of each sphere approximates the van der Waals radius of the atom.

A ribbon model of the two strands of human insulin.
The model may be accessed, viewed, and downloaded
in various formats by entering 2KJJ as the PDB ID

at http://www.rcsb.org/pdb/home/home.do. (From
coordinates deposited with the Protein Data Bank,
PDB ID: 2KJJ. Q. X. Hua, M. A. Weiss, Dynamics of
Insulin Probed by 'H NMR. Amide Proton Exchange.
Anomalous Flexibility of the Receptor-Binding Surface.)

Methane (CH,) is a tetrahedral molecule; its four hydrogens occupy the corners of

a tetrahedron with carbon at its center. Several types of molecular models of methane are 1095% % H
shown in Figure 1.6, and Table 1.7 recalls their tetrahedral geometry by way of a ball-and- B//q
spoke model. Table 1.7 also shows a common method of representing three-dimensionality =4
through the use of different bond styles. A solid wedge (=) stands for a bond that projects Tetrahedral methane
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Although reservations have been
expressed concerning VSEPR as an
explanation for molecular geometries,
it remains a useful tool for predicting
the shapes of organic compounds.

Chapter 1 Structure Determines Properties

toward you, a “hashed” wedge (») for one that points away from you, and a simple line
(—) for a bond that lies in the plane of the paper.

The tetrahedral geometry of methane is often explained with the valence shell
electron-pair repulsion (VSEPR) model. The VSEPR model rests on the idea that an
electron pair, either a bonded pair or an unshared pair, associated with a particular atom
will be as far away from the atom’s other electron pairs as possible. Thus, a tetrahedral
geometry permits the four bonds of methane to be maximally separated and is charac-
terized by H—C—H angles of 109.5° a value referred to as the tetrahedral angle.

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

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

Increasing force of repulsion between electron pairs

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

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

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

Problem 1.19

The salt sodium borohydride, NaBH,, has an ionic bond between Na* and the anion BH,. What
are the H—B—H angles in borohydride anion?

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

Problem 1.20

Specify the shape of the following:

(a) H—C=N: (Hydrogen cyanide) (c) :N=N=N: (Azide ion)
(b) H4N™ (Ammonium ion) (d) CO5% (Carbonate ion)

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

We can combine our knowledge of molecular geometry with a feel for the polarity of chemi-
cal bonds to predict whether a molecule has a dipole moment or not. The molecular dipole
moment is the resultant of all of the individual bond dipole moments of a substance. Some
molecules, such as carbon dioxide, have polar bonds, but lack a dipole moment because
their geometry causes the individual C==0 bond dipoles to cancel.

“—t +—>
:Q=C=Q: Dipole moment = 0 D

Carbon dioxide

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

Problem 1.21

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

(a) BF; (c) CH, (e) CH,0
(b) H,0 (d) CHsCI (f) HCN

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

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

6*.
a® .
Resultant of thf:se twg Resultant of these two Resultant of these two &'\ 7 ’
le(.: bond dipoles is < C—Cl bond dipoles is H— C bond dipoles is Resultant of th.ese twg
<+ in plane of paper \ & | +— in plane of paper +» in plane of paper C— C.I bond dlpf)les is
f 5+ @/ . 5— +—> in plane of paper
(a) There is a mutual cancellation of individual bond dipoles in carbon (b) The H— C bond dipoles reinforce the C— Cl bond moment in
tetrachloride. It has no dipole moment. dichloromethane. The molecule has a dipole moment of 1.62 D.

Figure 1.8

Contribution of individual bond dipole moments to the molecular dipole moments of (a) carbon tetrachloride (CCl,) and (b) dichloromethane (CH,Cl,).
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These alkyl bromide and diazonium ion
dissociations are discussed in detail in
Sections 5.18 and 21.15, respectively.
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1.12 Curved Arrows and Chemical Reactions

In Section 1.8 we introduced curved arrows as a tool for systematically converting one reso-
nance contributor to another. Their more common use is to track electron flow in chemical
reactions. The remainder of this chapter introduces acid—base chemistry and illustrates how
curved-arrow notation enhances our understanding of chemical reactions by focusing on
electron movement.

There are two kinds of curved arrows. A double-barbed arrow (/¥) shows the
movement of a pair of electrons, either a bonded pair or a lone pair. A single-barbed,
or fishhook, arrow (/Y) shows the movement of one electron. For now, we’ll concern
ourselves only with reactions that involve electron pairs and focus on double-barbed
arrows.

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

AB — AT +B~

Alternatively, we could write:
all — At

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

Dissociations of this type are common in organic chemistry and will be encountered
frequently as we proceed through the text. In many cases, the species A* has its positive
charge on carbon and is referred to as a carbocation. Dissociation of an alkyl bromide for
example, involves breaking a C—Br bond with the two electrons in that bond becoming
an unshared pair of bromide ion.

/é< /\F + BIi
: ]?,.r:
An alkyl bromide A carbocation ~ Bromide ion

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

neutral molecule.
R
N+

Il
N

A diazonium ion A carbocation Nitrogen

Problem 1.22

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

LT &
(@) :/qic—CH3 ) O “CHs

| I

CHs3 H
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Sample Solution (a) The curved arrow tells us that the C—0 bond breaks and the pair of
electrons in that bond becomes an unshared electron pair of oxygen.

H (|)H3 H (|3H3
\ & \
:0~C—CH; — 00+ C
% / 7
H (I)H3 ¥ HsC CHs

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

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

Here the tail of the curved arrow begins near the middle of the unshared electron pair of :B~
and the head points to the location of the new bond—in this case the open space just before
A™. Electrons flow from sites of higher electron density to lower. The unshared electron pair
of :B” becomes the shared pair in the A—B bond.

Problem 1.23

Write equations, including curved arrows, describing the reverse reactions of Problem 1.22.

Sample Solution (a) First write the equation for the reverse process. Next, use a curved
arrow to show that the electron pair in the C—O0 bond in the product originates as an unshared
electron pair of oxygen in water.

H CH; H  CHs
o s % B_tcn
HOH + — :0—C—CHs
/ HaC~ " CHs /

H H  CHs

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

Ar+BLC — = A-B + :C

Note that the electron counts and, therefore, the formal charges of A and C, but not B,
change. An example is a reaction that will be discussed in detail in Section 8.3.

HO: + HiC(Bri ——= HO—CH; + :Bre

An unshared electron pair of a negatively charged oxygen becomes a shared electron pair
in a C—O bond. Again, notice that electrons flow from electron-rich to electron-poor
sites. Hydroxide ion is negatively charged and, therefore, electron-rich while the carbon of
H;CBr is partially positive because of the polarization of the C—Br bond (Section 1.5).

A very common process is the transfer of a proton from one atom to another as in
the reaction that occurs when hydrogen bromide dissolves in water.

H\ H\
:0vF *HCBr: —  :O—H + Bri
/ .. / ..
H H

Numerous other proton-transfer reactions will appear in the remainder of this chapter.
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Curved-arrow notation is also applied to reactions in which double and triple bonds
are made or broken. Only one component (one electron pair) of the double or triple bond is
involved. Examples include:

H
HC m N HC, o

C=C + H—Br: — C—CH; + ‘Br:
/ \ h /
HAC H H,C
H i
Y .
HiN :/:\/C £0:  —>  HN—C—0:
H b

Problem 1.24

Reactions of the type shown are an important part of Chapter 20. Follow the arrows to predict
the products. Show formal charges and include all unshared electron pairs.

Hé; + H@K()): e
N4

H

Before we conclude this section and move on to acids and bases, we should emphasize
an important point.

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

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

1.13 Acids and Bases: The Brgnsted-Lowry View

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

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

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

t
B+ HCA == B—H + :A

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

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

H\ H\
t
07+ HLA = O0—H + :A”
/
H H
Water Acid Conjugate Conjugate
(base) acid of water base

The systematic name for the conjugate acid of water (H;0™) is oxonium ion. Its common
name is hydronium ion.

Problem 1.25

Write an equation for proton transfer from hydrogen chloride (HCI) to

(a) Ammonia (:NHs)
(b) Trimethylamine [(CH3)5N:]

Identify the acid, base, conjugate acid, and conjugate base and use curved arrows to track
electron movement.

Sample Solution We are told that a proton is transferred from HCI to :NHs. Therefore, HCI is
the Brgnsted acid and :NHj is the Brgnsted base.

. =+ PR
HoNe +HEEE = HN—H + G
Ammonia Hydrogen Ammonium ion Chloride ion
(base) chloride (acid) (conjugate acid) (conjugate base)

The strength of an acid is measured by its acidity constant K, defined as:

_[H;07JA ]

K,
[HA]

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

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

_ /
N +'HE0: =  N—H + 0
/
H H
Amide ion Water Ammonia Hydroxide ion

(base) (acid) (conjugate acid) (conjugate base)
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Problem 1.26

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

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

A convenient way to express the strength of an acid is by its pK,, defined as:
pK, = —logoK,

Thus, acetic acid with K, = 1.8 x 107 has a pK, of 4.7. The advantage of pK, over K, is
that it avoids exponentials. You are probably more familiar with K, but most organic chem-
ists and biochemists use pK,. It is a good idea to be comfortable with both systems, so you
should practice converting K, to pK, and vice versa.

Problem 1.27

Salicylic acid, the starting material for the preparation of aspirin, has a K, of 1.06 x 1072,
What is its pK,?

Problem 1.28

Hydrogen cyanide (HCN) has a pK, of 9.1. What is its K,?

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

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

Problem 1.29

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

(@) Sodium ethoxide (NaOCH,CHs) or sodium amide (NaNH,)
(b) Sodium acetylide (NaC==CH) or sodium amide (NaNH,)
(c) Sodium acetylide (NaC==CH) or sodium ethoxide (NaOCH,CH3)

Sample Solution (a) NaOCH,CH5 contains the ions Na* and CH3CH,O™. NaNH, contains the
ions Na* and H,N". CH3CH,0 is the conjugate base of ethanol; H,N" is the conjugate base of
ammonia.

Base CH3CH,0O™ H,N~
Conjugate acid CH3CH,0H NH;
pK, of conjugate acid 16 36

The conjugate acid of CH3CH,O" is stronger than the conjugate acid of H,N". Therefore, H,N™ is
a stronger base than CH3;CH,O .
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TABLE 1.8 Acidity Constants (pK,) of Acids

Acid

Hydrogen iodide
Hydrogen bromide
Sulfuric acid
Hydrogen chloride
Hydronium ion*
Nitric acid

Hydrogen sulfate ion

Hydrogen fluoride

Anilinium ion

Acetic acid

Pyridinium ion

Carbonic acid

Hydrogen sulfide

2,4-Pentanedione
Hydrogen cyanide

Ammonium ion

Glycine

Phenol
Hydrogen carbonate ion

Methanethiol

Dimethylammonium ion

Methylammonium ion

Ethyl acetoacetate

pK;
-10.4
-5.8
-4.8
-3.9
=17

-1.4
2.0

3.1

4.6

4.7

5.2

6.4

7.0

9.1

9.3
9.6

10

10.2
10.7
10.7
10.7

11

Formula
HI

HBr
HOSO,0H
HCI

H;0*
HONO,

HOS0,0-
HF

.
CeHsNH;

CH3CCH,CCHs
HCN
NH,*
0
+
HSNCH,CO™
CcHsOH
HCO"
CH.SH
N
(CH3),NH,
CHa NH;
R
CH5CCH,COCH,CHs

*For acid-base reactions in which water is the solvent, the pK, of H;0" is zero and the pK, of H,O is 14.

Conjugate base
.

Br

HO0S0,0~

o

H,0

“ONO,
“0S0,0”

HCO3
HS™

0
CH3g§HgCH3
CN-

NH;

0
H2NCH2gO’
CeHs0
CO5>
CH5S
(CH3),NH
CH; NH,

I ﬁ
CH3CCHCOCH,CH5

Discussed in section

1.14;1.15

1.14;1.15
1.15

1.14; 1.15
1.15
1.14
1.15
1.14

21.4

1.14; 1.15; 18.5

11.22;21.4

18.9

8.10

20.2
8.10

21.4
25:3

1.15;22.4
18.9
15.12

21.4
21.4

20.2

Continued
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TABLE 1.8

Acidity Constants (pK,) of Acids (Continued)

Acid pK, Formula Conjugate base Discussed in section
Piperidinium ion 11.2 O O 21.4
NN N
H H H
N I
Diethyl malonate 13 CH3CH,0CCH,COCH,CH3  CH3CH,OCCHCOCH,CH3 20.2
Methanol 15.2 CH30H CH30~ 1.14; 14.4
] ]
2-Methylpropanal 15.5 (CH3)>CHCH (CH3)2§_}CH 20.2
Water* 15.7 H,0 HO™ 1.14
Ethanol 16 CH5CH,0H CH5CH,0™ 1.14
H H H H
Cyclopentadiene 16 H H H H 11.20
H H H
Isopropy! alcohol 17 (CH3),CHOH (CH3),CHO™ 1.14
tert-Butyl alcohol 18 (CH3)3COH (CH3)3CO™ 1.14
Acetone 19 0 0 20.2
| l_
CH3CCH3 CH3CCH2
Ethyl acetate 25.6 0 0 20.2
I _l
CH3COCH,CH3 H,CCOCH,CH3
Acetylene 26 HC=CH HC=C:" 9.5
Hydrogen 35 Hy H™ 20.8
Ammonia 36 NH; HoN™ 1.14; 1.15; 14.4
Diisopropylamine 36 [(CH3),CHI,NH [(CH3),CHI,N™ 20.2
H H H H
Benzene 43 H H H = 14.4; 14.5
H H H H
Ethylene 45 H,C=CH, H,C—CH 9.4;9.5
Methane 60 CH, 6H3 1.14;9.4; 9.5; 14.4
Ethane 62 CH3CH34 CH3'(_§H2 14.5

Web collections of pK, data include those of H. Reich (University of Wisconsin) at http://www.chem.wisc.edu/areas/reich/pkatable/kacont.htm and D. Ripin and D. A. Evans (Harvard) at
http://www2.Isdiv.harvard.edu/labs/evans/pdf/evans_pKa_table.pdf.

*For acid-base reactions in which water is the solvent, the pK, of H;O" is zero and the pK, of H,O is 14.



1.14 How Structure Affects Acid Strength

1.14 How Structure Affects Acid Strength

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

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

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

O 00 ¢ @ ¢ @O

HF HClI HBr HI
pK. 3.1 -39 —5.8 -10.4
Strongest H—X bond Weakest H—X bond
Weakest acid Strongest acid

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

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

Because of the conjugate relationship between acidity and basicity, the strongest acid
(HI) has the weakest conjugate base (I7), and the weakest acid (HF) has the strongest con-
jugate base (F7).

Problem 1.30

Which is the stronger acid, H,0 or H,S? Which is the stronger base, HO™ or HS™? Check your
predictions against the data in Table 1.8.

Electronegativity. The effect of electronegativity on acidity is evident in the following
series involving bonds between hydrogen and the second-row elements C, N, O, and F.

‘?" ‘30 o.o ©@

CH, NH; H,0 HF
pK. 60 36 15.7 3.1
Least electronegative Most electronegative

Weakest acid Strongest acid
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As the atom (A) to which H is bonded becomes more electronegative, the polarization
3*H—A® becomes more pronounced and the equilibrium constant K, for proton transfer
increases.

\ H\
HCA = 0—H + A~
/
H

Bond strength is more important than electronegativity when comparing elements in
the same group of the periodic table as the pK,’s for the hydrogen halides show. Fluorine is
the most electronegative and iodine the least electronegative of the halogens, but HF is the
weakest acid while HI is the strongest. Electronegativity is the more important factor when
comparing elements in the same row of the periodic table.

Problem 1.31

Try to do this problem without consulting Table 1.8.

(a) Which is the stronger acid: (CH3)sNH or (CH),0H?
(b) Which is the stronger base: (CH3)3N: or (CH3),0:?

Sample Solution (a) The ionizable proton is bonded to N in (CH3)3NH and to O in (CH3)26_H.

HsC, HsC,
HaC—N=LH {021
/ /

HsC HsC

Nitrogen and oxygen are in the same row of the periodic table, so their relative electronggativities
are the determining factor. +Oxygen is more electronegative than nitrogen; therefore (CH3),0H is a
stronger acid than (CH3)sNH

In many acids the acidic proton is bonded to oxygen. Such compounds can be con-
sidered as derivatives of water. Among organic compounds, the ones most closely related
to water are alcohols. Most alcohols are somewhat weaker acids than water; methanol is
slightly stronger.

HO—H CH,0—H CH;CH,O—H (CH;),CHO—H  (CH;),CO—H

Water Methanol Ethanol Isopropyl alcohol tert-Butyl alcohol
pK. 15.7 15.2 16 17 18

Problem 1.32

Which is a stronger base, ethoxide (CH3CH2(:):7) or tert-butoxide [(CH3)3C(:):7]?

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

Qo e® @c

CH;CH,O—H CF;CH,0—H
Ethanol 2,2,2-Trifluoroethanol
pK. 16 11.3



1.14 How Structure Affects Acid Strength

Ethanol (CH3;CH,OH) 2,2,2-Trifluoroethanol (CF;CH,OH)

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

FI H
H|(—l— «—+ <—+
F—c—cl—o—H8+

]
F H

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

We can also explain the greater acidity of CF;CH,OH relative to CH;CH,OH by
referring to the equations for their ionization.

H
AN W . o/
H H
X = H: Ethanol X = H: Conjugate base of ethanol
X =F: 2,2,2-Trifluoroethanol X =F: Conjugate base of 2,2,2-trifluoroethanol

The conjugate base of 2,2,2-trifluoroethanol, the anion CF;CH,O, is stabilized by its
three fluorines, which attract electrons from the negatively charged oxygen, dispersing
the negative charge. Because of this stabilization, the equilibrium for ionization of
CF;CH,O0H lies farther to the right than that of CH;CH,OH.

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

The same kind of inductive effects that make CF;CH,OH a stronger acid than
CH;CH,OH makes the trifluoro derivative of acetic acid more than 4 pK, units stronger than

c 9 e :
2o 2

| (H)
CH;CO—H CF;CO—H
Acetic acid Trifluoroacetic acid

pK. 47 0.50
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Figure 1.9

Electrostatic potential maps of ethanol
and 2,2,2-trifluoroethanol. As indicated
by the more blue, less green color in
the region near the OH proton in
2,2,2-trifluoroethanol, this proton bears
a greater degree of positive charge and
is more acidic than the OH proton in
ethanol. The color scale is the same in
both maps.
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Problem 1.33

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

Inductive effects depend on the electronegativity of the substituent and the number
of bonds between it and the affected site. As the number of bonds between the two units
increases, the inductive effect decreases.

Electron Delocalization in the Conjugate Base. With a pK, of —1.4, nitric acid is
almost completely ionized in water. If we look at the Lewis formula of nitric acid in light of
what we have said about inductive effects, we can see why. The N atom in nitric acid is not
only electronegative in its own right, but bears a formal charge of +1, which enhances its
ability to attract electrons away from the —OH group. But inductive effects are only part
of the story. When nitric acid transfers its proton to water, nitrate ion is produced.

:6\\ /H :6\\ /H
N_OLH D =  N—0Or + H—_d-
/T \ /T \
_:Q: H 7: O H
Nitric acid Water Nitrate ion Hydronium ion
(acid) (base) (conjugate base) (conjugate acid)

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

O :6:* :6:7
S\; & N=G: — N—BF
Tj.. S d D . > / —".
70/ _(_8/ O/

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

Problem 1.34

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

A similar electron delocalization stabilizes acetate ion and related species.

CO 0
CH C// CH C/

3 — 3
N "\

Both oxygens of acetate share the negative charge equally, which translates into a K, for acetic
acid that is greater than it would be if the charge were confined to a single oxygen.

Problem 1.35

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

0: S:

% %
CH3C and CH3C

\ \

:§—H :Q—H

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

1.15 Acid-Base Equilibria

In any proton-transfer reaction:

Acid + Base

Conjugate acid + Conjugate base

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

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

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

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

H\ H\
0% *HLBr: — 0—H + Brv
/ /
H H
Water Hydrogen Hydronium Bromide ion
bromide ion
pK, = —5.8 pK.=0
stronger acid weaker acid

We identify the acid on the left and the acid on the right and compare their pK,’s to decide
which is stronger. (Remember, the more negative the pK,, the stronger the acid.) The acid on the
left is HBr, which has a pK, of —5.8. The acid on the right is H;O™, which has a pK, of 0. The
stronger acid (HBr) is on the left and the weaker acid (H;O™) is on the right, so the position of
equilibrium lies to the right. The equilibrium constant K, for an acid-base reaction is given by
the ratio of the K, of the reactant acid to the K, of the product acid.

_ K, of reactant acid

" K, of product acid

Since 102 = K, we rewrite the expression as:
107X of reactant acid

107P%2 of product acid

eq

and substitute the pK, values of HBr and H;O™ to calculate Koy
105.8

K =
(0
This equilibrium constant is so large that we consider HBr to be completely ionized in water.
Compare the reaction of HBr with water to that of acetic acid with water.

A\ T \ T
0/ PHL0—CCH; <= 0—H + :0—CCH,
/ / .

H H

Water Acetic acid Hydronium Acetate ion
ion
pK, = 4.7 pK,=0
weaker acid stronger acid

Here, the weaker acid (acetic acid) is on the left and the stronger acid (hydronium ion) is on the
right. The equilibrium constant K, = 1077, and the position of equilibrium lies far to the left.

39

For acid—base reactions in which water

is the solvent, the pK, of H;0"
See Table 1.8.

0.
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Problem 1.36

What is the equilibrium constant for the following acid-base reactions?

(a) ammonia and acetic acid
(b) fluoride ion and acetic acid
(c) ethanol and hydrobromic acid
Sample Solution (a) Always start with an equation for an acid—base reaction. Ammonia is a

Brgnsted base and accepts a proton from the —OH group of acetic acid. Ammonia is converted
to its conjugate acid, and acetic acid to its conjugate base.

{ :?: |-{ :(ﬁ:
H\l/\l:/foQ—CCH3 — H\l/\f—H + :0—CCH,
H H
Ammonia Acetic acid Ammonium ion Acetate ion
pPKa = 4.7 pK, = 9.3
stronger acid weaker acid

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

_ 107P% of acetic acid (reactant) ~ _ 10°*7 _ 10%

107°% of ammonium ion (product) 10793

eq

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

Two important points come from using relative pK,’s to analyze acid—base equilibria:

1. They permit clear-cut distinctions between strong and weak acids and bases. A strong
acid is one that is stronger than H;O". Conversely, a weak acid is one that is weaker
than H;O".

Example: The pK,’s for the first and second ionizations of sulfuric acid are —4.8 and
2.0, respectively. Sulfuric acid (HOSO,OH) is a strong acid; hydrogen sulfate ion
(HOSO,0") is a weak acid.

A strong base is one that is stronger than HO".

Example: A common misconception is that the conjugate base of a weak acid is
strong. This is sometimes, but not always, true. It is true, for example, for ammo-
nia, which is a very weak acid (pK, 36). Its conjugate base amide ion (H,N") is a
much stronger base than HO™. It is not true, however, for acetic acid; both acetic
acid and its conjugate base acetate ion are weak. The conjugate base of a weak acid
will be strong only when the acid is a weaker acid than water.

2. The strongest acid present in significant amounts at equilibrium after a strong acid is

dissolved in water is H;O™. The strongest acid present in significant amounts when a
weak acid is dissolved in water is the weak acid itself.
Example: [H;0"] = 1.0 M in a 1.0 M aqueous solution of HBr. The concentration
of undissociated HBr molecules is near zero. [H;O0"] = 0.004 M in a 1.0 M aque-
ous solution of acetic acid. The concentration of undissociated acetic acid molecules
is near 1.0 M. Likewise, HO™ is the strongest base that can be present in significant
quantities in aqueous solution.

Problem 1.37

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

H,S0,, HSO,, SO,%", H30"
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Analyzing acid-base reactions according to the Brgnsted—Lowry picture provides
yet another benefit. Table 1.8, which lists acids according to their strength in descending
order along with their conjugate bases, can be used to predict the direction of proton trans-
fer. Acid—base reactions in which a proton is transferred from an acid to a base that lies
below it in the table have favorable equilibrium constants. Proton transfers from an acid
to a base that lies above it in the table are unfavorable. Thus the equilibrium constant for
proton transfer from phenol to hydroxide ion is greater than 1, but that for proton transfer
from phenol to hydrogen carbonate ion is less than 1.

.. [ K>1 - .
CGHS—leHﬁ\:Q—H — CH;—0: + H—O—H
Phenol Hydroxide ion Phenoxide ion Water

(”) O

- . K<l e 2
CsHs_QiHK-i-\3Q—COH —— C¢Hs;—0: + H—O—COH

Phenol Hydrogen Phenoxide ion Carbonic
carbonate ion acid

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

Problem 1.38

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

1.16 Lewis Acids and Lewis Bases

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

A" £NB =—=A—B

-~

Lewis acid Lewis base

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

— t
A+ SNB = A—B
Lewis acid Lewis base

We can illustrate this latter case by the reaction:

CH,CH; CH,CH;
FBY 10" — F3]§—+O{
CH,CH; \CH2CH3
Boron trifluoride Diethyl ether “Boron trifluoride etherate”

(Lewis acid) (Lewis base) (Lewis acid/Lewis base complex)

Verify that the formal charges on
boron and oxygen in “boron
trifluoride etherate” are correct.
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Examine the table of contents. What
chapters include terms related to
nucleophile or electrophile in their title?
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The product of this reaction, a Lewis acid/Lewis base complex called informally “boron
trifluoride etherate,” may look unusual but it is a stable species with properties different
from those of the reactants. Its boiling point (126°C), for example, is much higher than that
of boron trifluoride—a gas with a boiling point of —100°C—and diethyl ether, a liquid that
boils at 34°C.

Problem 1.39

Write an equation for the Lewis acid/Lewis base reaction between boron trifluoride and dimethyl
sulfide [(CH3),S]. Use curved arrows to track the flow of electrons and show formal charges if
present.

The Lewis acid/Lewis base idea also includes certain substitution reactions in which
one atom or group replaces another.

HO: + H3CDB‘r1 ~—— HO—CH; + :Br:
Hydroxide ion Bromomethane Methanol Bromide ion
(Lewis base) (Lewis acid)

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

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

e /_\\ .. .. e —
H() + H—I_S‘ri — HO—H + IB‘rt
Hydroxide ion Hydrogen bromide Water Bromide ion
(Lewis base) (Lewis acid)

Clearly, the two reactions are analogous and demonstrate that the reaction between hydrox-
ide ion and hydrogen bromide is simultaneously a Brgnsted—Lowry acid-base reaction and a
Lewis acid/Lewis base reaction. Brgnsted—Lowry acid—base reactions constitute a subcate-
gory of Lewis acid/Lewis base reactions.

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

: carbonic O:
T ” anhydrase .- Vi
ZOD O H
Hydroxide ion Carbon dioxide Hydrogen carbonate ion

(Lewis base) (Lewis acid)

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

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

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

shaped).
Boundary surface of a carbon 2s orbital Boundary surface of a carbon 2p orbital
Section 1.2 An ionic bond is the force of electrostatic attraction between two oppositely

charged ions. Atoms at the upper right of the periodic table, especially fluorine
and oxygen, tend to gain electrons to form anions. Elements toward the left of the
periodic table, especially metals such as sodium, tend to lose electrons to form
cations. Ionic bonds in which carbon is the cation or anion are rare.

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

H H

L
T

H H

Each carbon has four bonds in ethyl alcohol;
oxygen and each carbon are surrounded by eight electrons.

Section 1.4 Many organic compounds have double or triple bonds to carbon. Four electrons
are involved in a double bond; six in a triple bond.

H H
C=C H—C=C—H
/N
H H
Ethylene has a carbon—  Acetylene has a carbon—
carbon double bond. carbon triple bond.
Section 1.5 When two atoms that differ in electronegativity are covalently bonded, the

electrons in the bond are drawn toward the more electronegative element.

a¥\c*_l>:5 -
/

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

Section 1.6 Counting electrons and assessing charge distribution in molecules is
essential to understanding how structure affects properties. A particular atom
in a Lewis formula may be neutral, positively charged, or negatively charged.
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Section 1.7

Section 1.8

Section 1.9

Structure Determines Properties

The formal charge of an atom in the Lewis formula of a molecule can be
calculated by comparing its electron count with that of the neutral atom itself.

Formal charge = Group number in periodic table — Electron count

where

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

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

The Lewis formula of acetic acid

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

:0 H H
N,/ \
C—N: C=N
/ \ /N
H H H O—H

Formamide (left) and formaldoxime (right) are constitutional isomers; both have
the same molecular formula (CH;NO), but the atoms are connected in a different
order.

Condensed formulas and line formulas are used to economize the drawing of
organic structures.

CH,CH,CH,CH,OH
or N
CH;(CH,),CH,OH OH
condensed formula line formula

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

H O: H
N\ \ /
C—N — C=N+
/ \
H H H H

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

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

o 0
HO—S—OH HO—P—OH
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The shapes of molecules can often be predicted on the basis of valence shell
electron-pair repulsions. A tetrahedral arrangement gives the maximum separation
of four electron pairs (leff); a trigonal planar arrangement is best for three electron
pairs (center), and a linear arrangement for two electron pairs (right).

¢

Section 1.11

Section 1.12

Section 1.13

Section 1.14

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

predicted.
/(1)\ —t >
H H 0=C=0

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

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

.V TN . +
‘Br—CH; :NH;3 —> :Br: + H;C—NH;3

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

According to the Brgnsted—Lowry definitions, an acid is a proton donor and a base
is a proton acceptor.

B/+ HCA = B—H + A

Base Acid Conjugate  Conjugate
acid base

The strength of an acid is given by its equilibrium constant K, for ionization in
aqueous solution:

H;0"[:A™
k, = HO"IAT]
[HA]
or more conveniently by its pK:
pK, = _logIOKa

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

Electron delocalization in the conjugate base, usually expressed via
resonance between contributing Lewis formulas, increases acidity by stabilizing
the conjugate base.
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Section 1.15  The position of equilibrium in an acid-base reaction lies to the side of the weaker

acid.

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

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

Section 1.16  The Lewis definitions of acids and bases provide for a more general view of acid—

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

1.40 Each of the following species will be encountered at some point in this text. They all have

1.41

1.42

1.43

the same number of electrons binding the same number of atoms and the same arrangement
of bonds; they are isoelectronic. Specify which atoms, if any, bear a formal charge in the
Lewis formula given and the net charge for each species.

(a) :N=N: (c) :C=C: (e) :C=0:

(b) :C=N: d) ‘N=O:

The connectivity of carbon oxysulfide is OCS.

(a) Write a Lewis formula for carbon oxysulfide that satisfies the octet rule.
(b) What is the molecular geometry according to VSEPR?

(c) Does carbon oxysulfide have a dipole moment? If so, what is its direction?

Write a Lewis formula for each of the following organic molecules:
(a) C,H;Cl (vinyl chloride: starting material for the preparation of PVC plastics)

(b) C,HBrCIF; (halothane: a nonflammable inhalation anesthetic; all three fluorines are
bonded to the same carbon)

(¢) C,CLF, (Freon 114: formerly used as a refrigerant and as an aerosol propellant; each
carbon bears one chlorine)

Consider Lewis formulas A, B, and C:

H,C—N=N:  H,C=N=N: H,C—N=N:
A B C

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

(c) Which have a positively charged carbon?

(d) Which have a positively charged nitrogen?

(¢) Which have a negatively charged nitrogen?

(f) What is the net charge on each?

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

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

(1) What is the CNN geometry in each according to VSEPR?
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1.45

1.46

1.47

1.48

1.49

1.50

1.51

1.52

Problems

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

(a) =I:\:I—NEN= and :N=N=N: (c) :N_NEN: and N_N_N
(b) :N—N=N: and :N—N=N:

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

H,C H,C H,C H,C
L N N\ N\
N—O: N—OF N=0: N=0:
/ Al /
H5C H;C H;C H;C
A B C D

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

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

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

(2) HyC—N=N: (d) H,C—CH=CH—CH, (@) H—C—0:
s : :
(b) H—C (e) H,C—CH=CH—O* (h) H,C—OH
N\
O: .
P _ 7 NH,
(¢) H,C—CH, () H,C—C _ 7
\H (i) HC—N

Write structural formulas for all the constitutionally isomeric compounds having the given
molecular formula.

(@ C4Hyg © GH,Cl, (e) C;HoN
(b) CsHy, (d) C,HoBr

Write structural formulas for all the constitutional isomers of

(a) CsHg (b) CsHe (© GH,

Write structural formulas for all the constitutional isomers of molecular formula C;HsO
that contain

(@) Only single bonds (b) One double bond

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

(a) HCI (© H,O

(b) HI (d) HOC1

The compounds FCI and ICI have dipole moments p that are similar in magnitude (0.9 and
0.7 D, respectively) but opposite in direction. In one compound, chlorine is the positive end

of the dipole; in the other it is the negative end. Specify the direction of the dipole moment
in each compound, and explain your reasoning.

Which compound in each of the following pairs would you expect to have the greater
dipole moment pw? Why?

(a) HF or HCI (d) CHCI; or CCIF

(b) HF or BF; (e) CH;NH, or CH;0OH

(¢) (CHj;);CH or (CH;);CCl (f) CH;NH, or CH;NO,
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1.53  Expand the following structural representations so as to more clearly show all the atoms
and any unshared electron pairs. What are their molecular formulas? Are any of them

isomers?
O
@ )\/\/u\/ @ )‘\/\/\
Occurs in bay and verbena oil Found in Roquefort cheese
(0)
OQCH3
(b) © Oi
ﬁOH
Pleasant-smelling substance 0
found in marjoram oil Aspirin

OH

H
)\/\/\ B N
LI
N

Present in oil of cloves Br

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

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

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

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

() Write the structure of the product formed by treating montelukast with one equivalent
of HCI.
1.55 (a) One acid has a pK, of 2, the other has a pK, of 8. What is the ratio of their K,’s?
(b) Two acids differ by a factor of 10,000 in their K,’s. If the pK, of the weaker acid is 5,
what is the pK, of the stronger acid?
1.56 Calculate K, for each of the following acids, given its pK,. Rank the compounds in order of
decreasing acidity.
(a) Aspirin: pK, = 3.48
(b) Vitamin C (ascorbic acid): pK, = 4.17
(¢) Formic acid (present in sting of ants): pK, = 3.75
(d) Oxalic acid (poisonous substance found in certain berries): pK, = 1.19
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1.58

1.59

1.60

1.61

1.62

1.63

Problems

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

reasoning. O O Q Q

No N

| \ /\
o H HO CH;  ff ‘o,

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

~ . Vi o
CH;CH,CH,C=C:  CH;CH,CH,CH,S: CH3CH2CH2C\ CH;CH,CH,CH,0:

:Q:

Consider 1.0 M aqueous solutions of each of the following. Which solution is more basic?
(a) Sodium cyanide (NaCN) or sodium fluoride (NaF)
(0]

|
(b) Sodium carbonate (Na,CO;) or sodium acetate (CH;CONa)
(c) Sodium sulfate (Na,SO,) or sodium methanethiolate (NaSCHs)
(a) Which is the stronger acid: (CH;);NH" or (CH;);PH"?
(b) Which is the stronger base: (CH;);N: or (CH;);P:?

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

://6—H
() H—C=N: © H,c—C
NN R
(b) /\
H H

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

@ H,C—C=C: © %N\

(b) < RN

All of the substances shown in the following acid—base reactions are found in

Table 1.8, and the equilibrium lies to the right in each case. Following the curved
arrows, complete each equation to show the products formed. Identify the acid, base,
conjugate acid, and conjugate base. Calculate the equilibrium constant for each
reaction.

@ (CH:CO:  + HOUSCH, =
O
I :0:

_.. Cc_.~ N
® 07 D0: + HLOCCH, =

© [CH3,CHLN: +  HOOCH(CHy), —
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1.64 What are the products of the following reaction based on the electron flow represented by
the curved arrows?

H,N
\

A< . N

C=£S: + H,C—Br: —
/§ o
H,N':

1.65 Each of the following acid—base reactions involves substances found in Table 1.8. Use the
pK, data in the table to help you predict the products of the reactions. Use curved arrows
to show electron flow. Predict whether the equilibrium lies to the left or to the right and
calculate the equilibrium constant for each reaction.

() HC=CH + “NH, =

(b) HO=CH + :0—CH; =

(II) |
(c) CH;CCH,CCH;  + :0—CH; =

o

| .
(d) CH3COCH2CH3 + O_CH3 —

o

I ..
(e) CH;COCH,CH; + “N[CH(CHa),l, =

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

O OH

Ju

O OH

Squaric acid

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

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

i i b
../C\.. ../C\+ ../C\..

H,N NH, H,N NH; H,N NH,
Guanidine A B
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Descriptive Passage and Interpretive Problems 1

Amide Lewis Structural Formulas

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

Two or more Lewis formulas, differing only in the placement of electrons, can often be written
for a single compound. In such cases the separate structures represented by the Lewis formulas are
said to be in resonance, and the true electron distribution is a hybrid of the electron distributions of
the contributing structures.

The amide function is an important structural unit in peptides and proteins. Formamide, rep-
resented by the Lewis structure shown, is the simplest amide. It is a planar molecule with a dipole
moment of 3.7 D. Lewis structures I-IV represent species that bear some relationship to the Lewis
structure for formamide.

+ .~ H ~ H . —
0 :0:
| I | | |
TN /H /C\ /H /C\ /C\ /C\ /H
H ITI H | H ITI: H 1TI H ITLr
H H H H H
Formamide I I I v
1.68 Formamide is a planar molecule. According to VSEPR, 1.71  Which Lewis formula is a constitutional isomer of
does the structural formula given for formamide satisfy this formamide?
requirement? A1 C. 11
A. Yes B. II D. IV
B. No 1.72  Which Lewis formula is a conjugate acid of formamide?
1.69  Which Lewis formula is both planar according to VSEPR A1 C. 11
and a resonance contributor of formamide? B. II D. IV
Al ¢ 1.73  Which Lewis f lai jugate b f f ide?
B II D. IV . ich Lewis formula is a conjugate base of formamide?
Al C. III
1.70  According to VSEPR, which Lewis formula has a pyramidal B. II D. IV
arrangement of bonds to nitrogen?
A1 C. I

B. II D. 1V
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Analogous to photosynthesis in which carbon dioxide is the carbon source,
chemosynthesis in the deep (and dark) ocean uses methane. Bacteria in the red
filaments of worms that live in paper-like tubes convert the methane to energy
and the materials of life. Photo Credit: Nicolle Rager Fuller, National Science
Foundation.

Alkanes and Cycloalkanes:
Introduction to Hydrocarbons

his chapter continues the connection between structure and

properties begun in Chapter 1. In it we focus on the simplest
organic compounds—those that contain only carbon and hydro-
gen, called hydrocarbons. These compounds occupy a key posi-
tion in the organic chemical landscape. Their framework of
carbon—carbon bonds provides the scaffolding on which more
reactive groups, called functional groups, are attached. We’ll
have more to say about functional groups beginning in Chapter 4;
for now, we’ll explore aspects of structure and bonding in hydro-
carbons, especially alkanes.

We’ll expand our picture of bonding by introducing two
approaches that grew out of the idea that electrons can be
described as waves: the valence bond and molecular orbital mod-
els. In particular, one aspect of the valence bond model, called
orbital hybridization, will be emphasized.

A major portion of this chapter deals with how we name
organic compounds. The system used throughout the world is
based on a set of rules for naming hydrocarbons, then extending
these rules to encompass other families of organic compounds.



2.2 Electron Waves and Chemical Bonds

2.1 Classes of Hydrocarbons

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

Aliphatic hydrocarbons include three major groups: alkanes, alkenes, and alkynes.
Alkanes are hydrocarbons in which all the bonds are single bonds, alkenes contain at least
one carbon—carbon double bond, and alkynes contain at least one carbon—carbon triple
bond. Examples of the three classes of aliphatic hydrocarbons are the two-carbon com-
pounds ethane, ethylene, and acetylene.

H H H H
| N/

H—C—C—H C=C H—C=C—H
[ / \
H H H H
Ethane Ethylene Acetylene
(alkane) (alkene) (alkyne)

Another name for aromatic hydrocarbons is arenes. The most important aromatic hydro-
carbon is benzene.

H H
\ /
Cc—C
7\
H—C C—H
\
C=C
H H
Benzene
(arene)

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

2.2 Electron Waves and Chemical Bonds

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

Before we describe these theories in the context of organic molecules, let’s first think
about bonding between two hydrogen atoms in the most fundamental terms. We’ll begin
with two hydrogen atoms that are far apart and see what happens as the distance between
them decreases. The forces involved are electron—electron (——) repulsions, nucleus—
nucleus (++) repulsions, and electron—nucleus (—+) attractions. All of these forces
increase as the distance between the two hydrogens decreases. Because the electrons are so
mobile, however, they can choreograph their motions so as to minimize their

53

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

All of the forces in chemistry, except
for nuclear chemistry, are electrical.
Opposite charges attract; like charges
repel. This simple fact can take you a
long way.
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Figure 2.1

Plot of potential energy versus distance
for two hydrogen atoms. At long
distances, there is a weak attractive
force. As the distance decreases, the
potential energy decreases, and the
system becomes more stable because
each electron now “feels” the attractive
force of two protons rather than one.
The lowest energy state corresponds

to a separation of 74 pm, which is

the normal bond distance in H,. At
shorter distances, nucleus—nucleus and
electron—electron repulsions are greater
than electron—-nucleus attractions, and
the system becomes less stable.

Figure 2.2

Interference between waves.

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

the amplitude when two waves are out of

phase with each other.

Chapter2 Alkanes and Cycloalkanes: Introduction to Hydrocarbons

74 pm Internuclear distance ——

Potential energy
o

—435 kJ/mol
(—104 kcal/mol) -

mutual repulsion while maximizing their attractive forces with the protons. Thus, as shown
in Figure 2.1, a net, albeit weak, attractive force exists between the two hydrogens even
when the atoms are far apart. This interaction becomes stronger as the two atoms approach
each other—the electron of each hydrogen increasingly feels the attractive force of two
protons rather than one, the total energy decreases, and the system becomes more stable.
A potential energy minimum is reached when the separation between the nuclei reaches
74 pm, which corresponds to the H—H bond length in H,. At distances shorter than this,
the nucleus—nucleus and electron—electron repulsions dominate, and the system becomes
less stable.

Valence bond and molecular orbital theory both incorporate the wave description of
an atom’s electrons into this picture of H,, but in somewhat different ways. Both assume
that electron waves behave like more familiar waves, such as sound and light waves. One
important property of waves is called interference in physics. Constructive interference
occurs when two waves combine so as to reinforce each other (in phase); destructive inter-
ference occurs when they oppose each other (out of phase) (Figure 2.2).

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

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

Waves cancel

Waves reinforce

Distance

Distance

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



2.3 Bondingin H,: The Valence Bond Model

In-phase overlap of two 1s orbitals gives new orbital
encompassing both hydrogen atoms.
This orbital contains two electrons.

1s orbitals of two hydrogen atoms.
Each orbital contains one electron.

Figure 2.3

Valence bond picture of bonding in H,. Overlap of half-filled 1s orbitals of two hydrogen atoms gives a

new orbital that encompasses both atoms and contains both electrons. The electron density (electron
probability) is highest in the region between the two atoms. When the wave functions are of the same sign,
constructive interference increases the probability of finding an electron in the region where the two
orbitals overlap.

2.3 Bonding in H,: The Valence Bond Model

The characteristic feature of valence bond theory is that it pictures a covalent bond
between two atoms in terms of an in-phase overlap of a half-filled orbital of one atom
with a half-filled orbital of the other, illustrated for the case of H, in Figure 2.3. Two
hydrogen atoms, each containing an electron in a 1s orbital, combine so that their orbit-
als overlap to give a new orbital associated with both of them. In-phase orbital overlap
(constructive interference) increases the probability of finding an electron in the region
between the two nuclei where it feels the attractive force of both of them.

Figure 2.4 uses electrostatic potential maps to show this build-up of electron density
in the region between two hydrogen atoms as they approach each other closely enough for
their orbitals to overlap.

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

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

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

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

&9
&9
¢
¢

Figure 2.4
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Valence bond picture of bonding in H,
as illustrated by electrostatic potential
maps. The 1s orbitals of two hydrogen
atoms overlap to give an orbital that
contains both electrons of an H,
molecule.
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A bond in which the orbitals overlap along a line connecting the atoms (the inter-
nuclear axis) is called a sigma (o) bond. The electron distribution in a o bond is cylindri-
cally symmetrical; were we to slice through a o bond perpendicular to the internuclear
axis, its cross section would appear as a circle. Another way to see the shape of the electron
distribution is to view the molecule end-on.

\ g S turn 90 J \
Orbitals overlap along a line Circular electron distribution
connecting the two atoms when viewing down the H—H bond

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

2.4 Bonding in H,: The Molecular Orbital Model

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

Two molecular orbitals (MOs) of H, are generated by combining the 1s atomic orbit-
als (AOs) of two hydrogen atoms. In one combination, the two wave functions are added,;
in the other they are subtracted. The two new orbitals that are produced are portrayed in
Figure 2.5. The additive combination generates a bonding orbital; the subtractive combi-
nation generates an antibonding orbital. Both the bonding and antibonding orbitals have o
symmetry, meaning that they are symmetrical with respect to the internuclear axis. The two
are differentiated by calling the bonding orbital o and the antibonding orbital o* (“sigma
star”’). The bonding orbital is characterized by a region of high electron probability between
the two atoms, whereas the antibonding orbital has a nodal surface between them.

A molecular orbital diagram for H, is shown in Figure 2.6. The customary format
shows the starting AOs at the left and right sides and the MOs in the middle. It must always
be true that the number of MOs is the same as the number of AOs that combine to produce
them. Thus, when the 1s AOs of two hydrogen atoms combine, two MOs result. The bond-
ing MO (o) is lower in energy and the antibonding MO (o*) higher in energy than either of
the original 1s orbitals.

(a) Add the 1s wave functions of two hydrogen atoms to (b) Subtract the 1s wave function of one hydrogen atom from the
generate a bonding molecular orbital (o) of H,. There is a other to generate an antibonding molecular orbital (6*) of H,.
high probability of finding both electrons in the region There is a nodal surface where there is a zero probability of
between the two nuclei. finding the electrons in the region between the two nuclei.

node
I
I
|
+ —_— —_ —_— :
1
I
i
add 1s wave functions o orbital (bonding) subtract 1s wave functions o* orbital (antibonding)
Figure 2.5

Generation of ¢ and o* molecular orbitals of H, by combining 1s orbitals of two hydrogen atoms.
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Antibonding

< .
N

Increasing energy ——

_H_

Bonding

Molecular orbitals
of H,

Hydrogen s
atomic orbital

Hydrogen s
atomic orbital

When assigning electrons to MOs, the same rules apply as for writing electron
configurations of atoms. Electrons fill the MOs in order of increasing orbital energy, and
the maximum number of electrons in any orbital is two. Both electrons of H, occupy the
bonding orbital, have opposite spins, and both are held more strongly than they would be
in separated hydrogen atoms. There are no electrons in the antibonding orbital.

For a molecule as simple as H,, it is hard to see much difference between the valence
bond and molecular orbital methods. The most important differences appear in molecules
with more than two atoms. In those cases, the valence bond method continues to view
a molecule as a collection of bonds between connected atoms. The molecular orbital
method, however, leads to a picture in which the same electron can be associated with
many, or even all, of the atoms in a molecule. We’ll have more to say about the similarities
and differences in valence bond and molecular orbital theory as we continue to develop
their principles, beginning with the simplest alkanes: methane, ethane, and propane.

Problem 2.1

Construct a diagram similar to Figure 2.6 for diatomic helium (He,). Why is helium monatomic
instead of diatomic?

2.5 Introduction to Alkanes: Methane,
Ethane, and Propane

Alkanes have the general molecular formula C,H,,,,. The simplest one, methane (CH,),
is also the most abundant. Large amounts are present in our atmosphere, in the ground,
and in the oceans. Methane has been found on Mars, Jupiter, Saturn, Uranus, Neptune,
and Pluto, on Halley’s Comet, even in the atmosphere of a planet in a distant solar system.
About 2-8% of the atmosphere of Titan, Saturn’s largest moon, is methane. When it rains
on Titan, it rains methane.

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

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

CH, CH,CH;  CH;CH,CH;
Methane Ethane Propane
Boiling point: —160°C —89°C —42°C
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Figure 2.6

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

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

Figure 2.7
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111 pm
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bt

153 pm L‘W L

Ethane Propane

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

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

It is generally true that as the number of carbon atoms increases, so does the boiling
point. The C;y-alkane heptacontane [CH;(CH,)ssCHj;] boils at 653°C, and its C,,, analog
hectane at 715°C.

The structural features of methane, ethane, and propane are summarized in Figure 2.7.
All of the carbon atoms have four bonds, all of the bonds are single bonds, and the bond angles
are close to tetrahedral. In the next section we’ll see how to adapt the valence bond model to
accommodate the observed structures.

2.6 sp’® Hybridization and Bonding in Methane

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

We begin with the experimentally determined three-dimensional structure of a mol-
ecule, then propose bonding models that are consistent with the structure. We do not claim
that the observed structure is a result of the bonding model. Indeed, there may be two or
more equally satisfactory models. Structures are facts; bonding models are theories that we
use to try to understand the facts.

A vexing puzzle in the early days of valence bond theory concerned the fact that
methane is CH, and that the four bonds to carbon are directed toward the corners of a tet-
rahedron. Valence bond theory is based on the in-phase overlap of half-filled orbitals of the
connected atoms. But with an electron configuration of 15°2s” 2p,'2p,' carbon has only two
half-filled orbitals (Figure 2.10a). How, then, can it have four bonds?

In the 1930s Linus Pauling offered an ingenious solution to this puzzle. He suggested
that the electron configuration of a carbon bonded to other atoms need not be the same as that
of a free carbon atom. By mixing (“hybridizing”) the 2s, 2p,, 2p,, and 2p, orbitals, four new
orbitals are obtained (Figure 2.10b). These four new orbitals are called sp* hybrid orbitals
because they come from one s orbital and three p orbitals. Each sp® hybrid orbital has 25% s
character and 75% p character. Among their most important features are the following:

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



2.6 sp®Hybridization and Bonding in Methane

Methane and the Biosphere

ne of the things that environmental scientists do is to keep

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

o H.0 photosynthesis bohvdrat
> + HO + energy \—m‘ carbohydrates

naturally occurring

substances of
numerous types

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

The scale on which the world’s methanoarchaea churn out
methane, estimated to be 10''-10? Ib/year, is enormous. About
10% of this amount makes its way into the atmosphere, but
most of the rest simply ends up completing the carbon cycle. It
exits the anaerobic environment where it was formed and enters
the aerobic world where it is eventually converted to carbon diox-
ide. But not all of it. Much of the world’s methane lies trapped
beneath the Earth’'s surface. Firedamp, an explosion hazard
to coal miners, is mostly methane, as is the natural gas that
accompanies petroleum deposits. When methane leaks from
petroleum under the ocean floor and the pressure is high enough
(50 atm) and the water cold enough (4°C), individual methane
molecules become trapped inside clusters of 6-18 water mol-
ecules as methane clathrates or methane hydrates (Figure 2.8).
Aggregates of these hydrates remain at the bottom of the ocean
in what looks like a lump of dirty ice, ice that burns (Figure 2.9).
Far from being mere curiosities, methane hydrates are potential
sources of energy on a scale greater than that of all the known
oil reserves combined. The extraction of methane from hydrates
has been demonstrated on a small scale and estimates suggest
some modest contribution to the global energy supply by 2020.

Methane hydrates contributed to the 2010 environmental
disaster in the Gulf of Mexico in an unexpected and important
way. Because the hydrates are stable only under the extreme
conditions of pressure and temperature found in the deep ocean,
their effect on the methods used to repair damage to the oil

rigs proved difficult to anticipate and their ice-like properties
interfered with attempts to cap the flow of oil in its early stages.

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

FIGURE 2.8

In a hydrate a molecule of methane is surrounded by a cage of
hydrogen-bonded water molecules. The cages are of various sizes; the
one shown here is based on a dodecahedron. Each vertex corresponds
to one water molecule, and the lines between them represent hydrogen
bonds (O—H:---- 0)

Figure 2.9

Methane burning as it is released from a clathrate.
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sp® Hybridization. (a) Electron configuration of carbon in its most stable state. (b) Mixing the s orbital with the three p orbitals generates four sp® hybrid
orbitals. The four sp* hybrid orbitals are of equal energy; therefore, the four valence electrons are distributed evenly among them. The axes of the four sp®
orbitals are directed toward the corners of a tetrahedron.

2. The axes of the sp’ orbitals point toward the corners of a tetrahedron. Therefore, sp®

hybridization of carbon is consistent with the tetrahedral structure of methane. Each
C—H bond is a o bond in which a half-filled 1s orbital of hydrogen overlaps with a
half-filled sp* orbital of carbon along a line drawn between them (Figure 2.11).

3. o Bonds involving sp® hybrid orbitals of carbon are stronger than those involving unhy-

bridized 2s or 2p orbitals. Each sp* hybrid orbital has two lobes of unequal size, making
the electron density greater on one side of the nucleus than the other. In a C—H o bond,
it is the larger lobe of a carbon sp* orbital that overlaps with a hydrogen 1s orbital. This
concentrates the electron density in the region between the two atoms.

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

Figure 2.11

Each half-filled sp® orbital overlaps

with a half-filled hydrogen 1s orbital
along a line between them giving a
tetrahedral arrangement of four o bonds.
Only the major lobe of each sp® orbital
is shown. Each orbital contains a smaller
back lobe, which has been omitted for
clarity.
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2.8 sp*Hybridization and Bonding in Ethylene

2.7 Bonding in Ethane

The orbital hybridization model of covalent bonding is readily extended to carbon—carbon
bonds. As Figure 2.12 illustrates, ethane is described in terms of a carbon—carbon ¢ bond
joining two CH; (methyl) groups. Each methyl group consists of an sp>-hybridized carbon
attached to three hydrogens by sp°~1s o bonds. Overlap of the remaining half-filled sp*
orbital of one carbon with that of the other generates a o bond between them. Here is a
third kind of o bond, one that has as its basis the overlap of two half-filled sp*-hybridized
orbitals. In general, you can expect that carbon will be sp*-hybridized when it is directly
bonded to four atoms.

Problem 2.2

Describe the bonding in propane according to the orbital hybridization model.

In the next few sections we’ll examine the application of the valence bond-orbital
hybridization model to alkenes and alkynes, then return to other aspects of alkanes in Sec-
tion 2.11. We’ll begin with ethylene.

2.8 sp” Hybridization and Bonding in Ethylene

Ethylene is planar with bond angles close to 120° (Figure 2.13); therefore, some hybridiza-
tion state other than sp is required. The hybridization scheme is determined by the number
of atoms to which carbon is directly attached. In sp® hybridization, four atoms are attached
to carbon by ¢ bonds, and so four equivalent sp* hybrid orbitals are required. In ethylene,
three atoms are attached to each carbon, so three equivalent hybrid orbitals are needed. As
shown in Figure 2.14, these three orbitals are generated by mixing the carbon 2s orbital
with two of the 2p orbitals and are called sp® hybrid orbitals. One of the 2p orbitals is left
unhybridized. The three sp” orbitals are of equal energy; each has one-third s character and
two-thirds p character. Their axes are coplanar, and each has a shape much like that of an
sp> orbital. The three sp? orbitals and the unhybridized p orbital each contain one electron.

Each carbon of ethylene uses two of its sp* hybrid orbitals to form ¢ bonds to two
hydrogen atoms, as illustrated in the first part of Figure 2.15. The remaining sp? orbitals,
one on each carbon, overlap along the internuclear axis to give a o bond connecting the two
carbons.

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

Electrons in a 7 bond are called 77 electrons. The probability of finding a  electron is
highest in the region above and below the plane of the molecule. The plane of the molecule
corresponds to a nodal plane, where the probability of finding a 1 electron is zero.

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

134 pm
Hy, /
117.20 ////,,,_ —/C ,‘\\“\\\\\H 110 pm
121.4°

(a) (b)
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®)
Figure 2.12

The C—C o bond of ethane (a) is viewed
as a combination of two half-filled sp®
orbitals (b). As in methane, each of the
C—H bonds is viewed as a combination
of a half-filled sp® orbital of carbon with
a half-filled 1s orbital of hydrogen.

Figure 2.13

(a) All the atoms of ethylene lie in the
same plane, the bond angles are close
to 120°, and the carbon-carbon bond
distance is significantly shorter than that
of ethane. (b) A space-filling model of
ethylene.
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Figure 2.14

sp? Hybridization. (a) Electron configuration of carbon in its most stable state. (b) Mixing the s orbital with two of the three p orbitals generates three sp?
hybrid orbitals and leaves one of the 2p orbitals untouched. The axes of the three sp? orbitals lie in the same plane and make angles of 120° with one
another.

Figure 2.15 Begin with two sp?-hybridized carbon atoms and four hydrogen atoms:

The carbon-carbon double bond in o Half-filled 2p 0
ethylene has a o component and a = orbital \
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2.9 spHybridization and Bonding in Acetylene

Problem 2.3

Identify the orbital overlaps involved in the indicated bond in the compound shown (propene).
Is this a 7 bond or a o bond?

H2C=CH_CH3

2.9 sp Hybridization and Bonding in Acetylene

One more hybridization scheme is important in organic chemistry. It is called sp hybridiza-
tion and applies when carbon is directly bonded to two atoms, as in acetylene. The structure
of acetylene is shown in Figure 2.16 along with its bond distances and bond angles. Its most
prominent feature is its linear geometry.

Because each carbon in acetylene is bonded to two other atoms, the orbital hybridization
model requires each carbon to have two equivalent orbitals available for o bonds as outlined in
Figure 2.17. According to this model the carbon 2s orbital and one of its 2p orbitals combine to

1803 180%

ClC H

106 120 106
pm  pm pm

. (a) (b)
Figure 2.16

Acetylene is a linear molecule as indicated in (a) the structural formula and (b) a space-filling model.

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

hybrid orbitals and leaves two of the 2p orbitals untouched. The axes of the two sp orbitals make an angle of 180° with each other.
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Figure 2.18

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

C(2sp)—H(1s)
¢ bond

Carbons are connected by a
C(2sp)—C(2sp) ¢ bond

/—C(sz)—C(ZpZ) 7 bond

C(2p,)—C(2p,) 7 bond

generate two sp hybrid orbitals, each of which has 50% s character and 50% p character. These
two sp orbitals share a common axis, but their major lobes are oriented at an angle of 180° to
each other. Two of the original 2p orbitals remain unhybridized.

As portrayed in Figure 2.18, the two carbons of acetylene are connected to each other
by a 2sp—2sp o bond, and each is attached to a hydrogen substituent by a 2sp—1s o bond.
The unhybridized 2p orbitals on one carbon overlap with their counterparts on the other to
form two 7 bonds. The carbon—carbon triple bond in acetylene is viewed as a multiple bond
of the o + m + T type.

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

Problem 2.4

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

H,C=CH—C=CH

2.10 Which Theory of Chemical Bonding Is Best?

We have introduced three approaches to chemical bonding:

1. The Lewis model
2. The orbital hybridization model (which is a type of valence bond model)
3. The molecular orbital model

Which one should you use?



2.11 Isomeric Alkanes: The Butanes

Generally speaking, the three models offer complementary information. Organic
chemists use all three, emphasizing whichever one best suits a particular feature of structure
or reactivity. Until recently, the Lewis and orbital hybridization models were used far more
than the molecular orbital model. But that is changing.

The Lewis rules are relatively straightforward, easiest to master, and the most famil-
iar. You will find that your ability to write Lewis formulas increases rapidly with experi-
ence. Get as much practice as you can early in the course. Success in organic chemistry
depends on writing correct Lewis formulas.

Orbital hybridization descriptions, because they too are based on the shared electron-
pair bond, enhance the information content of Lewis formulas by distinguishing among
various types of atoms, electrons, and bonds. As you become more familiar with a variety
of structural types, you will find that the term sp*-hybridized carbon triggers associations
in your mind that are different from those of some other term, such as sp>-hybridized car-
bon, for example.

Molecular orbital theory can provide insights into structure and reactivity that the
Lewis and orbital hybridization models can’t. It is the least intuitive of the three methods,
however, and requires the most training, background, and experience to apply. We have
discussed molecular orbital theory so far only in the context of the bonding in H,. We have
used the results of molecular orbital theory, however, several times without acknowledg-
ing it until now. Electrostatic potential maps are obtained by molecular orbital calcula-
tions. Four molecular orbital calculations provided the drawings that we used in Figure
2.4 to illustrate how electron density builds up between the atoms in the valence bond (!)
treatment of H,. Molecular orbital theory is well suited to quantitative applications and
is becoming increasingly available for routine use. You will see the results of molecular
orbital theory often in this text, but the theory itself will be developed only at an introduc-
tory level.

2.11 Isomeric Alkanes: The Butanes

Methane is the only alkane of molecular formula CH,, ethane the only one that is C,Hg,
and propane the only one that is C;Hyg. Beginning with C,H,,, however, constitutional iso-
mers (Section 1.7) are possible; two alkanes have this particular molecular formula. In one,
called n-butane, four carbons are joined in a continuous chain. The 7 in n-butane stands
for “normal” and means that the carbon chain is unbranched. The second isomer has a
branched carbon chain and is called isobutane.

CH3CH2CH2CH3 CH3C|:HCH3 or (CH3)3CH
CH,
n-Butane Isobutane
Boiling point: —0.4°C —10.2°C
Melting point: —139°C —160.9°C

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

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

Bonding in n-butane and isobutane continues the theme begun with methane, ethane,
and propane. All of the carbon atoms are sp*-hybridized, all of the bonds are o bonds, and
the bond angles at carbon are close to tetrahedral. This generalization holds for all alkanes
regardless of the number of carbons they have.
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“Butane” lighters contain about 5%
n-butane and 95% isobutane in a
sealed container. The pressure
produced by the two compounds
(about 3 atm) is enough to keep them
in the liquid state until opening a
small valve emits a fine stream of the
vaporized mixture across a spark,
which ignites it.
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2.12 Higher n-Alkanes

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

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

n-Pentane n-Hexane

These condensed formulas can be abbreviated by indicating within parentheses the number
of methylene groups in the chain. Thus, n-pentane may be written as CH;(CH,);CH; and
n-hexane as CH;(CH,),CHj;. This shortcut is especially convenient with longer-chain alkanes.
The laboratory synthesis of the “ultralong” alkane CH;(CH,);35sCH; was achieved in 1985;
imagine trying to write its structural formula in anything other than an abbreviated way!

Problem 2.5

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

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

Unbranched alkanes are sometimes referred to as “straight-chain alkanes,” but, as
we’ll see in Chapter 3, their chains are not straight but instead tend to adopt the “zigzag”
shape as portrayed in their line formulas.

P U O

Bond-line formula of n-pentane Bond-line formula of n-hexane

Problem 2.6

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

A P VN g

2.13 The C;H,, Isomers

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

n-Pentane: CH;CH,CH,CH,CH; or  CH;3(CH,);CH; or NN
Isopentane: ~ CH3CHCH,CH; or (CH3),CHCH,CH; or Y\
i
CH;
Neopentane: CH3c:CH3 or (CH;),C or ><

CH;



213 The CsH,, Isomers

TABLE 2.1 The Number of Constitutionally

Isomeric Alkanes of Particular
Molecular Formulas

Number of constitutional

Molecular formula isomers

CH, 1
C,Hg 1
CsHg 1
C.Hy1g 2
CsHio 3
CeH1s 5
C/Hq6 9
CgHis 18
CqHoyg 35
CioH22 75
CisH3o 4,347
CooHa 366,319
CaoHsy 62,491,178,805,831

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

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

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

T e
CH,CHCH,CH;  CH,CHCH,CH; CH,CH,CHCH;  CH;CH,CHCH, C|HCH2CH3

| |
CH, CH, CH,
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Problem 2.7

Write condensed and bond-line formulas for the five isomeric CgH,, alkanes.
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The answer to the second question—how to provide a name that is unique to a par-
ticular structure—is presented in the following section. It is worth noting, however, that
being able to name compounds in a systematic way is a great help in deciding whether two
structural formulas represent isomers or are the same compound written in two different
ways. By following a precise set of rules, you will always get the same systematic name
for a compound, regardless of how it is written. Conversely, two different compounds will
always have different names.

2.14 IUPAC Nomenclature of Unbranched Alkanes

We have just seen that the three CsH, isomers all incorporate “pentane” in their names and
are differentiated by the prefixes “n-", “iso”, and “neo.” Extending this approach to alkanes
beyond CsH,, fails because we run out of descriptive prefixes before all the isomers have
unique names. As difficult as it would be to invent different names for the 18 constitutional
isomers of CgH g, for example, it would be even harder to remember which structure corre-
sponded to which name. For this and other reasons, organic chemists developed systematic
ways to name compounds based on their structure. The most widely used approach is called
the IUPAC rules; /IUPAC stands for the International Union of Pure and Applied Chemistry.

(See the boxed essay, What’s in a Name? Organic Nomenclature.)



2.15 Applyng the IUPAC Rules: The Names of the C¢H,, Isomers

TABLE 2.2 IUPAC Names of Unbranched Alkanes

Number Number Number

of carbon of carbon of carbon

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

10 Decane 20 Icosane 100 Hectane

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

Problem 2.8

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

(a) Beeswax (Figure 2.19) contains 8-9% hentriacontane. Write a condensed structural
formula for hentriacontane.

(b) Octacosane has been found to be present in a certain fossil plant. Write a condensed
structural formula for octacosane.

(c) What is the IUPAC name of the alkane described in Problem 2.6 as a component of
the cockroach aggregation pheromone?

Sample Solution (a) Note in Table 2.2 that hentriacontane has 31 carbon atoms. All the
alkanes in Table 2.2 have unbranched carbon chains. Hentriacontane has the condensed
structural formula CH5(CH,),9CH5.

In Problem 2.7 you were asked to write structural formulas for the five isomeric
alkanes of molecular formula C4H,,. In the next section you will see how the ITUPAC rules
generate a unique name for each isomer.

2.15 Applying the IUPAC Rules: The Names
of the C,H,, Isomers

We can present and illustrate the most important of the [IUPAC rules for alkane nomencla-
ture by naming the five C4H,, isomers. By definition (see Table 2.2), the unbranched C4H,,
isomer is hexane.
CH;CH,CH,CH,CH,CH;  or """
IUPAC name: hexane
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Figure 2.19

Worker bees build the hive with an
alkane-containing wax secreted from
their abdominal glands.
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What's in a Name? Organic Nomenclature

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

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

i 19
H—(|3—C| HOC—COH
Cl
Common name: Chloroform Oxalic acid

Systematic name: Trichloromethane Ethanedioic acid

H3C CH;
HsC
0
Common name: Camphor

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

Common names, despite their familiarity in certain cases, suffer
serious limitations compared with systematic ones. The number
of known compounds (more than 50 million as of 2009) far
exceeds our capacity to give each one a unique common name,
and most common names are difficult to connect directly to a
structural formula. A systematic approach based on structure
not only conveys structural information, but also generates a
unique name for each structural variation.

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

As early as 1787 with the French publication of Méthode
de nomenclature chimique, chemists suggested guidelines for
naming compounds according to chemical composition. Their
proposals were more suited to inorganic compounds than

organic ones, and it was not until the 1830s that comparable
changes appeared in organic chemistry. Later (1892), a group of
prominent chemists met in Geneva, Switzerland, where they for-
mulated the principles on which our present system of organic
nomenclature is based.

During the twentieth century, what we now know as the
International Union of Pure and Applied Chemistry (IUPAC) car-
ried out major revisions and extensions of organic nomenclature
culminating in the IUPAC Rules of 1979 and 1993. When the
1979 IUPAC names are more widely used than those of the
1993 sequel, the 1979 names are emphasized in this text and
vice versa. Exercises illustrating the relationship of the 1979
and 1993 names are included where appropriate.

Our practice will be to name compounds in the manner
of most active chemists and to use nomenclature as a tool to
advance our understanding of organic chemistry.

Other Nomenclatures Chemical Abstracts Service, a division
of the American Chemical Society, surveys all the world’s lead-
ing scientific journals and publishes brief abstracts of their
chemistry papers. Chemical Abstracts nomenclature has evolved
in a direction geared to computerized literature searches and,
although once similar to IUPAC, it is now much different. In
general, it is easier to make the mental connection between a
structure and its IUPAC name than its Chemical Abstracts name.

The generic name of a drug is not derived from systematic
nomenclature. The group responsible for most generic names in
the United States is the U.S. Adopted Names (USAN) Council,
a private organization founded by the American Medical Asso-
ciation, the American Pharmacists Association, and the U.S.
Pharmacopeial Convention.

0] USAN Acetaminophen

I INN Paracetamol
HO NHCCH;

IUPAC N-(4-Hydroxyphenyl)acetamide
Tylenol

The USAN name is recognized as the official name by the U.S. Food
and Drug Administration. International Proprietary Names (INN)
are generic names as designated by the World Health Organization.

*The 1979 and 1993 IUPAC rules may be accessed at http://www.acdlabs.com/iupac/nomenclature.

The IUPAC rules name branched alkanes as substituted derivatives of the unbranched
parent alkanes listed in Table 2.2. Consider the C¢H,, isomer represented by the structure

or W
Step 1

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

In this case, the longest continuous chain has five carbon atoms; the compound is
named as a derivative of pentane. The key word here is continuous. It does not matter

CH3(|IHCH2CH2CH3
CH,
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whether the carbon skeleton is drawn in an extended straight-chain form or in one with
many bends and turns. All that matters is the number of carbons linked together in an
uninterrupted sequence.

Step 2
Identify the substituent groups attached to the parent.
The parent pentane chain bears a methyl (CH;) group as a substituent.
Step 3
Number the longest continuous chain in the direction that gives the lowest number to the

substituent at the first point of branching.
The numbering scheme

1 2 3 4 5 2 3 4 5
CH3C|HCH2CH3CH3 is equivalent to CH3(|ZHCH3CH2CH3
CH; 1 CHs

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

5 4 3 2 1

CH;(EHCHZCI‘QCH; (methyl group attached to C-4)
CH;

Step 4

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

CH3C|HCH2CH2CH3 or Y\/
CH;

TUPAC name: 2-methylpentane

The same sequence of four steps gives the [UPAC name for the isomer that has its
methyl group attached to the middle carbon of the five-carbon chain.

CH3CH2C|?HCH2CH3 or /ﬁ/\
CH,4

IUPAC name: 3-methylpentane

Both remaining C¢H,, isomers have two methyl groups as substituents on a four-
carbon chain. Thus the parent chain is butane. When the same substituent appears more
than once, use the multiplying prefixes di-, tri-, tetra-, and so on. A separate locant is used
for each substituent, and the locants are separated from each other by commas and from the
words by hyphens.

i T
CH3(|3CH2CH3 or ></ CH3CHC|HCH3 or
CH; CH;
IUPAC name: 2,2-dimethylbutane IUPAC name: 2,3-dimethylbutane

Problem 2.9

Phytane is the common name of a naturally occurring alkane produced by the
alga Spirogyra and is a constituent of petroleum. The IUPAC name for phytane is
2,6,10,14-tetramethylhexadecane. Write a line formula for phytane.
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Problem 2.10

Derive the IUPAC names for

(@) The isomers of C,H;o (c) (CH3)3;CCH,CH(CH3),
(b) The isomers of CsH1, (d) (CH3)3CC(CH3)3

Sample Solution (a) There are two C,H;, isomers. Butane (see Table 2.2) is the IUPAC
name for the isomer that has an unbranched carbon chain. The other isomer has three carbons
in its longest continuous chain with a methyl branch at the central carbon; its IUPAC name is
2-methylpropane.

CH3CH,CH,CH3 CH3(|3HCH3
CHs3
IUPAC name: butane IUPAC name: 2-methylpropane

So far, the only branched alkanes that we’ve named have methyl groups attached to
the main chain. What about groups other than CH;? What do we call these groups, and how
do we name alkanes that contain them?

2.16 Alkyl Groups

An alkyl group lacks one of the hydrogens of an alkane. A methyl group (—CHs) is an
alkyl group derived from methane (CH,). Unbranched alkyl groups in which the point of
attachment is at the end of the chain are named in [UPAC nomenclature by replacing the
-ane endings of Table 2.2 by -yl.

CH3CH2_ CH3(CH2)5CH2_ CH3(CH2)]6CH2_
Ethyl group Heptyl group Octadecyl group

The dash at the end of the chain represents a potential point of attachment for some other
atom or group.

Carbon atoms are classified according to their degree of substitution by other carbons.
A primary carbon is directly attached to one other carbon. Similarly, a secondary carbon is
directly attached to two other carbons, a tertiary carbon to three, and a quaternary carbon
to four. Alkyl groups are designated as primary, secondary, or tertiary according to the degree
of substitution of the carbon at the potential point of attachment.

H Primary C Secondary C Tertiary
| / carbon | / carbon | / carbon
T T B
H H C
Primary alkyl group Secondary alkyl group Tertiary alkyl group

Ethyl (CH;CH,—), heptyl [CH5(CH,)sCH,—], and octadecyl [CH;(CH,),CH,—] are
examples of primary alkyl groups.

Branched alkyl groups are named by using the longest continuous chain that begins
at the point of attachment as the parent. Thus, the systematic names of the two C;H; alkyl
groups are propyl and 1-methylethyl. Both are better known by their common names,
n-propyl and isopropyl, respectively.

T
CH3CH2CH2_ CH3CH_ or (CH3)2CH_
2 1

Propyl group 1-Methylethyl group
(common name: n-propyl) (common name: isopropyl)
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An isopropyl group is a secondary alkyl group. Its point of attachment is to a secondary
carbon atom, one that is directly bonded to two other carbons.

The C,H, alkyl groups may be derived either from the unbranched carbon skeleton of
butane or from the branched carbon skeleton of isobutane. Those derived from butane are
the butyl (n-butyl) group and the 1-methylpropyl (sec-butyl) group.

T
CH3CH2CH2CH2_ CH3CH2CH_
3 2 I
Butyl group 1-Methylpropyl group
(common name: n-butyl) (common name: sec-butyl)

Those derived from isobutane are the 2-methylpropyl (isobutyl) group and the 1,1-dimeth-
ylethyl (tert-butyl) group. Isobutyl is a primary alkyl group because its potential point of
attachment is to a primary carbon. fert-Butyl is a tertiary alkyl group because its potential
point of attachment is to a tertiary carbon.

o T
CH3CHCH2_ or (CH3)2CHCH2_ CH3(|:_ or (CH3)3C_
3 21 2 1
CH,
2-Methylpropyl group 1,1-Dimethylethyl group
(common name: isobutyl) (common name: fert-butyl)

Problem 2.11

Give the structures and IUPAC names of all the CsH4; alkyl groups, and identify them as
primary, secondary, or tertiary, as appropriate.

Sample Solution Consider the alkyl group having the same carbon skeleton as (CH3),C.
All the hydrogens are equivalent; replacing any one of them by a potential point of attachment
is the same as replacing any of the others.

CH;
3 2|
H3C_?_9H2_ or (CH3)3CCH2_
CHs3

Numbering always begins at the point of attachment and continues through the longest continuous
chain. In this case the chain is three carbons and there are two methyl groups at C-2. The IUPAC
name of this alkyl group is 2,2-dimethylpropyl. (The common name for this group is neopentyl.) It is
a primary alkyl group because the carbon that bears the potential point of attachment (C-1) is itself
directly bonded to one other carbon.

In addition to methyl and ethyl groups, n-propyl, isopropyl, n-butyl, sec-butyl, iso-
butyl, rert-butyl, and neopentyl groups will appear often throughout this text. You should
be able to recognize these groups on sight and to give their structures when needed.

2.17 IUPAC Names of Highly Branched Alkanes

By combining the basic principles of [UPAC notation with the names of the various alkyl
groups, we can develop systematic names for highly branched alkanes. We’ll start with
the following alkane, name it, then increase its complexity by successively adding methyl
groups at various positions.

CH,CH,
CH3CH2CH2CHCH2CH2CH2CH3 or
1 2 3 4 5 6 7 8

As numbered on the structural formula, the longest continuous chain contains eight car-
bons, and so the compound is named as a derivative of octane. Numbering begins at the
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end nearest the branch, and so the ethyl substituent is located at C-4, and the name of the
alkane is 4-ethyloctane.

What happens to the IUPAC name when a methyl group replaces one of the hydro-
gens at C-3?

C|H2CH3
1 2 3
CH3CH2C|:HCHCH2CH2CH2CH3 or
4 5 6 7 8
CH,

The compound becomes an octane derivative that bears a C-3 methyl group and a C-4 ethyl
group. When two or more different substituents are present, they are listed in alphabetical
order in the name. The ITUPAC name for this compound is 4-ethyl-3-methyloctane.

Replicating prefixes such as di-, tri-, and tetra- (Section 2.15) are used as needed but
are ignored when alphabetizing. Adding a second methyl group to the original structure, at
C-5, for example, converts it to 4-ethyl-3,5-dimethyloctane.

CH,CH,

1 2 3
CH3CH2$HCH$HCH2CH2CH3 or
4 5 6 7 8

CH; CH,

Italicized prefixes such as sec- and fert- are ignored when alphabetizing except when
they are compared with each other. ters-Butyl precedes isobutyl, and sec-butyl precedes
tert-butyl.

Problem 2.12

Give an acceptable IUPAC name for each of the following alkanes:

CH,CH5
(a)  CH3CH,CHCHCHCH,CHCH5 or
CHs CHs CHs
(b)  (CH3CH5),CHCH,CH(CH3) or /j/Y
T
(€) CH3CH.CHCH,CHCH,CHCH(CH3),  or
CH,CH5 CH,CH(CH3),

Sample Solution (a) This problem extends the preceding discussion by adding a third
methyl group to 4-ethyl-3,5-dimethyloctane, the compound just described. It is, therefore, an
ethyltrimethyloctane. Notice, however, that the numbering sequence needs to be changed in
order to adhere to the rule of numbering from the end of the chain nearest the first branch.
When numbered properly, this compound has a methyl group at C-2 as its first-appearing
substituent.

CH,CH5;
8 7 6 | 43 21
CH3CH2?HEH?HCH2?HCH3 or 8
CHs CHs CHj
5-Ethyl-2,4,6-trimethyloctane




2.18 Cycloalkane Nomenclature

An additional feature of [IUPAC nomenclature that concerns the direction of number-
ing is the “first point of difference” rule. Consider the two directions in which the following
alkane may be numbered:

2,2,6,6,7-Pentamethyloctane 2,3,3,7,7-Pentamethyloctane
(correct) (incorrect!)

When deciding on the proper direction, a point of difference occurs when one order gives a
lower locant than another. Thus, although 2 is the first locant in both numbering schemes,
the tie is broken at the second locant, and the rule favors 2,2,6,6,7, which has 2 as its sec-
ond locant, whereas 3 is the second locant in 2,3,3,7,7. Notice that locants are not added
together, but examined one by one.

Finally, when equal locants are generated from two different numbering directions,
choose the direction that gives the lower number to the substituent that appears first in the
name. (Remember, substituents are listed alphabetically.)

The TUPAC nomenclature system is inherently logical and incorporates healthy
elements of common sense into its rules. Granted, some long, funny-looking, hard-to-
pronounce names are generated. Once one knows the code (rules of grammar) though, it
becomes a simple matter to convert those long names to unique structural formulas.

2.18 Cycloalkane Nomenclature

Cycloalkanes are alkanes that contain a ring of three or more carbons. They are frequently
encountered in organic chemistry and are characterized by the molecular formula C,H,,
They are named by adding the prefix cyclo- to the name of the unbranched alkane with the
same number of carbons as the ring.

\V

Cyclopropane Cyclohexane

Substituents are identified in the usual way. Their positions are specified by number-
ing the carbon atoms of the ring in the direction that gives the lowest number to the sub-
stituents at the first point of difference.

Q/CH2CH3

Ethylcyclopentane 3-Ethyl-1,1-dimethylcyclohexane
(not 1-ethyl-3,3-dimethylcyclohexane, because first point of difference
rule requires 1,1,3 substitution pattern rather than 1,3,3)

CH,CH,

When the ring contains fewer carbon atoms than an alkyl group attached to it, the compound
is named as an alkane, and the ring is treated as a cycloalkyl substituent:

CH,CH,CHCH,CH,

3-Cyclobutylpentane
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Problem 2.13

Name each of the following compounds:

Sample Solution (a) The molecule has a fert-butyl group bonded to a nine-membered
cycloalkane. It is tert-butylcyclononane. Alternatively, the tert-butyl group could be named
systematically as a 1,1-dimethylethyl group, and the compound would then be named
(1,1-dimethylethyl)cyclononane. Parentheses are used when necessary to avoid ambiguity. In

this case the parentheses alert the reader that the locants 1,1 refer to substituents on the alkyl
group and not to ring positions.

2.19 Sources of Alkanes and Cycloalkanes

As noted earlier, natural gas is mostly methane but also contains ethane and propane, along
with smaller amounts of other low-molecular-weight alkanes. Natural gas is often found
) , associated with petroleum deposits. Petroleum is a liquid mixture containing hundreds of
The word petroleum is derived from . . . .
R R s ror rock” (peira) substances, including approximately 150 hydrocarbons, roughly half of which are alkanes
and “oil” (oleurn). or cycloalkanes. Distillation of crude oil gives a number of fractions, which by custom
have the names given in Figure 2.20. High-boiling fractions such as kerosene and gas oil
find wide use as fuels for diesel engines and furnaces, and the nonvolatile residue can be
processed to give lubricating oil, greases, petroleum jelly, paraffin wax, and asphalt. Jet
fuels are obtained from the naphtha—kerosene fractions.

Although both are closely linked in our minds and by our own experience, the
petroleum industry predated the automobile industry by half a century. The first oil well,
drilled in Titusville, Pennsylvania, by Edwin Drake in 1859, provided “rock oil,” as it was
then called, on a large scale. This was quickly followed by the development of a process
to “refine” it so as to produce kerosene. As a fuel for oil lamps, kerosene burned with a
bright, clean flame and soon replaced the vastly more expensive whale oil then in use
(Figure 2.21). Other oil fields were discovered, and uses for other petroleum products were

CI_C4 CS_CIZ C]Z_CIS CIS_CZS

i
bcﬁnery gas Eght gasoline ( Naphtha | L Kerosene i Gas oil |

<25°C 25-95°C 95-150°C 150-230°C 230-340°C
Distill
Crude oil H Residue
Figure 2.20 Figure 2.21
Distillation of crude oil yields a series of volatile fractions having the names indicated, along with a The earliest major use for petroleum was
nonvolatile residue. The number of carbon atoms that characterize the hydrocarbons in each fraction as a fuel for oil lamps.

is approximate.
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found—illuminating city streets with gas lights, heating homes with oil, and powering
locomotives. There were oil refineries long before there were automobiles. By the time
the first Model T rolled off Henry Ford’s assembly line in 1908, John D. Rockefeller’s
Standard Oil holdings had already made him one of the half-dozen wealthiest people
in the world.

Modern petroleum refining involves more than distillation, however, and includes
two major additional operations:

1. Cracking. The more volatile, lower-molecular-weight hydrocarbons are useful as
automotive fuels and as a source of petrochemicals. Cracking increases the proportion
of these hydrocarbons at the expense of higher-molecular-weight ones by processes
that involve the cleavage of carbon—carbon bonds induced by heat (thermal cracking)
or with the aid of certain catalysts (catalytic cracking).

2. Reforming. The physical properties of the crude oil fractions known as light gasoline
and naphtha (Figure 2.20) are appropriate for use as a motor fuel, but their ignition
characteristics in high-compression automobile engines are poor and give rise to
preignition, or “knocking.” Reforming converts the hydrocarbons in petroleum to aro-
matic hydrocarbons and highly branched alkanes, both of which show less tendency
for knocking than unbranched alkanes and cycloalkanes.

Petroleum is not the only place where alkanes occur naturally. Solid n-alkanes,
especially those with relatively long chains, have a waxy constituency and coat the outer
surface of many living things where they help prevent the loss of water. Pentacosane
[CH;(CH,),;CH;] is present in the waxy outer layer of most insects. Hentriacontane
[CH;5(CH,),4yCHj5] is a component of beeswax (see Problem 2.8) as well as the wax that
coats the leaves of tobacco, peach trees, pea plants, and numerous others. The Cy;, C,5, C,7,
C,, and C;; n-alkanes have been identified in the surface coating of the eggs of honeybee
queens.

Cyclopentane and cyclohexane are present in petroleum, but as a rule, unsubstituted
cycloalkanes rarely occur naturally. A significant exception is a group of more than 200
hydrocarbons called hopanes, related to the parent having the carbon skeleton shown.

Hopane

Hopanes were first found in petroleum and geological sediments, later as components of

certain bacterial cell membranes. Although present in small amounts, hopanes are so wide-
spread that they rank among the most abundant natural products on Earth.

Problem 2.14

What is the molecular formula of hopane?

2.20 Physical Properties of Alkanes and Cycloalkanes

Boiling Point. As we have seen earlier in this chapter, methane, ethane, propane, and
butane are gases at room temperature. The unbranched alkanes pentane (CsH,,) through
heptadecane (C,;Hs¢) are liquids, whereas higher homologs are solids. As shown in
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“knocking” in an engine is given by its
octane number. The lower the octane
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(2,2,4-trimethylpentane, which is
assigned a value of 100). The octane
number of a gasoline is equal to the
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same tendency to cause knocking as
that sample of gasoline.
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Figure 2.22

Boiling points of unbranched alkanes
and their 2-methyl-branched isomers.

Induced-dipole/induced-dipole
attractive forces are often called
London forces, or dispersion forces.
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Figure 2.22, the boiling points of unbranched alkanes increase with the number of carbon
atoms. Figure 2.22 also shows that the boiling points for 2-methyl-branched alkanes are
lower than those of the unbranched isomer. By exploring at the molecular level the reasons
for the increase in boiling point with the number of carbons and the difference in boiling
point between branched and unbranched alkanes, we can continue to connect structure with
properties.

A substance exists as a liquid rather than a gas because attractive forces between
molecules (intermolecular attractive forces) are greater in the liquid than in the gas phase.
Attractive forces between neutral species (atoms or molecules, but not ions) are referred to
as van der Waals forces and may be of three types:

1. dipole—dipole (including hydrogen bonding)
2. dipole/induced-dipole
3. induced-dipole/induced-dipole

These forces are electrical in nature, and in order to vaporize a substance, enough energy
must be added to overcome them. Most alkanes have no measurable dipole moment, and
therefore the only van der Waals force to be considered is the induced-dipole/induced-
dipole attractive force.

It might seem that two nearby molecules A and B of the same nonpolar substance would

be unaffected by each other.

A B

In fact, the electric fields of both A and B are dynamic and fluctuate in a complementary way that
results in a temporary dipole moment and a weak attraction between them.

- ....... oﬁ--
A —

A B A B

Extended assemblies of induced-dipole/induced-dipole attractions can accumulate
to give substantial intermolecular attractive forces. An alkane with a higher molecular
weight has more atoms and electrons and, therefore, more opportunities for intermo-
lecular attractions and a higher boiling point than one with a lower molecular weight.
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As noted earlier in this section, branched alkanes have lower boiling points than their
unbranched isomers. Isomers have, of course, the same number of atoms and electrons, but
a molecule of a branched alkane has a smaller surface area than an unbranched one. The
extended shape of an unbranched alkane permits more points of contact for intermolecular
associations. Compare the boiling points of pentane and its isomers:

T
CH;CH,CH,CH,CH; CH3C|HCH2CH3 CH3C|CH3
CH, CH,
Pentane 2-Methylbutane 2,2-Dimethylpropane
(bp 36°C) (bp 28°C) (bp 9°C)

The shapes of these isomers are clearly evident in the space-filling models depicted in Fig-
ure 2.23. Pentane has the most extended structure and the largest surface area available for
“sticking” to other molecules by way of induced-dipole/induced-dipole attractive forces;
it has the highest boiling point. 2,2-Dimethylpropane has the most compact, most spheri-
cal structure, engages in the fewest induced-dipole/induced-dipole attractions, and has the
lowest boiling point.

Induced-dipole/induced-dipole attractions are very weak forces individually, but a
typical organic substance can participate in so many of them that they are collectively the
most important of all the contributors to intermolecular attraction in the liquid state. They
are the only forces of attraction possible between nonpolar molecules such as alkanes.

Problem 2.15

Match the boiling points with the appropriate alkanes.
Alkanes: octane, 2-methylheptane, 2,2,3,3-tetramethylbutane, nonane
Boiling points (°C, 1 atm): 106, 116, 126, 151

Cyclopentane has a higher boiling point (49.3°C) than pentane (36°C), indicating greater
forces of association in the cyclic alkane than in the alkane.

Melting Point. Solid alkanes are soft, generally low-melting materials. The forces
responsible for holding the crystal together are the same induced-dipole/induced-dipole
interactions that operate between molecules in the liquid, but the degree of organiza-
tion is greater in the solid phase. By measuring the distances between the atoms of one

(a) Pentane: CH;CH,CH,CH,CH; (b) 2-Methylbutane: (c) 2,2-Dimethylpropane:
(CH;),CHCH,CH; (CH3),C
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Figure 2.23

Tube (fop) and space-filling (bottom)
models of (a) pentane, (b) 2-methylbutane,
and (c) 2,2-dimethylpropane. The most
branched isomer, 2,2-dimethylpropane,
has the most compact, most spherical
three-dimensional shape.
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molecule and its neighbor in the crystal, it is possible to specify a distance of closest
approach characteristic of an atom called its van der Waals radius. In space-filling
molecular models, such as those of pentane, 2-methylbutane, and 2,2-dimethylpropane
shown in Figure 2.23, the radius of each sphere corresponds to the van der Waals radius
of the atom it represents. The van der Waals radius for hydrogen is 120 pm. When two
alkane molecules are brought together so that a hydrogen of one molecule is within 240
pm of a hydrogen of the other, the balance between electron—nucleus attractions versus
electron—electron and nucleus—nucleus repulsions is most favorable. Closer approach
is resisted by a strong increase in repulsive forces.

Solubility in Water. A familiar physical property of alkanes is contained in the
adage “oil and water don’t mix.” Alkanes—indeed all hydrocarbons—are virtually
insoluble in water. In order for a hydrocarbon to dissolve in water, the framework of
hydrogen bonds between water molecules would become more ordered in the region
around each molecule of the dissolved hydrocarbon. This increase in order, which cor-
responds to a decrease in entropy, signals a process that can be favorable only if it is
reasonably exothermic. Such is not the case here. The hydrogen bonding among water
molecules is too strong to be disrupted by nonpolar hydrocarbons. Being insoluble,
and with densities in the 0.6—0.8 g/mL range, alkanes float on the surface of water. The
exclusion of nonpolar molecules, such as alkanes, from water is called the hydropho-
bic effect. We will encounter it again at several points later in the text.

2.21 Chemical Properties: Combustion of Alkanes

An older name for alkanes is paraffin hydrocarbons. Paraffin is derived from the Latin
words parum affinis (“with little affinity”’) and testifies to the low level of reactivity of
alkanes.

Table 1.8 shows that hydrocarbons are extremely weak acids. Among the classes of
hydrocarbons, acetylene is a stronger acid than methane, ethane, ethylene, or benzene, but
even its K, is 10'° smaller than that of water.

H H
HC=CH H H H2C=CH2 CH4 CH3CH3

H H
pK.: 26 43 45 60 62

Although essentially inert in acid—base reactions, alkanes do participate in oxidation—
reduction reactions as the compound that undergoes oxidation. Burning in air (combustion)
is the best known and most important example. Combustion of hydrocarbons is exothermic
and gives carbon dioxide and water as the products.

CH, + 20, — CO, + 2H,0  AH°= —890kJ (—212.8 keal)

Methane Oxygen Carbon Water
dioxide

(CH;),CHCH,CH; + 80, —— 5CO, + 6H,0  AH® = —3529 kJ (—843.4 keal)

2-Methylbutane Oxygen Carbon Water
dioxide

Problem 2.16

Write a balanced chemical equation for the combustion of cyclohexane.
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The heat released on combustion of a substance is called its heat of combustion and
is equal to —AH°® for the reaction. By convention
AH® = H° H°

products reactants

where H° is the heat content, or enthalpy, of a compound in its standard state, that is,
the gas, pure liquid, or crystalline solid at a pressure of 1 atm. In an exothermic process
the enthalpy of the products is less than that of the starting materials, and AH® is a neg-
ative number.

Table 2.3 lists the heats of combustion of several alkanes. Unbranched alkanes have
slightly higher heats of combustion than their 2-methyl-branched isomers, but the most
important factor is the number of carbons. The unbranched alkanes and the 2-methyl-
branched alkanes constitute two separate homologous series (Section 2.12) in which there
is a regular increase of about 653 kJ/mol (156 kcal/mol) in the heat of combustion for each
additional CH, group.

Problem 2.17

Using the data in Table 2.3, estimate the heat of combustion of

(a) 2-Methylnonane (in kcal/mol) (b) Icosane (in kd/mol)

Sample Solution (a) The last entry for the group of 2-methylalkanes in the table is
2-methylheptane. Its heat of combustion is 1306 kcal/mol. Because 2-methylnonane
has two more methylene groups than 2-methylheptane, its heat of combustion is
2 X 156 kcal/mol higher.

Heat of combustion of 2-methylnonane = 1306 + 2(156) = 1618 kcal/mol

Heats of combustion can be used to measure the relative stability of isomeric hydro-
carbons. They tell us not only which isomer is more stable than another, but by how much.

TABLE 2.3  Heats of Combustion (—-AH°) of Representative Alkanes

—AH°

Compound Formula kJ/mol kcal/mol
Unbranched alkanes

Hexane CH3(CH,),CH3 4,163 995.0
Heptane CH3(CH,)5CH3 4,817 1,151.3
Octane CH3(CH,)eCH3 5,471 1,307.5
Nonane CH3(CH,),CH3 6,125 1,463.9
Decane CH3(CH,)sCH3 6,778 1,620.1
Undecane CH3(CH,)oCH3 7,431 1,776.1
Dodecane CH3(CH,),oCH3 8,086 1,932.7
Hexadecane CH3(CH5)4CH3 10,701 2,557.6
2-Methyl-branched alkanes

2-Methylpentane (CH3),CHCH,CH,CH; 4,157 993.6
2-Methylhexane (CH3),CH(CH,)3CH; 4,812 1,150.0

2-Methylheptane (CH3),CH(CH,),CH; 5,466 1,306.3
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Figure 2.24

Energy diagram comparing heats of combustion of isomeric CgH; 5 alkanes. The most branched isomer is
the most stable; the unbranched isomer has the highest heat of combustion and is the least stable.

Figure 2.24 compares the heats of combustion of several CgH,g isomers on a potential
energy diagram. Potential energy is comparable with enthalpy; it is the energy a molecule
has exclusive of its kinetic energy. These CgH,g isomers all undergo combustion to the same
final state according to the equation:

CSHIS +27502—> 8C02 + 9H20

therefore, the differences in their heats of combustion translate directly to differences in
their potential energies. When comparing isomers, the one with the lowest potential energy
(in this case, the smallest heat of combustion) is the most stable. Among the CgH g alkanes,
the most highly branched isomer, 2,2,3,3-tetramethylbutane, is the most stable, and the
unbranched isomer octane is the least stable. It is generally true for alkanes that a more
branched isomer is more stable than a less branched one.

The small differences in stability between branched and unbranched alkanes
result from an interplay between attractive and repulsive forces within a molecule
(intramolecular forces). These forces are nucleus—nucleus repulsions, electron—electron
repulsions, and nucleus—electron attractions, the same set of fundamental forces we met
when talking about chemical bonding (Section 2.2) and van der Waals forces between
molecules (Section 2.20). When the energy associated with these interactions is calculated
for all of the nuclei and electrons within a molecule, it is found that the attractive forces
increase more than the repulsive forces as the structure becomes more compact. Some-
times, though, two atoms in a molecule are held too closely together. We’ll explore the
consequences of that in Chapter 3.

Problem 2.18

Without consulting Table 2.3, arrange the following compounds in order of decreasing heat of
combustion: pentane, 2-methylbutane, 2,2-dimethylpropane, hexane.




2.22 Oxidation-Reduction in Organic Chemistry

Thermochemistry

accompany chemical processes. It has a long history dating

back to the work of the French chemist Antoine Laurent
Lavoisier in the late eighteenth century. Thermochemistry
provides quantitative information that complements the
qualitative description of a chemical reaction and can help us
understand why some reactions occur and others do not. It is
of value when assessing the relative value of various materials
as fuels, when comparing the stability of isomers, or when
determining the practicality of a particular reaction. In the field
of bioenergetics, thermochemical information is applied to the
task of sorting out how living systems use chemical reactions to
store and use the energy that originates in the sun.

By allowing compounds to react in a calorimeter, it is
possible to measure the heat evolved in an exothermic reac-
tion or the heat absorbed in an endothermic one. Thousands of
reactions have been studied to produce a rich library of thermo-
chemical data. These data take the form of heats of reaction and
correspond to the value of the standard enthalpy change AH° for
a particular reaction of a particular substance.

In this section you have seen how heats of combustion can
be used to determine relative stabilities of isomeric alkanes. In
later sections we shall expand our scope to include the experi-
mentally determined heats of certain other reactions, such as
bond dissociation enthalpies (Section 4.15) and heats of hydro-
genation (Section 6.3), to see how AH° values from various
sources can aid our understanding of structure and reactivity.

The standard heat of formation (AHS), is the enthalpy
change for formation of one mole of a compound directly from
its elements, and is one type of heat of reaction. In cases such
as the formation of CO, or H,0 from the combustion of carbon or
hydrogen, respectively, the heat of formation of a substance can
be measured directly. In most other cases, heats of formation
are not measured experimentally but are calculated from the mea-
sured heats of other reactions. Consider, for example, the heat of
formation of methane. The reaction that defines the formation of
methane from its elements,

Thermochemistry is the study of the heat changes that

C (graphite) + 2H,(g) ——> CHa(g)

Carbon Hydrogen Methane

can be expressed as the sum of three reactions:

(1) C (graphite) + 04(g)
(2) 2H2(g) + 02(g)
(3) COx(g) + 2H,0(/)

—> CO0,(g) AH° = —393 kJ
—> 2H,0(/)AH® = =572 kJ
—> CHa(g) + 20,(g)

AH® = +890 kJ

C (graphite) + 2H,(g) —> CHa(g) AH° = —75 kJ

Equations (1) and (2) are the heats of formation of one mole of car-
bon dioxide and two moles of water, respectively. Equation (3) is the
reverse of the combustion of methane, and so the heat of reaction
is equal to the heat of combustion but opposite in sign. The sum of
equations (1)—(3) is the enthalpy change for formation of one mole
of methane from its elements. Thus, AH$ = —75 kJ/mol.

The heats of formation of most organic compounds are
derived from heats of reaction by arithmetic manipulations simi-
lar to that shown. Chemists find a table of AH? values to be con-
venient because it replaces many separate tables of AH° values
for individual reaction types and permits AH° to be calculated for
any reaction, real or imaginary, for which the heats of formation
of reactants and products are available.

Problem 2.19

Given the standard enthalpies of formation (AH?) of
cyclopropane (39.30 kJ/mol) and cyclohexane
(-124.6 kJ/mol), calculate AH® for the reaction:

zv_><:>

2.22 Oxidation-Reduction in Organic Chemistry

As we have just seen, the reaction of alkanes with oxygen to give carbon dioxide and water
is called combustion. A more fundamental classification of reaction types places it in the
oxidation-reduction category. To understand why, let’s review some principles of oxida-
tion—reduction, beginning with the oxidation number (also known as oxidation state).

There are a variety of methods for calculating oxidation numbers. In compounds that
contain a single carbon, such as methane (CH,) and carbon dioxide (CO,), the oxidation
number of carbon can be calculated from the molecular formula. For neutral molecules
the algebraic sum of all the oxidation numbers must equal zero. Assuming, as is custom-
ary, that the oxidation state of hydrogen is +1, the oxidation state of carbon in CH, then
is calculated to be —4. Similarly, assuming an oxidation state of —2 for oxygen, carbon is
+4 in CO,. This kind of calculation provides an easy way to develop a list of one-carbon
compounds in order of increasing oxidation state, as shown in Table 2.4.
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TABLE 2.4 Oxidation Number of Carbon in One-Carbon Compounds

Structural Molecular Oxidation
Compound formula formula number
Methane CH., CH,4 -4
Methanol CH30H CH,0 -2
Formaldehyde H,C=0 CH,0 0
Formic acid 0 CH,0, +2
HC”)OH
Carbonic acid 0 H,CO3 +4
HO(|‘!OH
Carbon dioxide 0=C=0 CO, +4

The carbon in methane has the lowest oxidation number (—4) of any of the compounds
in Table 2.4. Methane contains carbon in its most reduced form. Carbon dioxide and car-
bonic acid have the highest oxidation numbers (+4) for carbon, corresponding to its most
oxidized state. When methane or any alkane undergoes combustion to form carbon dioxide,
carbon is oxidized and oxygen is reduced.

A useful generalization from Table 2.4 is the following:

Oxidation of carbon corresponds to an increase in the number of bonds between carbon
and oxygen or to a decrease in the number of carbon—hydrogen bonds. Conversely,
reduction corresponds to an increase in the number of carbon—hydrogen bonds or to a
decrease in the number of carbon—oxygen bonds.

From Table 2.4 it can be seen that each successive increase in oxidation state
increases the number of bonds between carbon and oxygen and decreases the number of
carbon—hydrogen bonds. Methane has four C—H bonds and no C—O bonds; carbonic
acid and carbon dioxide both have four C—O bonds and no C—H bonds.

Among the various classes of hydrocarbons, alkanes contain carbon in its most
reduced state, and alkynes contain carbon in its most oxidized state.

Increasing oxidation state of carbon
(decreasing hydrogen content)

- -

CH3CH3 HQC:CHz HC=CH
Ethane Ethylene Acetylene
(6 C—H bonds) (4 C—H bonds) (2 C—H bonds)

We can extend the generalization by recognizing that the pattern of oxidation states
is not limited to increasing oxygen or hydrogen content. Any element more electronegative
than carbon will have the same effect on oxidation number as oxygen. Thus, the oxidation
numbers of carbon in CH;Cl and CH;OH are the same (-2). The reaction of chlorine with
methane (to be discussed in Section 4.14) involves oxidation at carbon.

CH, + Cl, —> CHCl + HCI
Methane Chlorine Chloromethane Hydrogen chloride

Any element less electronegative than carbon will have the same effect on oxidation
number as hydrogen. Thus, the oxidation numbers of carbon in CH;Li and CH, are the
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same (—4), and the reaction of CH;Cl with lithium (to be discussed in Section 14.3) involves
reduction at carbon.

CH;Cl + 2Li —— CHjLi LiCl
Chloromethane Lithium Methyllithium Lithium chloride

The oxidation number of carbon decreases from —2 in CH;Cl to —4 in CH;Li.

The generalization illustrated by the preceding examples can be expressed in terms
broad enough to cover these reactions and many others, as follows: Oxidation of carbon
occurs when a bond between a carbon and an atom that is less electronegative than carbon
is replaced by a bond to an atom that is more electronegative than carbon. The reverse
process is reduction.

| oxidation |

—C—X = —C—Z
| reduction |
X is less electronegative Z is more electronegative
than carbon than carbon

Problem 2.20

Both of the following reactions will be encountered in Chapter 4. One is oxidation—reduction,
the other is not. Which is which?

(CH3)3COH + HCI —> (CH5)5CCl + H,0
(CH3)sCH  + Br, —— (CHs3);CBr + HBr

Many, indeed most, organic compounds contain carbon in more than one oxidation state.
Consider ethanol (CH;CH,OH), for example. One carbon is connected to three hydrogens; the
other carbon to two hydrogens and one oxygen. Although we could calculate the actual oxida-
tion numbers, we rarely need to in organic chemistry. Most of the time we are only concerned
with whether a particular reaction is an oxidation or a reduction. The ability to recognize when
oxidation or reduction occurs is of value when deciding on the kind of reactant with which an
organic molecule must be treated to convert it into a desired product.

Problem 2.21

Which of the following reactions requires an oxidizing agent, a reducing agent, or neither?
0
I

(a) CH3CH20H — CH3CH
(b) CHsCH,Br  ——>  CH3CH,Li
(c) H,C=CH, ——>  CH5CH,OH

0

(d) H,C=CH, — / \
H,C—CH,

Sample Solution The CH; carbon is unchanged in the reaction; however, the carbon of
CH,0H now has two bonds to oxygen. Therefore, the reaction requires an oxidizing agent.
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Section 2.1 The classes of hydrocarbons are alkanes, alkenes, alkynes, and arenes. Alkanes
are hydrocarbons in which all of the bonds are single bonds and are characterized
by the molecular formula C,H,,,.,

Section 2.2 Two theories of bonding, valence bond and molecular orbital theory, are based
on the wave nature of an electron. Constructive interference between the
electron wave of one atom and that of another gives a region between the two
atoms in which the probability of sharing an electron is high—a bond.

Section 2.3 In valence bond theory a covalent bond is described in terms of in-phase overlap
of a half-filled orbital of one atom with a half-filled orbital of another. When
applied to bonding in H,, the orbitals involved are the 1s orbitals of two hydrogen
atoms and the bond is a o bond.

1s s o
Section 2.4 In molecular orbital theory, the molecular orbitals (MOs) are approximated by
combining the atomic orbitals (AOs) of all of the atoms in a molecule. The number
of MOs must equal the number of AOs that are combined.

Section 2.5 The first three alkanes are methane (CH,), ethane (CH;CHs), and propane
(CH;CH,CHj,).

Section 2.6 Bonding in methane is most often described by an orbital hybridization model,
which is a modified form of valence bond theory. Four equivalent sp* hybrid
orbitals of carbon are generated by mixing the 2s, 2p,, 2p,, and 2p, orbitals. In-
phase overlap of each half-filled sp® hybrid orbital with a half-filled hydrogen 1s
orbital gives a o bond.

°0¢ @

s orbital sp® orbital In-phase overlap of
s and sp*
Section 2.7 The carbon—carbon bond in ethane is a ¢ bond viewed as an overlap of a half-

filled sp® orbital of one carbon with a half-filled sp® orbital of another.

9 ¢ W

sp* orbital sp* orbital In-phase overlap of
two sp° orbitals

Section 2.8 Carbon is sp*-hybridized in ethylene, and the double bond has a o component
and a w component. The sp? hybridization state is derived by mixing the 2s and
two of the three 2p orbitals. Three equivalent sp® orbitals result, and their axes are
coplanar. Overlap of a half-filled sp* orbital of one carbon with a half-filled sp?
orbital of another gives a o bond between the two carbons. Each carbon still has
one unhybridized p orbital available for bonding, and “side-by-side” overlap of
half-filled p orbitals of adjacent carbons gives a m bond between them.

The 7 bond in ethylene is generated by
overlap of half-filled p orbitals of adjacent carbons.



Section 2.9

Section 2.10

Section 2.11

Section 2.12

Section 2.13

Sections
2.14-2.18

Section 2.19

Section 2.20

Section 2.21

Section 2.22

2.23  Summary

Carbon is sp-hybridized in acetylene, and the triple bond is of the ¢ + 7™ +
type. The 2s orbital and one of the 2p orbitals combine to give two equivalent sp
orbitals that have their axes in a straight line. A ¢ bond between the two carbons
is supplemented by two  bonds formed by overlap of the remaining half-filled
p orbitals.

The triple bond of acetylene has a o bond component and two  bonds;
the two 7 bonds are shown here and are perpendicular to each other.

Lewis structures, orbital hybridization, and molecular orbital descriptions of
bonding are all used in organic chemistry. Lewis structures are used the most, MO
descriptions the least. All will be used in this text.

Two constitutionally isomeric alkanes have the molecular formula C,H,,. One has
an unbranched chain (CH;CH,CH,CHj;) and is called n-butane; the other has a
branched chain [(CH;);CH] and is called isobutane. Both n-butane and isobutane
are common names.

Unbranched alkanes of the type CH;(CH,),CHj; are often referred to as
n-alkanes, and are said to belong to a homologous series.

There are three constitutional isomers of CsH,,: n-pentane (CH;CH,CH,CH,CH,),
isopentane [(CH;),CHCH,CH;], and neopentane [(CH;),C].

A single alkane may have several different names; a name may be

a common name, or it may be a systematic name developed by a well-defined
set of rules. The most widely used system is [IUPAC nomenclature. Table 2.5
summarizes the rules for alkanes and cycloalkanes. Table 2.6 gives the rules
for naming alkyl groups.

Natural gas is an abundant source of methane, ethane, and propane. Petroleum
is a liquid mixture of many hydrocarbons, including alkanes. Alkanes also occur
naturally in the waxy coating of leaves and fruits.

Alkanes and cycloalkanes are nonpolar and insoluble in water. The forces

of attraction between alkane molecules are induced-dipole/induced-dipole
attractive forces. The boiling points of alkanes increase as the number of
carbon atoms increases. Branched alkanes have lower boiling points than their
unbranched isomers. There is a limit to how closely two atoms can approach
each other, which is given by the sum of their van der Waals radii.

Alkanes and cycloalkanes burn in air to give carbon dioxide, water, and heat. This
process is called combustion.

(CH;),CHCH,CH; + 80, —— 5CO, + 6H,0

2-Methylbutane Oxygen Carbon Water
dioxide

AH® = —3529 kJ (—843.4 kcal)

The heat evolved on burning an alkane increases with the number of carbon atoms.
The relative stability of isomers may be determined by comparing their respective
heats of combustion. The more stable of two isomers has the lower heat of
combustion.

Combustion of alkanes is an example of oxidation—-reduction. Although it is
possible to calculate oxidation numbers of carbon in organic molecules, it is more
convenient to regard oxidation of an organic substance as an increase in its oxygen
content or a decrease in its hydrogen content.
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TABLE 2.5  Summary of IUPAC Nomenclature of Alkanes and Cycloalkanes

A. Alkanes

1. Find the longest continuous chain of carbon atoms, and
assign a parent name to the compound corresponding to
the IUPAC name of the unbranched alkane having the
same number of carbons.

2. List the substituents attached to the longest continuous
chain in alphabetical order. Use the prefixes di-, tri-, tetra-,
and so on, when the same substituent appears more than
once. Ignore these prefixes when alphabetizing.

3. Number from the end of the chain in the direction that
gives the lower locant to a substituent at the first point
of difference.

4. When two different numbering schemes give equivalent
sets of locants, choose the direction that gives the lower
locant to the group that appears first in the name.

5. When two chains are of equal length, choose the one
with the greater number of substituents as the parent.
(Although this requires naming more substituents, the
substituents have simpler names.)

Example

The longest continuous chain in the alkane shown is six carbons.

This alkane is named as a derivative of hexane.

The alkane bears two methyl groups and an ethyl group. It is an
ethyldimethylhexane.

“«—FEthyl

Methyl/ T~ Methyl

When numbering from left to right, the substituents appear at
carbons 3, 3, and 4. When numbering from right to left the
locants are 3, 4, and 4; therefore, number from left to right.

Correct Incorrect
The correct name is 4-ethyl-3,3-dimethylhexane.

In the following example, the substituents are located at carbons 3
and 4 regardless of the direction in which the chain is numbered.

Incorrect

Correct

Ethyl precedes methyl in the name; therefore 3-ethyl-4-
methylhexane is correct.

Two different chains contain five carbons in the alkane:

Correct Incorrect

The correct name is 3-ethyl-2-methylpentane (disubstituted
chain), rather than 3-isopropylpentane (monosubstituted chain).
Continued



TABLE 2.5

2.23  Summary 89

Summary of IUPAC Nomenclature of Alkanes and Cycloalkanes (Continued)

B. Cycloalkanes

1. Count the number of carbons in the ring, and assign a
parent name to the cycloalkane corresponding to the
IUPAC name of the unbranched cycloalkane having the
same number of carbons.

2. Name the alkyl group, and append it as a prefix to the
cycloalkane. No locant is needed if the compound is a
monosubstituted cycloalkane. It is understood that the
alkyl group is attached to C-1.

3. When two or more different substituents are present, list
them in alphabetical order, and number the ring in the
direction that gives the lower number at the first point of
difference.

4. Name the compound as a cycloalkyl-substituted alkane if
the substituent has more carbons than the ring.

Example

The compound shown contains five carbons in its ring.

QCH(CH3)2

It is named as a derivative of cyclopentane.

The previous compound is isopropylcyclopentane. Alternatively,
the alkyl group can be named according to the rules
summarized in Table 2.6, whereupon the name becomes
(I-methylethyl)cyclopentane. Parentheses are used to set off
the name of the alkyl group as needed to avoid ambiguity.

The compound shown is 1,1-diethyl-4-hexylcyclooctane.

7 6

CH3CH, 4
CH2CH2CH2CH2CH2CH3
CH3CH, 2 3

CH>CH,CH,CH,CHs is pentylcyclopentane

QCHZCHZCH >CH,-CH-CHs is I-cyclopentylhexane

TABLE 2.6 Summary of IUPAC Nomenclature of Alkyl Groups

1. Number the carbon atoms beginning at the point of
attachment, proceeding in the direction that follows the
longest continuous chain.

2. Assign a parent name according to the number of carbons
in the corresponding unbranched alkane. Drop the
ending -ane and replace it with -yl.

3. List the substituents attached to the basis group in
alphabetical order using replicating prefixes when necessary.

4. Locate the substituents according to the numbering of the
main chain described in step 1.

Example

The longest continuous chain that begins at the point of attachment
in the group shown contains six carbons.

12 3 4 5 6
CH3CH2CH2(|3CH2C|)HCH2CH2CH3
CHs CHs

The alkyl group shown in step 1 is named as a substituted hexy!/
group.

The alkyl group in step 1 is a dimethylpropylhexy! group.

The alkyl group is a 1,3-dimethyl-1-propylhexyl group.
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2.22  The general molecular formula for alkanes is C,H,, ,. What is the general molecular
formula for:

(a) Cycloalkanes (c) Alkynes
(b) Alkenes (d) Cyclic hydrocarbons that contain one double bond

2.23 A certain hydrocarbon has a molecular formula of CsHg. Which of the following is not a
structural possibility for this hydrocarbon?

(a) Itis acycloalkane. (c) It contains two double bonds and no rings.

(b) It contains one ring (d) Itis an alkyne.
and one double bond.

2.24  Which of the hydrocarbons in each of the following groups are isomers?

@) S Q (CH3);CH Y\
T
(b) CH3(‘ICH3 Q @ XN
CH,
© Qcm <:>=CH2 @ HC=CCH,CH,C=CCH,

2.25 Write structural formulas and give the IUPAC names for the nine alkanes that have the
molecular formula C;H .

2.26 From among the 18 constitutional isomers of CgH 5, write structural formulas, and give the
TUPAC names for those that are named as derivatives of

(a) Heptane (b) Hexane (c) Pentane (d) Butane

2.27 Pristane is an alkane that is present to the extent of about 14% in shark liver oil. Its [UPAC
name is 2,0,10,14-tetramethylpentadecane. Write its structural formula.

2.28  All the parts of this problem refer to the alkane having the carbon skeleton shown.

(a) What is the molecular formula of this alkane?
(b) What is its [UPAC name?
(c) How many methyl groups are present in this alkane? Methylene groups? Methine groups?
(d) How many carbon atoms are primary? Secondary? Tertiary? Quaternary?
2.29 Give the IUPAC name for each of the following compounds:

(@) CH;(CH,),sCH; © W
(b) (CH3),CHCH,(CH,),,CH;

(©) (CH5CH,);CCH(CH,CHj3), ()

@ /\KX

2.30 Write a structural formula for each of the following compounds:
(a) 6-Isopropyl-2,3-dimethylnonane (d) sec-Butylcycloheptane
(b) 4-tert-Butyl-3-methylheptane (e) Cyclobutylcyclopentane
(c) 4-Isobutyl-1,1-dimethylcyclohexane



2.31

2.32

2.33

2.34

2.35

2.36

2.37

2.38

Problems

Using the method outlined in Section 2.16, give an [UPAC name for each of the
following alkyl groups, and classify each one as primary, secondary, or tertiary:

(a) CH3(CH2)10CH2_ (d) —CHCHQCH2CH3
(b) _CH2CH2C|HCH2CH2CH3 (e) QCHZCHZ_
CH,CH;
© —C(CH,CHy), ® QC|H—
CH;

It has been suggested that the names of alkyl groups be derived from the alkane having the
same carbon chain as the alkyl group. The -e ending of that alkane is replaced by -y/, and
the chain is numbered from the end that gives the carbon at the point of attachment its lower
number. This number immediately precedes the -y/ ending and is bracketed by hyphens.

5 4 3 2 1 1 3| 3 4 5
CH3$HCH2CH2CH2— CH3$ CH,CH,CH;
CH3 CH3
4-Methylpentan-1-yl 2-Methylpentan-2-yl

Name the C,H, alkyl groups according to this system.

Write the structural formula of a compound of molecular formula C,HgCl, in which
(a) All the carbons belong to methylene groups
(b) None of the carbons belong to methylene groups

Female tiger moths signify their presence to male moths by giving off a sex attractant
(pheromone). The sex attractant has been isolated and found to be a 2-methyl-branched
alkane having a molecular weight of 254. What is this material?

Write a balanced chemical equation for the combustion of each of the following compounds:
(a) Decane (c) Methylcyclononane

(b) Cyclodecane (d) Cyclopentylcyclopentane

The heats of combustion of methane and butane are 890 kJ/mol (212.8 kcal/mol) and 2876
kJ/mol (687.4 kcal/mol), respectively. When used as a fuel, would methane or butane

generate more heat for the same mass of gas? Which would generate more heat for the
same volume of gas?

In each of the following groups of compounds, identify the one with the largest heat of
combustion and the one with the smallest. (Try to do this problem without consulting
Table 2.3.)

(a) Hexane, heptane, octane

(b) 2-Methylpropane, pentane, 2-methylbutane

(c) 2-Methylbutane, 2-methylpentane, 2,2-dimethylpropane
(d) Pentane, 3-methylpentane, 3,3-dimethylpentane

(e) Ethylcyclopentane, ethylcyclohexane, ethylcycloheptane
(a) Given AH® for the reaction

H,(g) + 30,(8) — H,0() AH® = -286 kJ

along with the information that the heat of combustion of ethane is 1560 kJ/mol and that of
ethylene is 1410 kJ/mol, calculate AH® for the hydrogenation of ethylene:

H,C==CH,(g) + H,(g) — CH;CHjs(g)

(b) If the heat of combustion of acetylene is 1300 kJ/mol, what is the value of AH® for its
hydrogenation to ethylene? To ethane?

(c) What is the value of AH® for the hypothetical reaction
2H,C=—=CH,(g) —— CH;CHjs(g) + HC=CH(g)
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2.39

2.40

2.4

2.42

243

2.44

2.45

We have seen in this chapter that, among isomeric alkanes, the unbranched isomer is the
least stable and has the highest boiling point; the most branched isomer is the most stable
and has the lowest boiling point. Does this mean that one alkane boils lower than another
because it is more stable? Explain.

Higher octane gasoline typically contains a greater proportion of branched alkanes
relative to unbranched ones. Are branched alkanes better fuels because they give off
more energy on combustion? Explain.

The reaction shown is important in the industrial preparation of dichlorodimethylsilane for
eventual conversion to silicone polymers.

2CH,CI + Si — (CH,),SiCl,

(a) Is carbon oxidized, reduced, or neither in this reaction?

(b) On the basis of the molecular model of (CH;),SiCl,, deduce the hybridization state of
silicon in this compound. What is the principal quantum number 7 of the silicon s and

p orbitals that are hybridized?
oo ¥ e
K &%

Alkanes spontaneously burst into flame in the presence of elemental fluorine. The reaction
that takes place between pentane and F, gives CF, and HF as the only products.

(a) Write a balanced equation for this reaction.

(b) Is carbon oxidized, reduced, or does it undergo no change in oxidation state in this
reaction?

What is the hybridization of each carbon in CH;CH==CHC=CH? What are the CCC
bond angles?

Which atoms in the following reaction undergo changes in their oxidation state? Which
atom is oxidized? Which one is reduced?

2CH;CH,OH + 2Na —— 2CH;CH,0ONa + H,
Compound A undergoes the following reactions:
o
> CH3(||IOC(CH3)3
CH3(”3C(CH3)3 —1—> CH;CH,C(CH;);

Compound A SN CH3C|HC(CH3)3

OH

(2) Which of the reactions shown require(s) an oxidizing agent?
(b) Which of the reactions shown require(s) a reducing agent?



2.46

2.47

2.48

Problems

Each of the following reactions will be encountered at some point in this text.
Classify each one according to whether the organic substrate is oxidized or reduced
in the process.

(@) CH,C=CH + 2Na + 2NH; — > CH,CH=CH, + 2NaNH,

OH O
(b) )\/ 2- + )‘\/ F
3 +Cr,0;, +8H — 3 + 2Cr’" + 7H,0O

N
@ <j}No2 + 2Fe + THY —— ONm + 2Fe** + 2H,0

Of the overlaps between an s and a p orbital as shown in the illustration, one is bonding, one
is antibonding, and the third is nonbonding (neither bonding nor antibonding). Which orbital
overlap corresponds to which interaction? Why?

Does the overlap of two p orbitals in the fashion shown correspond to a ¢ bond or to a w
bond? Explain.
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Descriptive Passage and Interpretive Problems 2

Some Biochemical Reactions of Alkanes

Alkanes occur naturally in places other than petroleum deposits. In insects, for example. The waxy
alkanes dispersed in its cuticle help protect an insect from dehydration. Some insects use volatile
alkanes to defend themselves or communicate with others of the same species. Alkanes even serve as
starting materials that the insect converts to other biologically important substances.

The major biosynthetic pathway leading to alkanes is by enzyme-catalyzed decarboxylation
(loss of CO,) of fatty acids, compounds of the type CH;(CH,),CO,H in which 7 is an even number
and the chain has 14 or more carbons.

CH3(CH2)nC02H —> CH3(CH2)n,1CH3 + C02

Biochemical conversion of alkanes to other substances normally begins with oxidation.

0 > L > O
H OH

In addition to alkanes, the oxidation of drugs and other substances occurs mainly in the liver and is
catalyzed by the enzyme cytochrome P-450. Molecular oxygen and nicotinamide adenine dinucleo-
tide (NAD) are also required.

Oxidation by microorganisms has been extensively studied and is often selective for certain
kinds of C—H bonds. The fungus Pseudomonas oleovorans, for example, oxidizes the CH; groups
at the end of the carbon chain of 4-methyloctane faster than the CH; branch and faster than the CH,
and CH units within the chain.

/\)\/\/ — HOM * /\/WOH
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Tridecane [CH3(CH,),;CHj;] is a major component of the
repellent which the stink bug Piezodorus guildinii releases
from its scent glands when attacked. What fatty acid gives
tridecane on decarboxylation?

A. CH4(CH,),,CO,H C. CH4(CH,),,CO,H
B. CH,(CH,),,CO,H D. CH,(CH,),;CO,H

Assuming a selectivity analogous to that observed in
the microbiological oxidation of 4-methyloctane by
Pseudomonas oleovorans, which of the following is
expected to give two constitutionally isomeric alcohols
on oxidation?

A. Heptane
B. 3-Methylheptane

C. 4-Methylheptane

D. 4,4-Dimethylheptane
2.52

Female German cockroaches convert the alkane shown to a
substance that attracts males.

CH3CH2C|H(CH2)7|CH(CH2)IGCH2CH3

CH, CH,

Oxidation at C-2 of the alkane gives the sex attractant,
which has a molecular formula C;;H,O and the same
carbon skeleton as the alkane. What is the structure of the
sex attractant?

OH

I
A. CH3CH|CH(CH2)7|CH(CH2)16CHZCH3

Problems 95

(l)H
B. CH3CH2C|H(CH2)7|CH(CH2)16CHCH3
CH, CH;

[
C. CH3C|CH(CH2)7?H(CH2)16CH2CH3

CH, CH;
0
D. CH3CH2CH(CH2)7CH(CH2)1()gCH3
G,

Biological oxidation of the hydrocarbon adamantane by the
fungus Absidia glauca gives a mixture of two alcohols.

OH

OH

Adamantane Major Minor

Classify the carbon in adamantane that is oxidized in
forming the major product.

A. Primary

B. Secondary

C. Tertiary

D. Quaternary
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Carbon’s unrivaled ability to form bonds to itself can produce not only chains
and rings, but also compact frameworks of many rings. Diamonds represent the
ultimate elaboration of the pattern introduced by the progression of structural
formulas shown. The three most complicated structures, plus many analogous
but even larger ones, are all found in petroleum.

Alkanes and Cycloalkanes:
Conformations and cis-trans
Stereoisomers

ydrogen peroxide is formed in the cells of plants and animals

but is toxic to them. Consequently, living systems have
developed mechanisms to rid themselves of hydrogen peroxide,
usually by enzyme-catalyzed reduction to water. An understand-
ing of how reactions take place, be they in living systems or in
test tubes, begins with a thorough knowledge of the structure of
the reactants, products, and catalysts. Even a molecule as simple
as hydrogen peroxide (four atoms!) may be structurally more
complicated than you think. Suppose we wanted to write the
structural formula for H,O, in enough detail to show the posi-
tions of the atoms relative to one another. We could write two
different planar geometries A and B that differ by a 180° rotation
about the O—O bond. We could also write an infinite number of
nonplanar structures, of which C is but one example, that differ
from one another by tiny increments of rotation about the
O—O0 bond.



3.1 Conformational Analysis of Ethane

P ®
® 0 . 66 0’--@

A B C

Structures A, B, and C represent different conformations of hydrogen peroxide.
Conformations are different spatial arrangements of a molecule that are generated by
rotation about single bonds. Although we can’t tell from simply looking at these struc-
tures, we now know from experimental studies that all are in rapid equilibrium and that C
is the most stable conformation.

Conformational analysis is the study of how conformational factors affect the struc-
ture of a molecule and its properties. In this chapter we’ll examine the conformations of
various alkanes and cycloalkanes, focusing most of our attention on three of them: ethane,
butane, and cyclohexane. You will see that even simple organic molecules can exist in many
conformations. Conformational analysis will help us to visualize organic molecules in 3D
and to better understand their structure and properties.

3.1 Conformational Analysis of Ethane

Ethane is the simplest hydrocarbon that can have distinct conformations. Two, the staggered
conformation and the eclipsed conformation, deserve special mention and are illustrated
with molecular models in Figure 3.1.

In the staggered conformation, each C—H bond of one carbon bisects an H—C—H
angle of the other carbon. In the eclipsed conformation, each C—H bond of one carbon is
aligned with a C—H bond of the other carbon.

Staggered conformation of ethane

Eclipsed conformation of ethane

¢ o fmb)

The staggered and eclipsed conformations of ethane shown as ball-and-spoke models (/eft) and as space-
filling models (right).

Figure 3.1
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Sawhorses are beams with four legs that
are used in pairs to support a plank for
sawing, or in other uses as a support

structure or road marker.

Newman projections were devised by
Professor Melvin S. Newman of Ohio

State University.
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(b) Sawhorse (b) Sawhorse
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(c) Newman projection (c) Newman projection
Figure 3.2 Figure 3.3

Some commonly used drawings of the
eclipsed conformation of ethane.

Some commonly used drawings of the
staggered conformation of ethane.

The staggered and eclipsed conformations interconvert by rotation around the C—C
bond, and do so very rapidly. We’ll see just how rapidly later in this section.

Among the various ways in which the staggered and eclipsed forms are portrayed,
wedge-and-dash, sawhorse, and Newman projection drawings are especially useful. These
are shown for the staggered conformation of ethane in Figure 3.2 and for the eclipsed con-
formation in Figure 3.3.

We used wedge-and-dash drawings in earlier chapters, and so Figures 3.2a and 3.3a
are familiar to us. A sawhorse drawing (Figures 3.2b and 3.3b) shows the conformation of
a molecule without having to resort to different styles of bonds. In a Newman projection
(Figures 3.2¢ and 3.3c), we sight down the C—C bond, and represent the front carbon by
a point and the back carbon by a circle. Each carbon has three other bonds that are placed
symmetrically around it.

The structural feature that Figures 3.2 and 3.3 illustrate is the spatial relationship
between bonds on adjacent carbons. Each H—C—C—H unit in ethane is characterized
by a torsion angle or dihedral angle, which is the angle between the H—C—C plane and
the C—C—H plane. The torsion angle is easily seen in a Newman projection of ethane as
the angle between C—H bonds of adjacent carbons.

0°

AN
HH H H
60°
H
180°
H
Torsion angle = 0° Torsion angle = 60° Torsion angle = 180°
Eclipsed Gauche Anti

Eclipsed bonds are characterized by a torsion angle of 0°. When the torsion angle is
approximately 60°, we say that the spatial relationship is gauche; and when it is 180° it



3.1 Conformational Analysis of Ethane

is anti. Staggered conformations have only gauche or anti relationships between bonds on
adjacent atoms.

Problem 3.1

Identify the alkanes corresponding to each of the drawings shown.

H H H—7—H G s
H H c

H H / < '

H CH, H CH,

(a) Newman projection (b) Sawhorse (c) Wedge-and-dash
Sample Solution (a) The Newman projection of this alkane resembles that of ethane, except
one of the hydrogens has been replaced by a methyl group. The drawing is a Newman projection

of propane, CH;CH,CHs.

Of the two conformations of ethane, the staggered is 12 kJ/mol (2.9 kcal/mol) more
stable than the eclipsed. The staggered conformation is the most stable conformation,
the eclipsed is the least stable conformation. Two main explanations have been offered
for the difference in stability between the two conformations. One explanation holds that
repulsions between bonds on adjacent atoms destabilize the eclipsed conformation. The
other suggests that better electron delocalization stabilizes the staggered conformation.
Both effects contribute to the preference for the staggered conformation.

Conformations in which the torsion angles between adjacent bonds are other than
60° are said to have torsional strain. Eclipsed bonds produce the most torsional strain;
staggered bonds none. Because three pairs of eclipsed bonds are responsible for 12 kJ/mol
(2.9 kcal/mol) of torsional strain in ethane, it is reasonable to assign an “energy cost” of
4 kJ/mol (1 kcal/mol) to each pair. In this chapter we’ll learn of additional sources of strain
in molecules, which together with torsional strain comprise steric strain.

In principle, ethane has an infinite number of conformations that differ by only tiny
increments in their torsion angles. Not only is the staggered conformation more stable than
the eclipsed, it is the most stable of all of the conformations; the eclipsed is the least stable.
Figure 3.4 shows how the potential energy of ethane changes for a 360° rotation about the

12 kJ/mol

|

Potential energy, kcal/mol
T
|
N
Potential energy, kJ/mol

@ @ @
*Qe o8 [ 2% ]
@ @ @
| | | | | | |
0 60 120 180 240 300 360

Torsion angle, °

Figure 3.4

Potential energy diagram for rotation about the carbon—carbon bond in ethane. Two of the hydrogens are
shown in red and four in green so as to indicate more clearly the bond rotation.

929

Steric is derived from the Greek word
stereos for “solid” and refers to the
three-dimensional or spatial aspects
of chemistry.
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The structure that exists at the
transition state is sometimes referred
to as the transition structure or the
activated complex.
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carbon—carbon bond. Three equivalent eclipsed conformations and three equivalent stag-
gered conformations occur during the 360° rotation; the eclipsed conformations appear at
the highest points on the curve ( potential energy maxima), the staggered ones at the lowest
(potential energy minima). Conformations that correspond to potential energy minima are
called conformers.

At any instant, almost all of the molecules are in staggered conformations, hardly any
are in eclipsed conformations.

Problem 3.2

Find the conformations in Figure 3.4 in which the hydrogens marked in red are (a) gauche and
(b) anti.

Diagrams such as Figure 3.4 help us understand how the potential energy of a
system changes during a process. The process can be as simple as the one described
here—rotation around a carbon—carbon bond. Or it might be more complicated—
a chemical reaction, for example. We will see applications of potential energy diagrams to
a variety of processes throughout the text.

Let’s focus our attention on a portion of Figure 3.4. The region that lies between a torsion
angle of 60° and 180° tracks the conversion of one staggered conformer of ethane to the next
one. Both conformers are equivalent and equal in energy, but for one to get to the next, it must
first pass through an eclipsed conformation and needs to gain 12 kJ/mol (2.9 kcal/mol) of energy
to reach it. This amount of energy is the activation energy (E,) for the process. Molecules must
become energized in order to undergo a chemical reaction or, as in this case, to undergo rotation
around a carbon—carbon bond. Kinetic (thermal) energy is absorbed by a molecule from colli-
sions with other molecules and is transformed into potential energy. When the potential energy
exceeds E,, the unstable arrangement of atoms that exists at that instant relaxes to a more stable
structure, giving off its excess potential energy in collisions with other molecules or with the
walls of a container. The point of maximum potential energy encountered by the reactants as
they proceed to products is called the transition state. The eclipsed conformation is the transi-
tion state for the conversion of one staggered conformation of ethane to another.

Rotation around carbon—carbon bonds is one of the fastest processes in chemistry.
Among the ways that we can describe the rate of a process is by its half-life, which is the
length of time it takes for one half of the molecules to have reacted. It takes less than 107 s
for half of the molecules in a sample of ethane to have gone from one staggered conforma-
tion to another at 25°C.

A second way is by citing the experimentally determined rate constant k, which is
related to the energy of activation by the Arrhenius equation:

k= Ae—Ea/RT

where A is a frequency factor related to the collision rate and geometry. The ¢ %% term is

the probability that a collision will result in reaction, 7 is the temperature in kelvins, and R
is a constant (8.314 kJ/K -mol or 1.987 x 10~ kcal/K - mol). E, is calculated by comparing
reaction rates as a function of temperature. Raising the temperature decreases E,/RT and
increases Ae2/fT_ thereby increasing k. Small increases in E, result in large decreases in
rate. Quantitative studies of reaction rates are grouped under the general term Kinetics and
provide the basis for many of the structure-reactivity relationships that we will see in this
and later chapters.

As shown in Figure 3.5, most of the molecules in a sample have energies that are clus-
tered around some average value; some have less energy, a few have more. Only molecules
with a potential energy greater than E,, however, are able to go over the transition state and
proceed on. The number of these molecules is given by the shaded areas under the curve in
Figure 3.5. The energy distribution curve flattens out at higher temperatures, and a greater
proportion of molecules have energies in excess of E, at T, (higher) than at 7, (lower). The
effect of temperature is quite pronounced; an increase of only 10°C produces a two- to
threefold increase in the rate of a typical chemical process.
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3.2 Conformational Analysis of Butane

3.2 Conformational Analysis of Butane

The next alkane that we will examine is butane. In particular, we consider conformations
related by rotation about the bond between the middle two carbons. Unlike ethane, in which the
staggered conformations are equivalent, butane has two different staggered conformations, as
shown in Figure 3.6. The methyl groups of butane are gauche to each other in one, anti in the
other. Both conformations are staggered, so are free of torsional strain, but two of the methyl
hydrogens of the gauche conformation lie within 210 pm of each other. This distance is less
than the sum of their van der Waals radii (240 pm), and there is a repulsive force between them.
The destabilization of a molecule that results when two of its atoms are too close to each other
is called van der Waals strain, or steric hindrance, and contributes to the total steric strain. In
the case of butane, van der Waals strain makes the gauche conformation approximately 3.3 kJ/

mol (0.8 kcal/mol) less stable than the anti.

Figure 3.6

Gauche
conformation

Anti
conformation

CH,
H
H
H
CH,
H
H
1
CH

CH,
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Figure 3.5

The gauche and anti conformations of butane shown as ball-and-spoke models (/eff) and as Newman
projections (right). The gauche conformation is less stable than the anti because of the van der Waals strain
between the methyl groups. Sighting along the C(2)—C(3) bond produces the perspective in the Newman

projection.

Distribution of energies. The number
of molecules with energy greater than
E, at temperature T, is shown as the
darker green-shaded area. At some
higher temperature T,, the curve is
flatter, and more molecules have
energies in excess of E,.
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Figure 3.7

Potential energy diagram for rotation
around the central carbon—carbon bond
in butane.
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Figure 3.7 illustrates the potential energy relationships among the various conforma-
tions of butane around the central carbon—carbon bond. The staggered conformations are
more stable than the eclipsed. At any instant, almost all the molecules exist in staggered
conformations, and more are present in the anti conformation than in the gauche. The
point of maximum potential energy lies some 25 kJ/mol (6.1 kcal/mol) above the anti
conformation. The total strain in this structure is approximately equally divided between
the torsional strain associated with three pairs of eclipsed bonds (12 kJ/mol; 2.9 kcal/mol)
and the van der Waals strain between the eclipsed methyl groups.

Problem 3.3

Sketch a potential energy diagram for rotation around a carbon—carbon bond in propane.
Identify each potential energy maximum and minimum with a structural formula that shows the
conformation of propane at that point. Does your diagram more closely resemble that of ethane
or of butane? Would you expect the activation energy for bond rotation in propane to be more
than or less than that of ethane? Of butane?

Problem 3.4

Acetylcholine is a neurotransmitter in the central nervous system in humans. Sighting along the
C-1 to C-2 bond, draw Newman projection formulas for the anti and gauche conformations of
acetylcholine.

(0]

+ [

(CH3);NCH,CH,OCCH,
1 2

3.3 Conformations of Higher Alkanes

Higher alkanes having unbranched carbon chains are, like butane, most stable in their
all-anti conformations. The energy difference between gauche and anti conformations is
similar to that of butane, and appreciable quantities of the gauche conformation are present
in liquid alkanes at 25°C. In depicting the conformations of higher alkanes it is often more
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Computational Chemistry: Molecular Mechanics and Quantum Mechanics

Mo/ecu/ar mechanics is a method for calculating the energy
of a molecule by comparing selected structural features
with those of “unstrained” standards. It makes no attempt to
explain why the van der Waals radius of hydrogen is 120 pm,
why the bond angles in methane are 109.5°, why the C—C
bond distance in ethane is 153 pm, or why the staggered con-
formation of ethane is 12 kJ/mol more stable than the eclipsed.
Instead, it uses these and other experimentally determined val-
ues as benchmarks to which the features of other substances
are compared. If we assume that there are certain “ideal” val-
ues for bond angles, bond distances, and so on, it follows that
deviations from them will destabilize a particular structure. The
resulting increase in potential energy is referred to as the strain
energy (Eg.in) Of the structure. Other terms include steric energy
and steric strain.

Arithmetically, the strain energy of a structure can be sepa-
rated into several components:

Estrain = Ebond stretch + Eangle bend + Etorsion + Enonbonded

where Eyoq stretch 1S the strain that results when bond distances
are distorted from their ideal values, E,ge bena from the expan-
sion or contraction of bond angles, Eio.n from deviation of
torsion angles from their stable relationship, and E,nponded from
attractive or repulsive forces between atoms that aren’t bonded
to one another. It often happens that the shape of a molecule
causes two atoms to be close in space, even though they may
be separated by many bonds. Although van der Waals forces in
alkanes are weakly attractive at most distances, two atoms that are
closer than the sum of their van der Waals radii experience repul-
sive forces that can dominate the E,jpondeq t€rm. This resulting
destabilization is called van der Waals strain. Another frequently
encountered nonbonded interaction is Coulombic, which is the
attractive force between oppositely charged atoms or the repul-
sive force between atoms of like charge. In molecular mechanics,
each component of strain is separately described by a mathemati-
cal expression developed and refined so that it gives solutions
that match experimental observations for reference molecules.
A computer-driven strain energy minimization routine searches for
the combination of bond angles, distances, torsion angles, and
nonbonded interactions that has the lowest total strain.

Consider the rotation about the C(2)—C(3) bond in butane
discussed in Section 3.2 and its potential energy diagram shown
in Figure 3.7. As calculated by molecular mechanics, Eg,.i, for
the anti and gauche conformations of butane are —21.2 and

. (a)
Figure 3.8

—18.0 kJ/mol, respectively. The 3.2 kJ/mol difference between
these values is in good agreement with the experimentally deter-
mined value of 3.3 kJ/mol cited in the opening paragraph of
Section 3.2.

Problem 3.5

As calculated by molecular mechanics, Eg,.i, for the eclipsed
conformation of butane is +9.3 kJ/mol. On the basis of this and
the Eg.in values just cited, calculate the activation energy for
rotation about the C(2)—C(3) bond.

Quantum mechanical calculations are much different and
are based on the Schrédinger equation (Section 1.1). Instead of
treating molecules as collections of atoms and bonds, quantum
mechanics focuses on nuclei and electrons and treats electrons
as waves. The energy of a chemical species is determined as the
sum of the attractive (nucleus—electron) and repulsive (nucleus—
nucleus and electron—electron) forces plus the kinetic energies
of the electrons and the nuclei. Minimizing the total energy gives
a series of solutions called wave functions, which are equivalent
to orbitals. Calculations based on quantum mechanics are gen-
erally referred to as molecular orbital (MO) calculations.

The computing requirements are so much greater for MO
calculations than for molecular mechanics that MO calculations
were once considered a specialty area. That is no longer true and
it is now a routine matter to carry out MO calculations on personal
computers. Strain-energy minimization by molecular mechanics
is increasingly seen as a preliminary step prior to carrying out an
MO calculation. A molecule is constructed, its geometry mini-
mized by molecular mechanics, then MO methods are used to
calculate energies, geometries, and other properties.

Our first encounter with the results of computational
methods is often visual. Figure 3.8a shows a ball-and-spoke
model of the methyl-methyl eclipsed conformation of butane as
it would appear before doing any calculations. Either a molecu-
lar mechanics or MO calculation can produce, among other ren-
derings, the space-filling model of butane shown in Figure 3.8b,
which clearly reveals the close contact between hydrogens that
contributes to van der Waals strain in the eclipsed conformation.
However, only an MO calculation can generate an electrostatic
potential map, which we see in Figure 3.8c as an overlay of
charge distribution on a van der Waals surface.

(b) ()

The methyl-methyl eclipsed conformation of butane: (a) ball-and-spoke model, (b) space-filling model, and (c) electrostatic potential map. The

molecule itself is the same size in each.
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Figure 3.9

Ball-and-spoke models of pentane
and hexane in their all-anti (zigzag)
conformations.

Although better known now for his
incorrect theory that cycloalkanes were
planar, Baeyer was responsible for
notable advances in the chemistry of
organic dyes such as indigo and was
awarded the 1905 Nobel Prize in
Chemistry for his work in that area.
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helpful to look at them from the side rather than end-on as in a Newman projection. Viewed
from this perspective, the most stable conformations of pentane and hexane have their car-
bon “backbones” arranged in a zigzag fashion, as shown in Figure 3.9. All the bonds are
staggered, and the chains are characterized by anti arrangements of C—C—C—C units.

3.4 The Shapes of Cycloalkanes: Planar or Nonplanar?

During the nineteenth century it was widely believed—incorrectly, as we’ll see—that cyclo-
alkane rings are planar. A leading advocate of this view was the German chemist Adolf von
Baeyer. He noted that compounds containing rings other than those based on cyclopentane
and cyclohexane were rarely encountered naturally and were difficult to synthesize. Baeyer
connected both observations with cycloalkane stability, which he suggested was related to
how closely the internal angles of planar rings match the tetrahedral value of 109.5°. For
example, the 60° bond angle of cyclopropane and the 90° bond angles of a planar cyclobu-
tane ring are much smaller than the tetrahedral angle of 109.5°. Baeyer suggested that three-
and four-membered rings suffer from what we now call angle strain. Angle strain is the
strain a molecule has because one or more of its bond angles deviate from the ideal value; in
the case of alkanes the ideal value is 109.5°.

According to Baeyer, cyclopentane should be the most stable of all the cycloalkanes
because the ring angles of a planar pentagon, 108°, are closer to the tetrahedral angle than
those of any other cycloalkane. A prediction of the Baeyer strain theory is that the cycloal-
kanes beyond cyclopentane should become increasingly strained and correspondingly less
stable. The angles of a regular hexagon are 120°, and the angles of larger polygons deviate
more and more from the ideal tetrahedral angle.

Problems with the Baeyer strain theory become apparent when we use heats of
combustion (Table 3.1) to probe the relative energies of cycloalkanes. The most important
column in the table is the heat of combustion per methylene (CH,) group. Because all of
the cycloalkanes have molecular formulas of the type C,H,,, dividing the heat of combus-
tion by n allows direct comparison of ring size and potential energy. Cyclopropane has the
highest heat of combustion per methylene group, which is consistent with the idea that
its potential energy is raised by angle strain. Cyclobutane has less angle strain at each of
its carbon atoms and a lower heat of combustion per methylene group. Cyclopentane, as
expected, has a lower value still. Notice, however, that contrary to the prediction of the
Baeyer strain theory, cyclohexane has a smaller heat of combustion per methylene group
than cyclopentane. If angle strain were greater in cyclohexane than in cyclopentane, the
opposite would have been observed.

Furthermore, the heats of combustion per methylene group of the very large rings are
all about the same and similar to that of cyclopentane and cyclohexane. Rather than rising
because of increasing angle strain in large rings, the heat of combustion per methylene group
remains constant at approximately 653 kJ/mol (156 kcal/mol), the value cited in Section
2.21 as the difference between successive members of a homologous series of alkanes. We
conclude, therefore, that the bond angles of large cycloalkanes are not much different from
the bond angles of alkanes themselves. The prediction of the Baeyer strain theory that angle
strain increases steadily with ring size is contradicted by experimental fact.

The Baeyer strain theory is useful to us in identifying angle strain as a destabilizing
effect. Its fundamental flaw is its assumption that the rings of cycloalkanes are planar. With
the exception of cyclopropane, cycloalkanes are nonplanar. Sections 3.5-3.13 describe the
shapes of cycloalkanes. We’ll begin with cyclopropane.
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TABLE3.1  Heats of Combustion (~AH°) of Cycloalkanes

Heat of combustion

Number of Heat of combustion per CH, group
Cycloalkane CH, groups kJ/mol keal/mol kJ/mol kcal/mol
Cyclopropane 3 2,091 499.8 697 166.6
Cyclobutane 4 2,721 650.3 681 162.7
Cyclopentane 5 3,291 786.6 658 157.3
Cyclohexane 6 3,920 936.8 653 156.0
Cycloheptane 7 4,599 1099.2 657 157.0
Cyclooctane 8 5,267 1258.8 658 157.3
Cyclononane 9 5,933 1418.0 659 157.5
Cyclodecane 10 6,587 1574.3 659 157.5
Cycloundecane 11 7,237 1729.8 658 157.3
Cyclododecane 12 7,845 1875.1 654 156.3
Cyclotetradecane 14 9,139 2184.2 653 156.0
Cyclohexadecane 16 10,466 2501.4 654 156.3

3.5 Small Rings: Cyclopropane and Cyclobutane

Conformational analysis is far simpler in cyclopropane than in any other cycloalkane.

Cyclopropane’s three carbon atoms are, of geometric necessity, coplanar, and rotation

about its carbon—carbon bonds is impossible. You saw in Section 3.4 how angle strain in

cyclopropane leads to an abnormally large heat of combustion. Let’s now look at cyclopro-

pane in more detail to see how our orbital hybridization bonding model may be adapted to In keeping with the “bent-bond”

molecules of unusu geomery e,
Strong s;f—sp3 o bonds are not pgss1ble for cyclopropqne, because the.: 60° bond e 51 o m) s slightly

angles of the ring do not permit the orbitals to be properly aligned for effective overlap shorter than that of ethane (153 pm)

(Figure 3.10). The less effective overlap that does occur leads to what chemists refer to and cyclohexane (154 pm).

as “bent” bonds. The electron density in the carbon—carbon bonds of cyclopropane does not

lie along the internuclear axis but is distributed along an arc between the two carbon atoms.

The ring bonds of cyclopropane are weaker than other carbon—carbon o bonds.

H
4

Huive SRSt

(a) ®)
Figure 3.10

“Bent bonds” in cyclopropane. (a) The orbitals involved in carbon—carbon bond formation overlap in a
region that is displaced from the internuclear axis. (b) The three areas of greatest negative electrostatic
potential (red) correspond to those predicted by the bent-bond description.




106

Figure 3.11

Nonplanar (“puckered”) conformation
of cyclobutane. The nonplanar
conformation reduces the eclipsing

of bonds on adjacent carbons that
characterizes the planar conformation.

Neighboring C—H bonds are eclipsed
in any planar cycloalkane. Thus all
planar conformations are destabilized
by torsional strain.

Chapter 3 Alkanes and Cycloalkanes: Conformations and cis-trans Stereoisomers

In addition to angle strain, cyclopropane is destabilized by torsional strain. Each
C—H bond of cyclopropane is eclipsed with two others.

=,

All adjacent pairs
of bonds are eclipsed

Cyclobutane has less angle strain than cyclopropane and can reduce the torsional
strain that goes with a planar geometry by adopting the nonplanar “puckered” conforma-
tion shown in Figure 3.11, in which hydrogen atoms are twisted away from one another.
A fully staggered arrangement in cyclobutane is not possible, but eclipsing interactions are
decreased in the puckered form.

Problem 3.6

The heats of combustion of ethylcyclopropane and methylcyclobutane have been measured as
3352 and 3384 kJ/mol (801.2 and 808.8 kcal/mol). Assign the correct heat of combustion to
each isomer.

3.6 Cyclopentane

Angle strain in the planar conformation of cyclopentane is relatively small because the 108°
angles of a regular pentagon are not much different from the normal 109.5° bond angles of
sp3—hybridized carbon. The torsional strain, however, is substantial, because five bonds are
eclipsed on the top face of the ring, and another set of five are eclipsed on the bottom face
(Figure 3.12a). Some, but not all, of this torsional strain is relieved in nonplanar conforma-
tions. Two nonplanar conformations of cyclopentane, the envelope (Figure 3.12b) and the
half-chair (Figure 3.12c¢), are of similar energy.

In the envelope conformation four of the carbon atoms are coplanar. The fifth carbon
is out of the plane of the other four. There are three coplanar carbons in the half-chair con-
formation, with one carbon atom displaced above that plane and another below it. In both
the envelope and the half-chair conformations, in-plane and out-of-plane carbons exchange
positions rapidly. Equilibration between conformations of cyclopentane is very fast and
occurs at rates similar to that of rotation about the carbon—carbon bond of ethane.

(a) Planar (b) Envelope (c) Half-chair

Figure 3.12

The (a) planar, (b) envelope, and (c) half-chair conformations of cyclopentane.
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Figure 3.13

(a) A ball-and-spoke model and (b) a space-filling model of the chair conformation of cyclohexane.

3.7 Conformations of Cyclohexane

Experimental evidence indicating that six-membered rings are nonplanar began to accumu-
late in the 1920s. Eventually, Odd Hassel of the University of Oslo established that the most
stable conformation of cyclohexane has the shape shown in Figure 3.13. This is called the
chair conformation. With C—C—C bond angles of 111°, the chair conformation is nearly
free of angle strain. All its bonds are staggered, making it free of torsional strain as well.
The staggered arrangement of bonds in the chair conformation of cyclohexane is apparent
in a Newman-style projection.

H H
H CH2 H Staggered arrangement of
bonds in chair conformation
H CH, H of cyclohexane
H H

The cyclohexane chair is best viewed from the side-on perspective, which is useful
for describing its conformational properties. You may draw chair cyclohexane in this
pespective using different techniques, but your final drawing must have the following fea-
tures. Bonds that are across the ring from each other are parallel, as indicated for the pairs
of red, green, and blue bonds in the following drawing. Notice also that the bonds shown in
red are drawn with longer lines to show the side-on perspective. In reality, all of the C—C
bonds of cyclohexane are of the same length. Bonds are slanted as indicated. Although not
planar, the cyclohexane ring should be level with respect to carbons 2 and 4 and carbons 1
and 5. The side-on perspective of cyclohexane is sometimes depicted with wedge bonds for
C-1 to C-2 and C-3 to C-4 and a bold line for C-2 to C-3.

1 . S 1 6 5
2: l4 2: lzl
A second, but much less stable, nonplanar conformation called the boat is shown in
Figure 3.14. Like the chair, the boat conformation has bond angles that are approximately
tetrahedral and is relatively free of angle strain. It is, however, destabilized by the torsional

strain associated with eclipsed bonds on four of its carbons. The close approach of the two
“flagpole” hydrogens shown in Figure 3.14 contributes a small amount of van der Waals
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Chair cyclohexane bears some
resemblance to a chaise lounge.

Hassel shared the 1969 Nobel Prize
in Chemistry with Sir Derek Barton of
Imperial College (London). Barton
demonstrated how Hassel’s structural
results could be extended to an
analysis of conformational effects on
chemical reactivity.

$&
@ C

(a)

(b)

Figure 3.14

(a) A ball-and-spoke model and

(b) a space-filling model of the boat
conformation of cyclohexane. Torsional
strain from eclipsed bonds and van der
Waals strain involving the “flagpole”
hydrogens (red) make the boat less
stable than the chair.
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(a)

(b)

Figure 3.15

(a) The boat and (b) skew boat
conformations of cyclohexane. Some of
the torsional strain in the boat is relieved
by rotation about C—C bonds in going to
the twist conformation. This motion also
causes the flagpole hydrogens to move
away from one another, reducing the van
der Waals strain between them.

Figure 3.16

Axial and equatorial bonds in cyclohexane.

Chapter 3 Alkanes and Cycloalkanes: Conformations and cis-trans Stereoisomers

strain as well. Both sources of strain are reduced by rotation about the carbon—carbon bond
to give the slightly more stable twist boat, or skew boat, conformation (Figure 3.15).

The various conformations of cyclohexane are in rapid equilibrium with one another,
but at any moment almost all of the molecules exist in the chair conformation. Less than
five molecules per 100,000 are present in the skew boat conformation at 25°C. Thus, the
discussion of cyclohexane conformational analysis that follows focuses exclusively on the
chair conformation.

3.8 Axial and Equatorial Bonds in Cyclohexane

One of the most important findings to come from conformational studies of cyclohexane
is that its 12 hydrogen atoms can be divided into two groups, as shown in Figure 3.16.
Six of the hydrogens, called axial hydrogens, have their bonds parallel to a vertical axis
that passes through the ring’s center. These axial bonds alternately are directed up and
down on adjacent carbons. The second set of six hydrogens, called equatorial hydrogens,
are located approximately along the equator of the molecule. Notice that the four bonds
to each carbon are arranged tetrahedrally, consistent with an sp® hybridization of carbon.

The conformational features of six-membered rings are fundamental to organic
chemistry, so it is essential that you have a clear understanding of the directional properties
of axial and equatorial bonds and be able to represent them accurately. Figure 3.17 offers
some guidance.

It is no accident that sections of our chair cyclohexane drawings resemble sawhorse
projections of staggered conformations of alkanes. The same spatial relationships seen in
alkanes carry over to substituents on a six-membered ring. In the structure

A A
H,
X (The substituted carbons X —C Y
% have the spatial Y =
arrangement shown) —C X
H
B B 2 B

substituents A and B are anti to each other, and the other relationships—A and Y, X and Y,
and X and B—are gauche.

Problem 3.7

Given the following partial structure, add a substituent X to C-1 so that it satisfies the indicated
stereochemical requirement What is the A—C—C—X torsion (dihedral) angle in each?
3

(a) Antito A (c) Antito C-3
(b) Gauche to A (d) Gauche to C-3
A X
Sample Solution (a) In order to be anti to A, substituent X must be axial.
The blue lines in the drawing show the A—C—C—X torsion angle to be 180°. 1
A
H H
H H
H . H
\ H
H
H H H
Axial C—H bonds Equatorial C—H bonds Axial and equatorial
bonds together




3.9 Conformational Inversion in Cyclohexane

(1) Begin with the chair conformation of cyclohexane.

[T

(2) Draw the axial bonds before the equatorial ones, alternating their direction
on adjacent atoms. Always start by placing an axial bond “up” on the
uppermost carbon or “down’ on the lowest carbon.

M /_\Start here / : 7
\_/’

or start here

Then alternate to give

in which all the axial
bonds are parallel to
one another

(3) Place the equatorial bonds so as to approximate a tetrahedral arrangement of
the bonds to each carbon. The equatorial bond of each carbon should be
parallel to the ring bonds of its two nearest neighbor carbons.

Place equatorial bond
at C-1 so that it is

! parallel to the bonds
between C-2 and C-3
and between C-5 and
C-6.

Following this pattern gives the complete set of equatorial bonds.

(4) Practice drawing cyclohexane chairs oriented in either direction.

and

3.9 Conformational Inversion in Cyclohexane

We have seen that alkanes are not locked into a single conformation. Rotation around
the central carbon—carbon bond in butane occurs rapidly, interconverting anti and gauche
conformations. Cyclohexane, too, is conformationally mobile. Through a process known
as ring inversion, or chair—chair interconversion, one chair conformation is converted
to another chair.
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Figure 3.17

A guide to representing the orientations
of the bonds in the chair conformation
of cyclohexane.
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Half-chair Half-chair
6 5
3 2
1 A\—‘ 4 1 A_/A 4
S ~— 5
5 6
Boat
el
= 45 kJ/mol
LI:J 6 : 2 5
5
S 23kl/mol ¢ _ 3
Twist I Wwist
1 2 3 ng 4
Chair Chair
Figure 3.18

Energy diagram for ring inversion in cyclohexane. The energy of activation is the difference in energy
between the chair and half-chair conformations. The twist conformations are intermediates. The boat and
half-chair conformations are transition states.

A potential energy diagram for chair—chair interconversion in cyclohexane is shown
in Figure 3.18. In the first step, the chair is converted to a twist conformation. In this
step, cyclohexane passes through a higher-energy half-chair conformation. The twist is
converted to an alternate twist, via the boat conformation. The second twist then proceeds
to the inverted chair via another half-chair conformation. The twist conformations are
intermediates in the process of ring inversion. Unlike a transition state, an intermediate
is not a potential energy maximum but is a local minimum on the potential energy profile.
The half-chair conformations are highest in energy because they have the most eclipsing
interactions. The difference in energy between the chair and half-chair conformations is
the activation energy for the chair—chair interconversion, which is 45 kJ/mol (10.8 kcal/
mol). It is a very rapid process with a half-life of 10~ s at 25°C.

The most important result of ring inversion is that any substituent that is axial in
the original chair conformation becomes equatorial in the ring-inverted form and vice
versa.

X axial; Y equatorial X equatorial; Y axial

The consequences of this point are developed for a number of monosubstituted cyclohex-
ane derivatives in the following section, beginning with methylcyclohexane.

3.10 Conformational Analysis of
Monosubstituted Cyclohexanes
Ring inversion in methylcyclohexane differs from that of cyclohexane in that the two chair

conformations are not equivalent. In one chair the methyl group is axial; in the other it is
equatorial. At room temperature approximately 95% of the molecules of methylcyclohexane
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are in the chair conformation that has an equatorial methyl group, whereas only 5% of the
molecules have an axial methyl group.

very
H fast
K/ ~— \ ix _CH,
H
5% 95%

When two conformations of a molecule are in equilibrium with each other, the one
with the lower free energy predominates. Why is equatorial methylcyclohexane more stable
than axial methylcyclohexane?

A methyl group is less crowded when it is equatorial than when it is axial. One of the
hydrogens of an axial methyl group is within 190-200 pm of the axial hydrogens at C-3
and C-5. This distance is less than the sum of the van der Waals radii of two hydrogens (240
pm) and causes van der Waals strain in the axial conformation. When the methyl group is
equatorial, it experiences no significant crowding.

—
Van der Waals strain Negligible van der Waals
between hydrogen of axial strain between hydrogen
CH; and axial hydrogens at C-1 and axial hydrogens
at C-3 and C-5 at C-3 and C-5

The greater stability of an equatorial methyl group, compared with an axial one, is
another example of a steric effect (Section 3.2). An axial substituent is said to be crowded
because of 1,3-diaxial repulsions between itself and the other two axial substituents
located on the same side of the ring.

Problem 3.8

The following questions relate to a cyclohexane ring in the chair conformation shown.

; . (a) Is a methyl group at C-6 that is “down” axial or equatorial?
% (b) Is a methyl group that is “up” at C-1 more or less stable than a
methyl group that is up at C-4?
(c) Place a methyl group at C-3 in its most stable orientation. Is it
up or down?

Sample Solution (a) First indicate the directional properties of the bonds to the ring
carbons. A substituent is down if it is below the other substituent on the same carbon atom. A
methyl group that is down at C-6 is therefore axial.

We can relate the conformational preference for an equatorial methyl group in meth-
ylcyclohexane to the conformation of butane. The red bonds in the following structural

See the box entitled Enthalpy, Free
Energy, and Equilibrium Constant
accompanying this section for a
discussion of these relationships.
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The halogens F, Cl, Br, and | do not
differ much in their preference for the
equatorial position. As the atomic
radius increases in the order F < Cl <
Br < I, so does the carbon-halogen
bond distance, and the two effects
tend to cancel.

Highly branched groups such as
tert-butyl are commonly described as
“bulky.”

Chapter 3 Alkanes and Cycloalkanes: Conformations and cis-trans Stereoisomers

formulas trace paths through four carbons, beginning at an equatorial methyl group. The
zigzag arrangement described by each path mimics the anti conformation of butane.

H H
CH, CH,

When the methyl group is axial, each path mimics the gauche conformation of butane.
CH; CH;

The preference for an equatorial methyl group in methylcyclohexane is therefore analogous to
the preference for the anti conformation in butane. Two gauche butane-like units are present in
axial methylcyclohexane that are absent in equatorial methylcyclohexane. As we saw earlier
in Figure 3.7, the anti conformation of butane is 3.3 kJ/mol (0.8 kcal/mol) lower in energy
than the gauche. Therefore, the energy difference between the equatorial and axial conforma-
tions of methylcyclohexane should be twice that, or 6.6 kJ/mol (1.6 kcal/mol). The experi-
mentally measured difference of 7.1 kJ/mol (1.7 kcal/mol) is close to this estimate. This gives
us confidence that the same factors that govern the conformations of noncyclic compounds
also apply to cyclic ones. What we call 1,3-diaxial repulsions in substituted cyclohexanes are
really the same as van der Waals strain in the gauche conformations of alkanes.

Other substituted cyclohexanes are similar to methylcyclohexane. Two chair confor-
mations exist in rapid equilibrium, and the one in which the substituent is equatorial is more
stable. The relative amounts of the two conformations depend on the effective size of the
substituent. The size of a substituent, in the context of cyclohexane conformations, is related
to the degree of branching at the atom connected to the ring. A single atom, such as a halo-
gen, does not take up much space, and its preference for an equatorial orientation is less than
that of a methyl group.

H
40% 60%

A branched alkyl group such as isopropyl exhibits a slightly greater preference for
the equatorial orientation than does methyl, but a fert-butyl group is so large that fert-
butylcyclohexane exists almost entirely in the conformation in which the group is equato-
rial. The amount of axial fert-butylcyclohexane present is too small to measure.

CH,
H;C : ,CH;
3 S /
H C
H CH;
H —
V"CH3
H CH;
Less than 0.01% Greater than 99.99%
(Serious 1,3-diaxial repulsions (Decreased
involving tert-butyl group) van der Waals strain)

Problem 3.9

Draw the most stable conformation of 1-tert-butyl-1-methylcyclohexane.
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Enthalpy, Free Energy, and Equilibrium Constant

One of the fundamental equations of thermodynamics con-
cerns systems at equilibrium and relates the equilibrium
constant K to the difference in standard free energy (AG°)
between the products and the reactants.

AG® = Goproducts - Goreactants =-RTInK

where T is the absolute temperature in kelvins and the constant
R equals 8.314 J/mol - K (1.99 cal/mol - K).

For the equilibrium between the axial and equatorial con-
formations of a monosubstituted cyclohexane,

the equilibrium constant is given by the expression

_ [products]
"~ [reactants]

Inserting the appropriate values for R, T (298K), and K gives
the values of AG® listed in the following table for the various
substituents discussed in Section 3.10.
The relationship between AG° and K is plotted in Figure
3.19. A larger value of K is associated with a more negative AG°.
Free energy and enthalpy are related by the expression

AG° = AH° - TAS®

where AS° is the difference in entropy between the products
and reactants. A positive AS°® is accompanied by an increase
in the disorder of a system. A positive AS° leads to a AG® that
is more negative than AH° and a larger K than expected on the
basis of enthalpy considerations alone. Conversely, a negative
AS° gives a smaller K than expected. In the case of conforma-
tional equilibration between the chair forms of a substituted
cyclohexane, AS° is close to zero and AG° and AH® are approxi-
mately equal.

AG°98¢
Substituent X Percent axial Percent equatorial K kJ/mol kcal/mol
=[F 40 60 1.5 -1.0 -0.24
—CH; 5 95 19 -73 1.7
—CH(CH3), 3 97 32.3 -86 21
—C(CHa)s <0.01 >99.99 >9999 -22.8 -5.5
Standard free energy difference (AG®), keal/mol
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Figure 3.19

Distribution of two products at equilibrium at 25°C as a function of the standard free energy difference (AG°) between them.
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Stereochemistry is the term applied to
the three-dimensional aspects of
molecular structure and reactivity.

Figure 3.20

The enthalpy difference between cis-
and trans-1,2-dimethylcyclopropane

can be determined from their heats

of combustion. Van der Waals strain
between methyl groups on the same side
of the ring makes the cis stereocisomer
less stable than the trans.
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3.11 Disubstituted Cycloalkanes: cis-trans Stereoisomers

When a cycloalkane bears two substituents on different carbons—methyl groups, for
example—these substituents may be on the same or on opposite sides of the ring. When
substituents are on the same side, we say they are cis to each other; if they are on opposite
sides, they are frans to each other. Both terms come from the Latin, in which cis means “on
this side” and trans means “across.”

H;C CH, HsC H
H H H CH;
cis-1,2-Dimethylcyclopropane trans-1,2-Dimethylcyclopropane

Problem 3.10

Exclusive of compounds with double bonds, four hydrocarbons are constitutional isomers of cis-
and trans-1,2-dimethylcyclopropane. |dentify these compounds.

The cis and trans forms of 1,2-dimethylcyclopropane are stereoisomers. Stereoisomers
are isomers that have their atoms bonded in the same order—that is, they have the same con-
stitution, but they differ in the arrangement of atoms in space. You learned in Section 2.21 that
constitutional isomers could differ in stability. What about stereoisomers?

We can measure the energy difference between cis- and trans-1,2-dimethylcyclo-
propane by comparing their heats of combustion. As illustrated in Figure 3.20, the differ-
ence in their heats of combustion is a direct measure of the difference in their energies.
Because the heat of combustion of trans-1,2-dimethylcyclopropane is 5 kJ/mol (1.2 kcal/
mol) less than that of its cis stereoisomer, it follows that trans-1,2-dimethylcyclopropane
is 5 kJ/mol (1.2 kcal/mol) more stable than cis-1,2-dimethylcyclopropane.

In this case, the relationship between stability and stereochemistry is easily
explained on the basis of van der Waals strain. The methyl groups on the same side

cis-1,2-Dimethylcyclopropane trans-1,2-Dimethylcyclopropane
H H H H H H
— H H
(1.2 kcal) H

H H —— H
H

3371KkJ 3366 kJ
(805.7 kcal) (804.5 kcal)
Eava a'aY Eata 4"
o S
+50, +50,

5C0, + 5H,0



3.12 Conformational Analysis of Disubstituted Cyclohexanes

of the ring in cis-1,2-dimethylcyclopropane crowd each other and increase the poten-
tial energy of this stereoisomer. Steric hindrance between methyl groups is absent in
trans-1,2-dimethylcyclopropane.

Problem 3.11

Chrysanthemic acid, from the chrysanthemum flower, is a naturally occurring insecticide, with the
constitution indicated. Draw the structures of the cis and trans stereoisomers of chrysanthemic

acid.

HsC  CHjs

HO,C CH=C(CHa)s

Disubstituted cyclopropanes exemplify one of the simplest cases involving stability
differences between stereoisomers. A three-membered ring has no conformational mobil-
ity, so cannot reduce the van der Waals strain between cis substituents on adjacent carbons
without introducing other strain. The situation is different in disubstituted derivatives of
cyclohexane.

3.12 Conformational Analysis of
Disubstituted Cyclohexanes

We’ll begin with cis- and trans-1,4-dimethylcyclohexane.

cis-1,4-Dimethylcyclohexane  trans-1,4-Dimethylcyclohexane

Wedges fail to show conformation, and it’s important to remember that the rings of cis- and
trans-1,2-dimethylcyclohexane exist in a chair conformation. This fact must be taken into
consideration when evaluating the relative stabilities of the stereoisomers.

Their heats of combustion (Table 3.2) reveal that trans-1,4-dimethylcyclohexane is 7
kJ/mol (1.7 kcal/mol) more stable than the cis stereoisomer. It is unrealistic to believe that
van der Waals strain between cis substituents is responsible, because the methyl groups are
too far away from each other. To understand why trans-1,4-dimethylcyclohexane is more
stable than cis-1,4-dimethylcyclohexane, we need to examine each stereoisomer in its most
stable conformation.
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TABLE 3.2 Heats of Combustion of Isomeric Dimethylcyclohexanes

Difference in
. . Heat of heat of

Orlentat_lon of methyl combustion combustion

groups in most stable
Compound conformation kJ/mol kcal/mol kJ/mol kcal/mol
cis-1,2-Dimethylcyclohexane Axial-equatorial 5223 1248.3 6 1.5
trans-1,2-Dimethylcyclohexane Diequatorial 5217 1246.8
cis-1,3-Dimethylcyclohexane Diequatorial 5212 1245.7 7 1.7
trans-1,3-Dimethylcyclohexane Axial-equatorial 5219 1247.4
cis-l,4-Dimethylcyclohexane Axial-equatorial 5219 1247.4 7 1.7

trans-1,4-Dimethylcyclohexane Diequatorial 5212 1245.7

More stahble
stereoisomer
trans

cis

trans
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cis-1,4-Dimethylcyclohexane can adopt either of two equivalent chair conformations,
each having one axial methyl group and one equatorial methyl group. The two are in rapid
equilibrium with each other by ring inversion. The equatorial methyl group becomes axial,
and the axial methyl group becomes equatorial.

CH, CH,
H . H
H;C ) CH;
H H
(One methyl group is (One methyl group is
axial, the other axial, the other
equatorial) equatorial)

(Both methyl groups are up)
cis-1,4-Dimethylcyclohexane

The methyl groups are cis because both are up relative to the hydrogen present at each
carbon. If both methyl groups were down, they would still be cis to each other. Notice that
ring inversion does not alter the cis relationship between the methyl groups. Nor does it
alter their up-versus-down quality; substituents that are up in one conformation remain up
in the ring inverted form.

The most stable conformation of trans-1,4-dimethylcyclohexane has both methyl
groups in equatorial orientations. The two chair conformations of trans-1,4-
dimethylcyclohexane are not equivalent. One has two equatorial methyl groups; the other,
two axial methyl groups.

CH,
H . HC
H ~ CH;
CH, H
(Both methyl groups (Both methyl groups are
are axial: less stable equatorial: more stable
chair conformation) chair conformation)

(One methyl group is up, the other down)
trans-1,4-Dimethylcyclohexane

The more stable chair—the one with both methyl groups equatorial—is adopted by most of
the trans-1,4-dimethylcyclohexane molecules.

trans-1,4-Dimethylcyclohexane is more stable than cis-1,4-dimethylcyclohexane
because both of the methyl groups are equatorial in its most stable conformation. One
methyl group must be axial in the cis stereoisomer. Remember, it is a general rule that
any substituent is more stable in an equatorial orientation than in an axial one. It is worth
pointing out that the 7 kJ/mol (1.7 kcal/mol) energy difference between cis- and trans-1,4-
dimethylcyclohexane is the same as the energy difference between the axial and equatorial
conformations of methylcyclohexane. There is a simple reason for this: in both instances
the less stable structure has one axial methyl group, and the 7 kJ/mol (1.7 kcal/mol) energy
difference can be considered the “energy cost” of having a methyl group in an axial rather
than an equatorial orientation.

Like the 1,4-dimethyl derivatives, trans-1,2-dimethylcyclohexane has a lower heat of
combustion (see Table 3.2) and is more stable than cis-1,2-dimethylcyclohexane. The cis
stereoisomer has two chair conformations of equal energy, each containing one axial and
one equatorial methyl group.

CH3 CH}
H N
H
H H

cis-1,2-Dimethylcyclohexane
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Both methyl groups are equatorial in the most stable conformation of trans-1,2-
dimethylcyclohexane.

CH; H
H R
H T CH;
H;C
CH; T

(Both methyl groups (Both methyl groups are
are axial: less stable equatorial: more stable
chair conformation) chair conformation)

trans-1,2-Dimethylcyclohexane

As in the 1,4-dimethylcyclohexanes, the 6 kJ/mol (1.5 kcal/mol) energy difference
between the more stable (trans) and the less stable (cis) stereoisomer is attributed to the
strain associated with the presence of an axial methyl group in the cis stereoisomer.

Probably the most interesting observation in Table 3.2 concerns the
1,3-dimethylcyclohexanes. Unlike the 1,2- and 1,4-dimethylcyclohexanes, in which the
trans stereoisomer is more stable than the cis, we find that cis-1,3-dimethylcyclohexane is
7 kJ/mol (1.7 kcal/mol) more stable than trans-1,3-dimethylcyclohexane. Why?

The most stable conformation of cis-1,3-dimethylcyclohexane has both methyl
groups equatorial.

CH, CH;
H R
= H}C CH3
H H H
(Both methyl groups (Both methyl groups are
are axial: less stable equatorial: more stable
chair conformation) chair conformation)

cis-1,3-Dimethylcyclohexane

The two chair conformations of trans-1,3-dimethylcyclohexane are equivalent to each
other. Both contain one axial and one equatorial methyl group.

H CH;
H N
H CH3
CH
(One methyl group is axial, (One methyl group is axial,
the other equatorial) the other equatorial)

trans-1,3-Dimethylcyclohexane

Thus the trans stereoisomer, with one axial methyl group, is less stable than cis-1,3- dimeth-
ylcyclohexane where both methyl groups are equatorial.

Problem 3.12

Based on what you know about disubstituted cyclohexanes, which of the following two
stereoisomeric 1,3,5-trimethylcyclohexanes would you expect to be more stable?

X

H CHs HC H

cis-1,3,5-Trimethylcyclohexane trans-1,3,5-Trimethylcyclohexane

i
i
an T
an T
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If a disubstituted cyclohexane has two different substituents, then the most stable
conformation is the chair that has the larger substituent in an equatorial orientation. This is
most apparent when one of the substituents is a bulky group such as ters-butyl. Thus, the
most stable conformation of cis-1-tert-butyl-2-methylcyclohexane has an equatorial fert-
butyl group and an axial methyl group.

C(CHs)3 CH;
H N
CH; T C(CH;);
H
H H
(Less stable conformation: (More stable conformation:
larger group is axial) larger group is equatorial)

cis-1-tert-Butyl-2-methylcyclohexane

Problem 3.13

Write structural formulas for the most stable conformation of each of the following compounds:

(@) trans-1-tert-Butyl-3-methylcyclohexane
(b) cis-1-tert-Butyl-3-methylcyclohexane
(c) trans-1-tert-Butyl-4-methylcyclohexane
(d) cis-1-tert-Butyl-4-methylcyclohexane

Sample Solution

~ ™~

@) - fp{r_ﬁ-—%/ /s Fhe laraesd 5&657‘47&1&6
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© Plaa bonds at C-3 n propé”
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O — L ley)s.
cHy H

[ ecen,,

H

Cyclohexane rings that bear tert-butyl substituents are examples of conformationally
biased molecules. A tert-butyl group has such a pronounced preference for the equatorial
orientation that it will strongly bias the equilibrium to favor such conformations. This does
not mean that ring inversion does not occur, however. Ring inversion does occur, but at any
instant only a tiny fraction of the molecules exist in conformations having axial zert-butyl
groups. It is not strictly correct to say that tert-butylcyclohexane and its derivatives are
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“locked” into a single conformation; conformations related by ring inversion are in rapid
equilibrium with one another, but the distribution between them strongly favors those in
which the fert-butyl group is equatorial.

3.13 Medium and Large Rings

Beginning with cycloheptane, which has four conformations of similar energy, conforma-
tional analysis of cycloalkanes becomes more complicated. The same fundamental princi-
ples apply to medium and large rings as apply to smaller ones—but there are more atoms,
more bonds, and more conformational possibilities.

3.14 Polycyclic Ring Systems

Polycyclic compounds are those that contain more than one ring. The IUPAC classifies
polycyclic structures according to the minimum number of bond cleavages required to
generate a noncyclic structure. The structure is bicyclic if two bond disconnections yield
an open-chain structure, tricyclic if three, tetracyclic if four, and so on. Adamantane, a
naturally occurring hydrocarbon found in petroleum, for example, is tricyclic because three
bond cleavages are needed before an open-chain structure results.

I C R R E

Adamantane

The correct number of rings may be determined by different sets of disconnections, and the
final open-chain structure need not be the same for different sets. All that matters is finding
the minimum number of disconnections.

Problem 3.14

Cubane (C4Hg) is the common name of the polycyclic hydrocarbon shown. As it name
implies, its structure is that of a cube. How many rings are present in cubane according to

the bond-disconnection rule?

In addition to classifying polycyclic compounds according to the number of rings
they contain, we also classify them with respect to the way in which the rings are joined. In
a spiro compound, one atom is common to two rings.

The simplest spiro alkane is spiro[2.2 [pentane, a molecular model of which illus-
trates an interesting structural feature of spiro compounds. The two rings lie at right angles
to each other.

Spiro[2.2]pentane

The TUPAC names of spiro alkanes take the form spiro/number.numberjalkane. The
alkane suffix is simply the name of the unbranched alkane having the same number of carbons
as those in the two rings. The numbers inside the brackets are, in ascending order, the number

119

The largest known cycloalkane has a
ring with 288 carbons.
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Figure 3.21

Vetiver grass is the source of vetiver oil.

Chapter 3 Alkanes and Cycloalkanes: Conformations and cis-trans Stereoisomers

of carbons unique to each ring. Thus, eight carbons make up the two rings of spiro[3.4]octane;
the spiro carbon is bridged by three carbons of one ring and four carbons of the other.

)
8
- [=)

Spiro[3.4]octane

When substituents are present, numbering begins in the smaller ring adjacent to the spiro
carbon and proceeds consecutively around the smaller ring away from the spiro carbon,
through it, then around the larger ring. As with alkanes, the direction is chosen so as to give
the lower locant at the first point of difference, substituents are listed in alphabetical order,
and the locants and substituents appear first in the name.

Problem 3.15

Vetiver, a soothing oil popular in aromatherapy (Figure 3.21), contains B-vetivone, which can be
viewed as a derivative of compound A. What is the IUPAC name of A?
HsC CH, CH,
— (CH5),CH
HsC

HsC 0 H,C

B—Vetivone Compound A

In a bridged compound, two atoms are common to two or more rings. Camphene, a
naturally occurring hydrocarbon obtained from pine oil, is a representative bridged bicyclic
hydrocarbon. It is convenient to regard camphene as a six-membered ring (indicated by the
blue bonds in the following structure) in which the two carbons designated by asterisks (*)
are bridged by a CH, group. The two designated carbons are known as bridgehead carbons.

Camphene

Problem 3.16

Use the bond-cleavage criterion to verify that camphene is bicyclic.

Bridged bicyclic alkanes are named in the manner: bicyclo/number.number.number]
alkane. As illustrated for bicyclo[3.2.1]octane, the parent alkane is the one with the same
number of carbons as the total in the bicyclic skeleton.

Bicyclo[3.2.1]octane

The bracketed numbers identify the number of carbons in the three bridges in descending
order. Numbering begins at a bridgehead position and proceeds consecutively in the direc-
tion of the largest bridge and continues through the next largest. The atoms in the smallest
bridge are numbered last.
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Problem 3.17

Write structural formulas for each of the following bicyclic hydrocarbons:
(a) Bicyclo[2.2.11heptane (c) Bicyclo[3.1.1]heptane
(b) 1,7,7-Trimethylbicyclo[2.2.11heptane

Sample Solution (a) The bicyclo[2.2.1]heptane ring system is one of the most frequently
encountered bicyclic structural types. It contains seven carbon atoms, as indicated by the
suffix -heptane. The bridging groups contain two, two, and one carbon, respectively.

One-carbon bridge

Two-carbon bridge \;& e Two-carbon bridge

Bicyclo[2.2.11heptane

Many compounds contain rings that share a common side. Such compounds are nor-
mally referred to as fused-ring compounds, but for classification and naming purposes they
are placed in the “bridged” category. The bridge in these cases is the common side and is
given a value of zero atoms. The two stereoisomeric bicyclo[4.4.0]decanes, called cis- and
trans-decalin, are important examples.

H

H H
= H =
H H
cis-Bicyclo[4.4.0]decane trans-Bicyclo[4.4.0]decane
(cis-decalin) (trans-decalin)

The hydrogen atoms at the ring junctions are on the same side in cis-decalin and on opposite
sides in trans-decalin. Both rings adopt the chair conformation in each stereoisomer.

Decalin ring systems appear as structural units in a large number of naturally occurring
substances, particularly the steroids. Cholic acid, for example, a steroid present in bile that
promotes digestion, incorporates cis-decalin and frans-decalin units into a rather complex
tetracyclic structure. H,C

CH;
CH, O

OH
OH

Problem 3.18

Geosmin is a natural product that smells like dirt. It is produced by several microorganisms and can
be obtained from beet extracts. Complete the following decalin ring skeleton, placing the sub-
stituents of geosmin in their proper orientations.

CH3

HO
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Cyclic structures also exist in inorganic
chemistry. The most stable form of
elemental sulfur is an 8-membered
ring of sulfur atoms.

Chapter 3 Alkanes and Cycloalkanes: Conformations and cis-trans Stereoisomers

3.15 Heterocyclic Compounds

Not all cyclic compounds are hydrocarbons. Many substances include an atom other than
carbon, called a heteroatom (Section 1.7), as part of a ring. A ring that contains at least one
heteroatom is called a heterocycle, and a substance based on a heterocyclic ring is a het-
erocyclic compound. Each of the following heterocyclic ring systems will be encountered

in this text:
\ / Z > [ > O
(0] (0) N N
H H

Ethylene oxide Tetrahydrofuran Pyrrolidine Piperidine

The names cited are common names, which have been in widespread use for a long time
and are acceptable in [UPAC nomenclature. We will introduce the systematic nomenclature
of these ring systems as needed in later chapters.

The shapes of heterocyclic rings are very much like those of their all-carbon analogs.
Thus, six-membered heterocycles such as piperidine exist in a chair conformation analo-
gous to cyclohexane.

H

|
7 — N\
H\N

The hydrogen attached to nitrogen can be either axial or equatorial, and both chair confor-
mations are approximately equal in stability.

Problem 3.19

Draw what you would expect to be the most stable conformation of the piperidine derivative in
which the hydrogen bonded to nitrogen has been replaced by methyl.

Sulfur-containing heterocycles are also common. Compounds in which sulfur is the
heteroatom in three-, four-, five-, and six-membered rings, as well as larger rings, are all
well known. Two interesting heterocyclic compounds that contain sulfur—sulfur bonds are
lipoic acid and lenthionine.

o S—S
? OH ( >
4 Sig-S
Lipoic acid: a growth factor required Lenthionine: contributes to the
by a variety of different oreanisms odor of shiitake mushrooms

Many heterocyclic systems contain double bonds and are related to arenes. The
most important representatives of this class are introduced in Sections 11.21 and
11.22.
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In this chapter we explored the three-dimensional shapes of alkanes and cycloalkanes. The most
important point to be taken from the chapter is that a molecule adopts the shape that minimizes its
total strain. The sources of strain in alkanes and cycloalkanes are:

1. Bond length distortion: destabilization of a molecule that results when one or more of its bond
distances are different from the normal values

2. Angle strain: destabilization that results from distortion of bond angles from their normal
values

3. Torsional strain: destabilization that results when bonds on adjacent atoms are not staggered

4. Van der Waals strain: destabilization that results when atoms or groups on nonadjacent atoms
are too close to one another

The various spatial arrangements available to a molecule by rotation about single bonds are
called conformations, and conformational analysis is the study of the differences in stability and
properties of the individual conformations. Rotation around carbon—carbon single bonds is normally
very fast, occurring hundreds of thousands of times per second at room temperature. Molecules are
rarely frozen into a single conformation but engage in rapid equilibration among the conformations
that are energetically accessible.

Section 3.1 The most stable conformation of ethane is the staggered conformation. It is
approximately 12 kJ/mol (3 kcal/mol) more stable than the eclipsed, which is the
least stable conformation.

C

b4 ©
d"“ o
o

@
¢ ¢

Staggered conformation of ethane Eclipsed conformation of ethane
(most stable conformation) (least stable conformation)

The difference in energy between the two results from two effects: a
destabilization of the eclipsed conformation due to electron—electron repulsion
in aligned bonds, and a stabilization of the staggered conformation due to better
electron delocalization. At any instant, almost all the molecules of ethane reside
in the staggered conformation.

Section 3.2 The two staggered conformations of butane are not equivalent. The anti
conformation is more stable than the gauche.

cge ©@°

| _. '
Q’L L«”u
oge “88s
6 ©
«®
¢

Anti conformation of butane Gauche conformation of butane
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Neither conformation suffers torsional strain, because each has a staggered
arrangement of bonds. The gauche conformation is less stable because of
van der Waals strain involving the methyl groups.

Section 3.3 Higher alkanes adopt a zigzag conformation of the carbon chain in which all the
bonds are staggered.

XXX
LY N A

Octane

Section 3.4 At one time all cycloalkanes were believed to be planar. It was expected that
cyclopentane would be the least strained cycloalkane because the angles of a
regular pentagon (108°) are closest to the tetrahedral angle of 109.5°. Heats of
combustion established that this is not so. With the exception of cyclopropane, the
rings of all cycloalkanes are nonplanar.

Section 3.5 Cyclopropane is planar and destabilized by angle strain and torsional strain.
Cyclobutane is nonplanar and less strained than cyclopropane.

Cyclopropane Cyclobutane

Section 3.6 Cyclopentane has two nonplanar conformations that are of similar stability:
the envelope and the half-chair.

Envelope conformation of cyclopentane Half-chair conformation of cyclopentane

Section 3.7 Three conformations of cyclohexane have approximately tetrahedral angles at
carbon: the chair, the boat, and the twist. The chair is by far the most stable; it is free
of torsional strain, but the others are not. When a cyclohexane ring is present in a
compound, it almost always adopts a chair conformation.

Chair Twist Boat



3.16 Summary

Section 3.8 The C—H bonds in the chair conformation of cyclohexane are not all equivalent
but are divided into two sets of six each, called axial and equatorial.

Axial bonds to H in cyclohexane Equatorial bonds to H in cyclohexane

Section 3.9 Conformational inversion is rapid in cyclohexane and causes all axial bonds to
become equatorial and vice versa. As a result, a monosubstituted derivative of
cyclohexane adopts the chair conformation in which the substituent is equatorial.
No bonds are made or broken in this process.

Section 3.10 A substituent is less crowded and more stable when it is equatorial than when
it is axial on a cyclohexane ring. Ring inversion of a monosubstituted cyclohexane
allows the substituent to become equatorial.

ring inversion

~—

Methyl group axial (less stable) Methyl group equatorial (more stable)

Branched substituents, especially fert-butyl, have an increased preference for the
equatorial position.

Sections Stereoisomers are isomers that have the same constitution but differ in the
3.11-3.12 arrangement of atoms in space. Cis- and trans-1,3-dimethylcyclohexane are
stereoisomers. The cis isomer is more stable than the trans.

H H CH; §H
H;C H
CH; CH;
Most stable conformation of Most stable conformation of
cis-1,3-dimethylcyclohexane trans-1,3-dimethylcyclohexane
(no axial methyl groups) (one axial methyl group)

Section 3.13  Higher cycloalkanes have angles at carbon that are close to tetrahedral and are
sufficiently flexible to adopt conformations that reduce their torsional strain. They
tend to be populated by several different conformations of similar stability.

Section 3.14  Cyclic hydrocarbons can contain more than one ring. Spiro hydrocarbons are
characterized by the presence of a single carbon that is common to two rings.
Bicyclic alkanes contain two rings that share two or more atoms.

Section 3.15  Substances that contain one or more atoms other than carbon as part of a ring
are called heterocyclic compounds. Rings in which the heteroatom is oxygen,
nitrogen, or sulfur rank as both the most common and the most important.

H,N

S\ _cH;
N CH,
0
CO,H

6-Aminopenicillanic acid
(bicyclic and heterocyclic)
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3.20 Give the IUPAC names of each of the following alkanes.

CH, CH,
H H H H H CHZCHg
H H
HsC CH H CH,CH(CH
3 3 2 ( 3)2 C(CHg)g
H H
(a) (b) ()

3.21  Sight down the C-2—C-3 bond, and draw Newman projection formulas for the
(a) Most stable conformation of 2,2-dimethylbutane
(b) Two most stable conformations of 2-methylbutane
(¢) Two most stable conformations of 2,3-dimethylbutane

3.22  One of the staggered conformations of 2-methylbutane in Problem 3.21b is more stable
than the other. Which one is more stable? Why?

3.23  Sketch an approximate potential energy diagram for rotation about the carbon—carbon bond
in 2,2-dimethylpropane similar to that shown in Figures 3.4 and 3.7. Does the form of the
potential energy curve of 2,2-dimethylpropane more closely resemble that of ethane or
that of butane?

3.24 Repeat Problem 3.23 for the case of 2-methylbutane.
3.25 Identify all atoms that are (a) anti and (b) gauche to bromine in the conformation shown for

,CH,CH,Br. o ‘i
e @ _0

3.26  Even though the methyl group occupies an equatorial site, the conformation shown is not
the most stable one for methylcyclohexane. Explain.

3.27  Which do you expect to be the more stable conformation of cis-1,3-dimethylcyclobutane,
A or B? Why?

CH, CH,



Problems

3.28 Determine whether the two structures in each of the following pairs represent

3.29

constitutional isomers, different conformations of the same compound, or stereoisomers
that cannot be interconverted by rotation about single bonds.

H H H H
(@ and
H;C CH; H;C H
H CH;

(b)

H 3
H,C CH, H,C H
() and
H,C CH, H,C H
H
(d) cis-1,2-Dimethylcyclopentane and trans-1,3-dimethylcyclopentane
CH,CH;

M

and CH;CH%
CH

CH, H
(2) %\H and %\CI&

Select the compounds in each group that are isomers and specify whether they are
constitutional isomers or stereoisomers.

(a) (CH;);CCH,CH,CH, (CH5);CCH,CH,CH,CH, (CH5),CHCHCH,CH,

CH;CHo

|
CH,
© NN Q Hacycm
CH; H;C
H;C H5C
CH;
(e)
CH H;C CH
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3.30

3.31

3.32

3.33

3.34

Excluding compounds that contain methyl or ethyl groups, write structural formulas for all
the bicyclic isomers of (a) CsHg and (b) C¢H,.

In each of the following groups of compounds, identify the one with the largest heat of
combustion and the one with the smallest. In which cases can a comparison of heats of
combustion be used to assess relative stability?

(a) Cyclopropane, cyclobutane, cyclopentane
(b) cis-1,2-Dimethylcyclopentane, methylcyclohexane, 1,1,2,2-tetramethyl-
cyclopropane

o] D1 <

H H H
H H H

Ambroxol is a drug used to treat bronchopulmonary disease.

NH,
Br
N\
H OH
Br

Draw the structure of ambroxol in the alternative chair conformation. Which of the two
conformations is more stable?

Write a structural formula for the most stable conformation of each of the following
compounds:

(@ 2,2,5,5-Tetramethylhexane (Newman projection of conformation about
C-3—C-4 bond)
(b) 2,2,5,5-Tetramethylhexane (zigzag conformation of entire molecule)

(c) cis-1-Isopropyl-3-methylcyclohexane

(d) trans-1-Isopropyl-3-methylcyclohexane
(e) cis-1-tert-Butyl-4-ethylcyclohexane
(f) cis-1,1,3,4-Tetramethylcyclohexane
H

CH,

(2)
H;C

H

H CH,

Identify the more stable stereoisomer in each of the following pairs, and give the reason for
your choice:

(@) cis- or trans-1-Isopropyl-2-methylcyclohexane
(b) cis- or trans-1-Isopropyl-3-methylcyclohexane
(c) cis- or trans-1-Isopropyl-4-methylcyclohexane

H,C CH, H,C «CHs
RSt
“CH, CH,
H,C CH, H,C CH,
eeiae:
"ICH, CH,

CH,

(®) or  H;C

CH,



3.35

3.36

3.37

3.38

3.39

3.40

Problems

One stereoisomer of 1,1,3,5-tetramethylcyclohexane is 15 kJ/mol (3.7 kcal/mol) less stable
than the other. Indicate which isomer is the less stable, and identify the reason for its
decreased stability.

The heats of combustion of the more and less stable stereoisomers of the 1,2-, 1,3-,
and 1,4-dimethylcyclohexanes are given here. The values are higher for the 1,2-
dimethylcyclohexanes than for the 1,3- and 1,4-isomers. Suggest an explanation.

Dimethylcyclohexane 1,2 1,3 1,4
Heats of combustion (kJ/mol):
More stable stereoisomer 5217 5212 5212
Less stable stereoisomer 5223 5219 5219

One of the following two stereoisomers is 20 kJ/mol (4.9 kcal/mol) less stable than the
other. Indicate which isomer is the less stable, and identify the reason for its decreased
stability.

A B

Oxidation of 4-tert-butylthiane proceeds according to the equation shown, but the resulting
sulfoxide is a mixture of two isomers. Explain by writing appropriate sructural formulas.

msz S0

Biological oxidation of hydrocarbons is a commonly observed process.

(a) To what class of hydrocarbons does the reactant in the following equation belong?
What is its [UPAC name?

biological
<:><] _oxidation | 4<:><|

Hydrocarbon Alcohol A (19%)  Alcohol B (63%) Alcohol C (18%)

(b) Identify by IUPAC locant the carbon that is oxidized in the formation of each product.

(c) How are alcohols A, B, and C related? Are they constitutional isomers or
stereoisomers?

The following are representations of two forms of glucose. The six-membered ring is
known to exist in a chair conformation in each form. Draw clear representations of the
most stable conformation of each. Are they two different conformations of the same
molecule, or are they stereoisomers that cannot be interconverted by rotation about single
bonds? Which substituents (if any) occupy axial sites?

HOCH, HOCH,
O
HO - - QH HO -

ud  om HO
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3.41 A typical steroid skeleton is shown along with the numbering scheme used for this class of
compounds. Specify in each case whether the designated substituent is axial or equatorial.

(a) Substituent at C-1 cis to the methyl groups
(b) Substituent at C-4 cis to the methyl groups
(c) Substituent at C-7 trans to the methyl groups
(d) Substituent at C-11 trans to the methyl groups
(e) Substituent at C-12 cis to the methyl groups

3.42 Repeat Problem 3.41 for the stereoisomeric steroid skeleton having a cis ring fusion
between the first two rings.

3.43 (a) Write Newman projections for the gauche and anti conformations of
1,2-dichloroethane (CICH,CH,CI).

(b) The measured dipole moment of CICH,CH,Cl is 1.12 D. Which one of the following
statements about 1,2-dichloroethane is false?

(I) It may exist entirely in the anti conformation.
(2) It may exist entirely in the gauche conformation.
(3) It may exist as a mixture of anti and gauche conformations.
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Descriptive Passage and Interpretive Problems 3

Cyclic Forms of Carbohydrates

Five- and six-membered ring structures are common in carbohydrates and are often in equilibrium with
each other. The five-membered ring structures are called furanose forms; the six-membered ring struc-
tures are pyranose forms. D-Ribose, especially in its 3-furanose form, is a familiar carbohydrate.

HOCH, OH
4 H/O\H 1
H /3 N\ H
HO OH
D-Ribose: B—Furanose form 3—Pyranose form
3.44 The B—furanose and B—pyranose forms of D-ribose are: 3.48 The carbohydrate shown here is a component of a drug

used in veterinary medicine. Which is its most stable

A. Conformational isomers C. Resonance forms .
pyranose conformation?

B. Constitutional isomers D. Stereoisomers

OCH

3.45 What is the orientation of the OH groups at C-2 and C-3 in & .

the B—pyranose form of D-ribose?

A. Both are axial. . HO e -

B. Both are equatorial. 3

C. C-2is axial; C-3 is equatorial. CH.O CH.O

D. C-2is equatorial; C-3 is axial. 3 3% CH;, -
3.46 The OH groups at C-2 and C3 in the B—pyranose form of

D-ribose are: H

A. cis and gauche C. trans and gauche C 3 OH

B. cis and anti D. trans and anti A .
3.47  All of the OH groups of the B—pyranose form of D-xylose CH

are equatorial. Which of the following is the f—furanose

form of D-xylose? CH;0 OH CH3O/m/

HOCH2 HOCH, CH3

| _o_H Ho § OH H_O HO
5\? r/( 5\? \r/( B. D.
3.49 Whatare the O—C(1)—C(2)—O and 0—C(2)—C(3)—O

torsion (dihedral) angles in the 3-pyranose form of D-ribose?
A. 60° and 180°, respectively.

HOCH, HOCH2 H
OH O H B. 180° and 60°, respectively.
/ \ / ™ C. Both are 60°.
OH D. Both are 180°.
OH
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As a motion picture tells a story, so too a mechanism tells us how a chemical
reaction takes place. If we could look at a reaction “frame-by-frame,” as we
can with a film reel, we would observe intermediates and transition states that
appear during it.

Alcohols and Alkyl Halides:
Introduction to Reaction
Mechanisms

Our first three chapters established some fundamental princi-
ples concerning the structure of organic molecules and
introduced the connection between structure and reactivity with
areview of acid—base reactions. In this chapter we explore struc-
ture and reactivity in more detail by developing two concepts:
functional groups and reaction mechanisms. A functional group
is the atom or group in a molecule most responsible for the reac-
tion the compound undergoes under a prescribed set of condi-
tions. How the structure of the reactant is transformed to that of
the product is what we mean by the reaction mechanism.

Organic compounds are grouped into families according
to the functional groups they contain. Two of the most important
families are alcohols and alkyl halides; both of which are versa-
tile starting materials for preparing numerous other families and
will appear in virtually all of the remaining chapters of this text.

The major portion of the present chapter concerns the con-
version of alcohols to alkyl halides by reaction with hydrogen
halides:

R—OH +
Alcohol

H—X
Hydrogen halide

—> R—X + H—OH

Alkyl halide Water



4.1 Functional Groups

It is convenient in equations such as this to represent generic alcohols and alkyl halides as
ROH and RX, respectively, where “R” stands for an alkyl group. In addition to conven-
ience, this notation lets us focus more clearly on the functional group transformation; the
OH functional group of an alcohol is replaced by a halogen, such as chlorine (X = CI) or
bromine (X = Br).

While developing the connections between structure, reaction, and mechanism, we
will also extend the fundamentals of [IUPAC nomenclature to functional group families,
beginning with alcohols and alkyl halides.

4.1 Functional Groups

The families of hydrocarbons—alkanes, alkenes, alkynes, and arenes—were introduced in
Section 2.1. The double bond is a functional group in an alkene, the triple bond a functional
group in an alkyne, and the benzene ring itself is a functional group in an arene. Alkanes
(RH) are not considered to have a functional group, although as we’ll see later in this chap-
ter, reactions that replace a hydrogen atom can take place. In general though, hydrogen
atoms of alkanes are relatively unreactive and any other group attached to the hydrocarbon
framework will be the functional group.

Table 4.1 lists the major families of organic compounds covered in this text and their
functional groups.

Problem 4.1

(a) Write a structural formula for a sulfide having the molecular formula C3HgS. (b) What
two thiols have the molecular formula C3HgS?

Sample Solution (a) According to Table 4.1, sulfides have the general formula RSR and the
Rs may be the same or different. The only possible connectivity for a sulfide with three carbons
is C—S—C—=C. Therefore, the sulfide is CH3SCH,CHj.

We have already touched on some of these functional-group families in our discus-
sion of acids and bases. We have seen that alcohols resemble water in pK, and that carboxy-
lic acids, although weak acids, are stronger acids than alcohols. Carboxylic acids belong
to one of the most important classes of organic compounds—those that contain carbonyl
groups (C==0). They and other carbonyl-containing compounds rank among the most
abundant and biologically significant naturally occurring substances. In this chapter we
focus our attention on two classes of organic compounds listed in Table 4.1: alkyl halides
and alcohols.

Problem 4.2

Many compounds contain more than one functional group. Elenolic acid is obtained from olive
oil and contains three carbonyl groups. Classify each type according to Table 4.1. Identify the
most acidic proton in elenolic acid and use Table 1.8 to estimate its pK..

H
o=/  CH,

O
HO

o©O

OCH,
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Carbonyl group chemistry is discussed
in a block of four chapters (Chapters
17-20).
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The IUPAC rules permit certain common

alkyl group names to be used. These
include n-propyl, isopropyl, n-butyl,
sec-butyl, isobutyl, tert-butyl, and
neopentyl (Section 2.16).

Chapter4 Alcohols and Alkyl Halides: Introduction to Reaction Mechanisms

TABLE 4.1 Functional Groups in Some Important Classes
of Organic Compounds

Generalized Representative
Class abbreviation* example Name of example'
Alcohol ROH CH3CH,0OH Ethanol
Alkyl halide RCI CH3CH,CI Chloroethane
Amine* RNH, CH3CH,NH, Ethanamine
Epoxide RZC\_/CRZ Hzc\—/CHz Oxirane
0 0

Ether ROR CH3CH,0CH,CH4 Diethyl ether
Nitrile RC=N CH3CH,C=N Propanenitrile
Nitroalkane RNO, CH3CH,NO, Nitroethane
Sulfide RSR CH3SCH3 Dimethyl sulfide
Thiol RSH CH3CH,SH Ethanethiol

0 0
Aldehyde R(HDH CHg(‘.le Ethanal

0 0
Ketone R(HDR CH3CH:CHZCH3 2-Butanone

0 0
Carboxylic acid R(”)OH CH3CH)OH Ethanoic acid
Carhoxylic acid derivatives
Acyl halide R(HJX CH3(HDCI Ethanoyl chloride

(ﬁ ﬁ ﬁ C”) Ethanoic
Acid anhydride RCOCR CH3COCCH3 anhydride

0 0
Ester R(HIOR CH3(H)OCHZCH3 Ethyl ethanoate

0 0
Amide Ry)NRZ CH3(H3NH2 Ethanamide

*When more than one R group is present, the groups may be the same or different.

"Most compounds have more than one acceptable name.
“The example given is a primary amine (RNH,). Secondary amines have the general structure R,NH; tertiary amines are R;N.

4.2 IUPAC Nomenclature of Alkyl Halides

The TUPAC rules permit alkyl halides to be named in two different ways, called functional
class nomenclature and substitutive nomenclature. In functional class nomenclature the
alkyl group and the halide (fluoride, chloride, bromide, or iodide) are designated as separate
words. The alkyl group is named on the basis of its longest continuous chain beginning at
the carbon to which the halogen is attached.
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H
12 3 4
CH,F CH;CH,CH,CH,CH,Cl CH3CH2(|THCH2CH2CH3 <:><
Br I
Methyl fluoride Pentyl chloride 1-Ethylbutyl bromide Cyclohexyl iodide

Substitutive nomenclature of alkyl halides treats the halogen as a halo (fluoro-,
chloro-, bromo-, or iodo-) substituent on an alkane chain. The carbon chain is numbered in
the direction that gives the substituted carbon the lower number.

5 4 3 2 1 1 2 3 4 5 1 2 3 4 5
CH;CH,CH,CH,CH,F CH3C|HCH2CH2CH3 CH3CH2C| CH,CH;
Br I

1-Fluoropentane 2-Bromopentane 3-lodopentane

When the carbon chain bears both a halogen and an alkyl substituent, the two are consid-
ered of equal rank, and the chain is numbered so as to give the lower number to the substitu-
ent nearer the end of the chain.

1 2 3 4 5 6 7 1 2 3 4 5 6 7
CH3$HCH2CH2C|HCH2CH3 CH3C|HCH2CH2C|HCH2CH3
CH, Cl Cl CH,

5-Chloro-2-methylheptane 2-Chloro-5-methylheptane

Problem 4.3

Write structural formulas and give the functional class and substitutive names of all the
isomeric alkyl chlorides that have the molecular formula C,H4CI.

Substitutive names are preferred, but functional class names are sometimes more
convenient or more familiar and are frequently encountered in organic chemistry.

4.3 IUPAC Nomenclature of Alcohols

Functional class names of alcohols are derived by naming the alkyl group that bears the
hydroxyl substituent (—OH) and then adding alcohol as a separate word. The chain is
always numbered beginning at the carbon to which the hydroxyl group is attached.

Substitutive names of alcohols are developed by identifying the longest continuous
chain that bears the hydroxyl group and replacing the -e¢ ending of the corresponding alkane
by -ol. The position of the hydroxyl group is indicated by number, choosing the sequence
that assigns the lower locant to the carbon that bears the hydroxyl group.

The 1993 TUPAC recommendations alter the substitutive names of alcohols by brack-
eting the numerical locant for the substituted carbon with hyphens and placing it immedi-
ately before the -0l ending.

T
CH,CH,OH CH3C|IHCH2CH2CH2CH3 CH3(|ICH2CH2CH3

OH OH
Functional class name: Ethyl alcohol 1-Methylpentyl alcohol 1,1-Dimethylbutyl alcohol
Substitutive names: Ethanol 2-Hexanol 2-Methyl-2-pentanol

Hexan-2-ol 2-Methylpentan-2-ol
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Functional class names are part of the
IUPAC system; they are not “common
names.”

Several alcohols are commonplace
substances, well known by common
names that reflect their origin (wood
alcohol, grain alcohol) or use (rubbing
alcohol). Wood alcohol is methanol
(methyl alcohol, CH30H), grain alcohol
is ethanol (ethyl alcohol, CH;CH,0H),
and rubbing alcohol is 2-propanol
[isopropyl alcohol, (CH3),CHOH].
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Hydroxyl groups take precedence over (“outrank”) alkyl groups and halogens in determin-
ing the direction in which a carbon chain is numbered. The OH group is assumed to be
attached to C-1 of a cyclic alcohol.

2 ,CHs
7 6 5 4 3 2 1 3 2 1
CH; (leCHZCHQ(fHCHZCH3 4 <:|/ FCH,CH,CH,0OH
\—"1",
CH, OH s 'OH
6-Methyl-3-heptanol trans-2-Methylcyclopentanol 3-Fluoro-1-propanol
6-Methylheptan-3-ol trans-2-Methylcyclopentan-1-ol ~ 3-Fluoropropan-1-ol

Problem 4.4

Write structural formulas, and give the functional class and substitutive names of all the
isomeric alcohols that have the molecular formula C4H;,0.

4.4 Classes of Alcohols and Alkyl Halides

Alcohols and alkyl halides are classified as primary, secondary, or tertiary according to the
degree of substitution of the carbon that bears the functional group (Section 2.16). Thus,
primary alcohols and primary alkyl halides are compounds of the type RCH,G (where G
is the functional group), secondary alcohols and secondary alkyl halides are compounds
of the type R,CHG, and tertiary alcohols and tertiary alkyl halides are compounds of the
type R;CG.

CH,

| CH; |
CH3(|3CH20H CH3CH2C|HCH3 CH3(|TCH2CH2CH3
OH
CH; Br Cl
2,2-Dimethyl-1-propanol 2-Bromobutane 1-Methylcyclohexanol 2-Chloro-2-methylpentane
(a primary alcohol) (a secondary alkyl halide) (a tertiary alcohol) (a tertiary alkyl halide)

Problem 4.5

Classify the isomeric C,H;0 alcohols as being primary, secondary, or tertiary.

Many of the properties of alcohols and alkyl halides are affected by whether their
functional groups are attached to primary, secondary, or tertiary carbons. We will see a
number of cases in which a functional group attached to a primary carbon is more reac-
tive than one attached to a secondary or tertiary carbon, as well as other cases in which the
reverse is true.

4.5 Bonding in Alcohols and Alkyl Halides

The carbon that bears the functional group is sp*-hybridized in alcohols and alkyl halides.
Figure 4.1 illustrates bonding in methanol. The bond angles at carbon are approximately
tetrahedral, as is the C—O—H angle. A similar orbital hybridization model applies to
alkyl halides, with the halogen connected to sp*-hybridized carbon by a o bond. Carbon—
halogen bond distances in alkyl halides increase in the order C—F (140 pm) < C—Cl
(179 pm) < C—Br (197 pm) < C—I1 (216 pm).

Carbon—oxygen and carbon—halogen bonds are polar covalent bonds, and carbon
bears a partial positive charge in alcohols (**C—0?%) and in alkyl halides ®*C—X®).
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Lone-pair orbitals

H

e

N

0 < LN
o bond
C—O—H angle = 108.5
C—O0 bond distance = 142 pm
(@) (b)
Figure 4.1

Orbital hybridization model of bonding in methanol. (a) The orbitals used in bonding are the 1s orbital of
hydrogen and sp3-hybridized orbitals of carbon and oxygen. (b) The bond angles at carbon and oxygen are
close to tetrahedral, and the carbon—oxygen o bond is about 10 pm shorter than a carbon—carbon single bond.

Alcohols and alkyl halides are polar molecules. The dipole moments of methanol and chlo-
romethane are very similar to each other and to water.

A N N X ool
H H H;C H
Water Methanol Chloromethane
(n=1.8D) (w=1.7D) (w=19D)

Problem 4.6

Bromine is less electronegative than chlorine, yet methyl bromide and methyl chloride have very
similar dipole moments. Why?

Figure 4.2 maps the electrostatic potential in methanol and chloromethane. Both are
similar in that the sites of highest negative potential (red) are near the electronegative atoms:
oxygen and chlorine. The polarization of the bonds to oxygen and chlorine, as well as their
unshared electron pairs, contribute to the concentration of negative charge on these atoms.

Relatively simple notions of attractive forces between opposite charges are sufficient
to account for many of the properties of chemical substances. You will find it helpful to
keep the polarity of carbon—oxygen and carbon—halogen bonds in mind as we develop the
properties of alcohols and alkyl halides in later sections.

4.6 Physical Properties of Alcohols and Alkyl
Halides: Intermolecular Forces

Boiling Point. When describing the effect of alkane structure on boiling point in Section
2.20, we pointed out that van der Waals attractive forces between neutral molecules are of
three types.

1. Induced-dipole/induced-dipole forces (dispersion forces; London forces)
2. Dipole/induced-dipole forces
3. Dipole—dipole forces

Induced-dipole/induced-dipole forces are the only intermolecular attractive forces
available to nonpolar molecules such as alkanes and are important in polar molecules as
well. In addition, polar molecules also engage in dipole—dipole and dipole/induced-dipole
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Methanol (CH;OH)

Chloromethane (CH5Cl)

Figure 4.2

Electrostatic potential maps of
methanol and chloromethane. The
electrostatic potential is most negative
near oxygen in methanol and near
chlorine in chloromethane. The most
positive region is near the O—H proton
in methanol and near the methyl group
in chloromethane.
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Figure 4.3

A dipole—dipole attractive force. Two
molecules of a polar substance associate
so that the positively polarized region of
one and the negatively polarized region
of the other attract each other.
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attractions. The dipole—dipole attractive force is easiest to visualize and is illustrated in
Figure 4.3. Two molecules of a polar substance experience a mutual attraction between
the positively polarized region of one molecule and the negatively polarized region of the
other. The dipole/induced-dipole force combines features of both the induced-dipole/
induced-dipole and dipole—dipole attractive forces. A polar region of one molecule alters
the electron distribution in a nonpolar region of another in a direction that produces an
attractive force between them.

We can gain a sense of the relative importance of these intermolecular forces by con-
sidering three compounds similar in size and shape: the alkane propane, the alkyl halide
fluoroethane, and the alcohol ethanol. Both of the polar compounds, ethanol and fluor-
oethane, have higher boiling points than the nonpolar one, propane. We attribute this to a
combination of dipole/induced-dipole and dipole—dipole attractive forces that are present
in the liquid states of ethanol and fluoroethane, but absent in propane.

| “© P
¢ Q,g OQ,%G‘! t! 5.‘

O
& & <

CH,CH,CH; CH;CH,F CH,CH,OH
Propane (n = 0 D) Fluoroethane (n. = 1.9 D) Ethanol (n = 1.7 D)
Boiling point: —42°C —32°C 78°C

Hydrogen bonds between —OH groups
are stronger than those between —NH
groups, as a comparison of the boiling
points of water (H,O, 100°C) and

ammonia (NHs, —33°C) demonstrates.

The most striking difference, however, is that despite the similarity in their dipole
moments, ethanol has a much higher boiling point than fluoroethane. This suggests that the
attractive forces in ethanol are unusually strong. They are an example of a special type of
dipole—dipole attraction called hydrogen bonding and involve, in this case, the positively
polarized proton of the —OH group of one ethanol molecule with the negatively polarized
oxygen of another. The oxygen of the —OH group of alcohols serves as a hydrogen bond
acceptor, while the hydrogen attached to the oxygen serves as a hydrogen bond donor.
Having both hydrogen bond acceptor and donor capability in the same molecule creates a
strong network among ethanol molecules in the liquid phase.

Figure 4.4 shows the association of two ethanol molecules to form a hydrogen-
bonded complex. The proton in the hydrogen bond (O—H---O) is not shared equally
between the two oxygens, but is closer to and more strongly bonded to one oxygen than the
other. Typical hydrogen bond strengths are on the order of 20 kJ/mol (about 5 kcal/mol),
making them some 15-20 times weaker than most covalent bonds. Extended networks of
hydrogen bonds are broken when individual ethanol molecules escape from the liquid to
the vapor phase, but the covalent bonds remain intact.

Among organic compounds, hydrogen bonding involves only OH or NH protons,
as in:

O—H--0 O—H--N N—H-0 N—H-N

The hydrogen must be bonded to a strongly electronegative element in order for the bond to
be polar enough to support hydrogen bonding. Therefore, C—H groups do not participate
in hydrogen bonds.

Problem 4.7

The constitutional isomer of ethanol, dimethyl ether (CH30CH3), is a gas at room temperature.
Suggest an explanation for this observation.
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An OH proton of one ethanol molecule

interacts with the oxygen of a second ethanol

b4

This oxygen is available to form a This OH proton is available

hydrogen bond with the OH proton to form a hydrogen bond

of a third ethanol molecule. with the oxygen of a fourth
ethanol molecule.

More than other dipole—dipole attractions, intermolecular hydrogen bonds are strong
enough to impose a relatively high degree of structural order on systems in which they occur.
We’ll see, in Chapters 25 and 26, that the three-dimensional structures adopted by proteins
and nucleic acids, the organic chemicals of life, are strongly influenced by hydrogen bonds.

Table 4.2 lists the boiling points of some representative alkyl halides and alcohols.
When comparing the boiling points of related compounds as a function of the alkyl group, we
find that the boiling point increases with the number of carbon atoms, as it does with alkanes.

The importance of hydrogen bonding in alcohols is evident in the last column of the
table where it can be seen that the boiling points of alcohols are consistently higher than
the corresponding alkyl fluoride, chloride, or bromide.

Among alkyl halides, the boiling point increases with increasing size of the halogen;
alkyl fluorides have the lowest boiling points, alkyl iodides the highest. Dispersion forces are
mainly responsible. Induced-dipole/induced-dipole attractions are favored when the electron
cloud around an atom is easily distorted. This property of an atom is its polarizability and
is more pronounced when the electrons are farther from the nucleus (iodine) than when they

TABLE 4.2 Boiling Point of Some Alkyl Halides and Alcohols

Substituent X and boiling point, °C (1 atm)

Name of alkyl

group Formula X=F X =Cl X = Br X=1 X = OH
Methyl CH3X -78 24 3 42 65
Ethyl CH3CH,X -39 12 38 72 78
Propy! CH3CH,CH,X 3 47 71 103 97
Pentyl CH3(CH,)3CH,X 65 108 129 157 138

Hexyl CH3(CH,),CH,X 92 134 155 180 157
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Figure 4.4

Hydrogen bonding in ethanol involves the
oxygen of one molecule and the proton of
the —OH group of another. A network of
hydrogen-bonded complexes composed
of many molecules characterizes the
liquid phase of ethanol.
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are closer (fluorine). Thus, induced-dipole/induced-dipole attractions are strongest in alkyl
iodides, weakest in alkyl fluorides, and the boiling points of alkyl halides reflect this.

The boiling points of the chlorinated derivatives of methane increase with the number
of chlorine atoms because the induced-dipole/induced-dipole attractive forces increase
with each replacement of hydrogen by chlorine.

® ¢ @
3 0039 09 003 ¢
¢ © @ ¢

CH;Cl CH,Cl, CHCl; CCly
Chloromethane Dichloromethane Trichloromethane Tetrachloromethane
Boiling point: —24°C 40°C 61°C 77°C

Fluorine is unique among the halogens in that increasing the number of fluorines does
not lead to higher and higher boiling points.

¢ gy © 89 © Q9 © g4
A¥ A8 58 L

CH;CH,F CH;CHF, CH;CF5 CF;CF;
Fluoroethane 1,1-Difluoroethane 1,1,1-Trifluoroethane Hexafluoroethane
Boiling point: —32°C —25°C —47°C —78°C

Thus, although the difluoride CH;CHF, boils at a higher temperature than CH;CH,F, the
trifluoride CH;CF; boils at a lower temperature than either of them. Even more striking is

These boiling points illustrate why we the observation that the hexafluoride CF;CF; is the lowest boiling of any of the fluorinated
should do away with the notion that derivatives of ethane. The boiling point of CF;CF; is, in fact, only 11°C higher than that
boiling points always increase with of ethane itself. The reason for this behavior has to do with the very low polarizability

increasing molecular weight.

of fluorine and a decrease in induced-dipole/induced-dipole forces that accompanies the
incorporation of fluorine substituents into a molecule. Their weak intermolecular attrac-
tive forces give fluorinated hydrocarbons certain desirable physical properties such as that
found in the “no stick” Teflon coating of frying pans. Teflon is a polymer (Section 6.14 and
Chapter 27) made up of long chains of —CF,CF,— units.

Solubility in Water. Alkyl halides and alcohols differ markedly from one another in
their solubility in water. All alkyl halides are insoluble in water, but low-molecular-weight
alcohols (methyl, ethyl, n-propyl, and isopropyl) are soluble in water in all proportions.
Their ability to participate in intermolecular hydrogen bonding not only affects the boiling
points of alcohols, but also enhances their water solubility. Hydrogen-bonded networks
of the type shown in Figure 4.5, in which alcohol and water molecules associate with one
another, replace the alcohol-alcohol and water—water hydrogen-bonded networks present
in the pure substances.

Higher alcohols become more “hydrocarbon-like” and less water-soluble. 1-Octanol,
for example, dissolves to the extent of only 1 mL in 2000 mL of water. As the alkyl chain
gets longer, the hydrophobic effect (Section 2.20) becomes more important, to the point
that it, more than hydrogen bonding, governs the solubility of alcohols.

Density. Alkyl fluorides and chlorides are less dense, and alkyl bromides and iodides
more dense, than water.

CH;(CH,)CH,F  CH5(CH,)¢CH,Cl  CH;(CH,)(CH,Br  CH,(CH,)sCH,I

Density
(20°C): 0.80 g/mL 0.89 g/mL 1.12 g/mL 1.34 g/mL
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Figure 4.5

Hydrogen bonding between molecules of
ethanol and water.

Because alkyl halides are insoluble in water, a mixture of an alkyl halide and water sepa-
rates into two layers. When the alkyl halide is a fluoride or chloride, it is the upper layer and
water is the lower. The situation is reversed when the alkyl halide is a bromide or an iodide.
In these cases the alkyl halide is the lower layer. Polyhalogenation increases the density.
The compounds CH,Cl,, CHCl;, and CCl,, for example, are all more dense than water.

All liquid alcohols have densities of approximately 0.8 g/mL and are less dense than
water.

4.7 Preparation of Alkyl Halides from
Alcohols and Hydrogen Halides

Much of what organic chemists do is directed toward practical goals. Chemists in the pharma-
ceutical industry synthesize new compounds as potential drugs for the treatment of disease.
Agricultural chemicals designed to increase crop yields include organic compounds used for
weed control, insecticides, and fungicides. Among the “building block” molecules used as
starting materials to prepare new substances, alcohols and alkyl halides are especially valuable.

The reactions to be described in the remainder of this chapter use either an alkane or
an alcohol as the starting material for preparing an alkyl halide. By knowing how to prepare
alkyl halides, we can better appreciate the material in later chapters, where alkyl halides
figure prominently in key functional group transformations. Just as important, the prepara-
tion of alkyl halides will serve as our focal point as we examine the principles of reaction
mechanisms. We’ll begin with the preparation of alkyl halides from alcohols by reaction
with hydrogen halides according to the general equation:

R—OH + H—X —— R—X + H—OH
Alcohol  Hydrogen halide Alkyl halide Water
The order of reactivity of the hydrogen halides parallels their acidity: HI > HBr >
HCI1 >> HF. Hydrogen iodide is used infrequently, however, and the reaction of alcohols
with hydrogen fluoride is not a useful method for the preparation of alkyl fluorides.

Among the various classes of alcohols, tertiary alcohols are observed to be the most
reactive and primary alcohols the least reactive.

Increasing reactivity of alcohols
toward hydrogen halides

o -

RCH,OH < R,CHOH < R,COH

Primary Secondary Tertiary
Least reactive Most reactive
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The efficiency of a synthetic
transformation is normally expressed
as a percent yield, or percentage of the
theoretical yield. Theoretical yield is
the amount of product that could be
formed if the reaction proceeded to
completion and did not lead to any
products other than those given in

the equation.
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Tertiary alcohols are converted to alkyl chlorides in high yield within minutes on
reaction with hydrogen chloride at room temperature and below.

25°C

(CH3);COH + HCI — (CH3);CCl + H,0
2-Methyl-2-propanol Hydrogen chloride 2-Chloro-2-methylpropane Water
(tert-butyl alcohol) (tert-butyl chloride) (78-88%)

Secondary and primary alcohols do not react with HCI at rates fast enough to make
the preparation of the corresponding alkyl chlorides a method of practical value. There-
fore, the more reactive hydrogen halide HBr is used; even then, elevated temperatures are
required to increase the rate of reaction.

<:>—0H+ HBr 5 <:>—Br + H,0

Cyclohexanol Hydrogen bromide Bromocyclohexane (73%) Water

CH5(CH,)sCH,OH + HBr -5 CH4(CH,)sCH,Br + H,O

1-Heptanol Hydrogen 1-Bromoheptane Water
bromide (87-90%)

The same kind of transformation may be carried out by heating an alcohol with
sodium bromide and sulfuric acid.

NaBr, HzSO4
CH3CH2CH2CH20H T) CH3CH2CH2CHzBr
1-Butanol 1-Bromobutane (90%)
(n-butyl alcohol) (n-butyl bromide)

We’ll often write chemical equations in the abbreviated form just shown, in which reagents,
especially inorganic ones, are not included in the body of the equation but instead are indi-
cated over the arrow. Inorganic products—in this case, water—are usually omitted.

Problem 4.8

Write chemical equations for the reaction that takes place between each of the following pairs
of reactants:

(a) 2-Butanol and hydrogen bromide
(b) 3-Ethyl-3-pentanol and hydrogen chloride
(c) 1-Tetradecanol and hydrogen bromide

Sample Solution (a) An alcohol and a hydrogen halide react to form an alky! halide and
water. In this case 2-bromobutane was isolated in 73% yield.

\l/\-i- HBr — Y\JFHZO

OH Br

2-Butanol Hydrogen bromide 2-Bromobutane  Water

4.8 Reaction of Alcohols with Hydrogen
Halides: The Sy1 Mechanism

The reaction of an alcohol with a hydrogen halide is a substitution. A halogen, usually
chlorine or bromine, replaces a hydroxyl group as a substituent on carbon. Calling the
reaction a substitution tells us the relationship between the organic reactant and product
but does not reveal the mechanism. The mechanism is the step-by-step pathway that leads
from reactants to products. In developing a mechanism for a particular reaction, we com-
bine some basic principles of chemical reactivity with experimental observations to deduce
the most likely sequence of steps.
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Mechanism 4.1

Formation of tert-Butyl Chloride from tert-Butyl Alcohol and Hydrogen Chloride
THE OVERALL REACTION:

%o\ + HCI Cl + HO
H

tert-Butyl alcohol ~ Hydrogen chloride tert-Butyl chloride Water
THE MECHANISM:

Step 1: Protonation of tert-butyl alcohol to give an alkyloxonium ion:

/\ o0 fast + /H 00
O\: + ch_li e—— O\: + 191:
H H

tert-Butyl alcohol Hydrogen chloride tert-Butyloxonium ion  Chloride ion

Step 2: Dissociation of fert-butyloxonium ion to give a carbocation:

tert-Butyloxonium ion tert-Butyl cation Water

Step 3: Capture of fert-butyl cation by chloride ion:
+>—'/_+\: 'C:l? 4>fa5t %7 Cl:

tert-Butyl cation Chloride ion tert-Butyl chloride

Consider the reaction of fert-butyl alcohol with hydrogen chloride:

tert-Butyl Hydrogen tert-Butyl Water
alcohol chloride chloride

The generally accepted mechanism for this reaction is presented as a series of three equa-
tions in Mechanism 4.1. We say “generally accepted” because a reaction mechanism can
never be proven correct. A mechanism is our best present assessment of how a reaction pro-
ceeds and must account for all experimental observations. If new experimental data appear
that conflict with the mechanism, the mechanism must be modified to accommodate them.
If the new data are consistent with the proposed mechanism, our confidence grows that the
mechanism is likely to be correct.

Each equation in Mechanism 4.1 represents a single elementary step, meaning that
it involves only one transition state. A particular reaction might proceed by way of a single
elementary step, in which it is described as a concerted reaction, or by a series of elemen-
tary steps as in Mechanism 4.1. To be valid a proposed mechanism must meet a number of
criteria, one of which is that the sum of the equations for the elementary steps must cor-
respond to the equation for the overall reaction. Before we examine each step in detail, you
should verify that the process in Mechanism 4.1 satisfies this requirement.
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Recall from Section 1.12 that curved
arrows indicate the movement of
electrons in chemical reactions.

The 1967 Nobel Prize in Chemistry was
shared by Manfred Eigen, a German
chemist who developed novel methods
for measuring the rates of very fast
reactions such as proton transfers.

Figure 4.6

Potential energy diagram for proton
transfer from hydrogen chloride to tert-
butyl alcohol (step 1 of Mechanism 4.1).

Chapter4 Alcohols and Alkyl Halides: Introduction to Reaction Mechanisms

Step 1: Proton Transfer

We saw in Chapter 1, especially in Table 1.8, that alcohols resemble water in respect to
their Brgnsted acidity (ability to donate a proton from oxygen). They also resemble water
in their Brgnsted basicity (ability to accept a proton on oxygen). Just as proton transfer to
a water molecule gives oxonium ion (hydronium ion, H;O™), proton transfer to an alcohol
gives an alkyloxonium ion (ROH,").

/\ .. fast + /H e
O\: + HC'CI [— O\: + Cl
H H

tert-Butyl Hydrogen tert-Butyloxonium Chloride
alcohol chloride ion ion
(Brgnsted base)  (Brgnsted acid) (Conjugate acid) (Conjugate base)

Furthermore, a strong acid such as HCI that ionizes completely when dissolved in water,
also ionizes completely when dissolved in an alcohol. Many important reactions of alcohols
involve strong acids either as reactants or as catalysts. In all these reactions the first step is
formation of an alkyloxonium ion by proton transfer from the acid to the alcohol.

The molecularity of an elementary step is given by the number of species that
undergo a chemical change in that step. Transfer of a proton from hydrogen chloride to
tert-butyl alcohol is bimolecular because two molecules [HCI and (CH;);COH] undergo
chemical change.

The tert-butyloxonium ion formed in step 1 is an intermediate. It was not one of
the initial reactants, nor is it formed as one of the final products. Rather it is formed in one
elementary step, consumed in another, and lies on the pathway from reactants to products.

Potential energy diagrams of the kind introduced in Section 3.1 are especially use-
ful when applied to reaction mechanisms. One for proton transfer from hydrogen chloride
to fert-butyl alcohol is shown in Figure 4.6. The potential energy of the system is plotted
against the “reaction coordinate,” which is a measure of the degree to which the reacting
molecules have progressed on their way to products. Several aspects of the diagram are
worth noting:

B Because this is an elementary step, it involves a single transition state.

B Proton transfers from strong acids to water and alcohols rank among the most rapid
chemical processes and occur almost as fast as the molecules collide with one
another. Thus the height of the energy barrier E, for proton transfer must be quite low.

B The step is known to be exothermic, so the products are placed lower in energy than
the reactants.

The concerted nature of proton transfer contributes to its rapid rate. The energy cost
of breaking the H—CI bond is partially offset by the energy released in forming the new

H
0+/
AN

H,
Transition state

Ea

I

H—Cl:

Potential energy ——
: Q\ -

Reaction coordinate ———
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bond between the transferred proton and the oxygen of the alcohol. Thus, the activation
energy is far less than it would be for a hypothetical two-step process in which the H—CIl
bond breaks first, followed by bond formation between H* and the alcohol.

The species present at the transition state is not a stable structure and cannot be iso-
lated or examined directly. In general, the bonds in transition states are partially rather than
fully formed. Its structure is assumed to be one in which the proton being transferred is
partially bonded to both chlorine and oxygen simultaneously, although not necessarily to

the same extent.
H
o4/
%03\

H,
a:gli

Inferring the structure at the transition state on the basis of the reactants and prod-
ucts of the elementary step in which it is involved is a time-honored practice in organic
chemistry. Speaking specifically of transition states, George S. Hammond suggested that
if two states are similar in energy, they are similar in structure. This rationale is known
as Hammond’s postulate. One of its corollaries is that the structure of a transition state
more closely resembles the immediately preceding or following state to which it is closer
in energy. In the case of the exothermic proton transfer in Figure 4.6, the transition state
is closer in energy to the reactants and so resembles them more closely than it does the
products of this step. We often call this an “early” transition state. The next step of this
mechanism will provide us with an example of a “late” transition state.

Step 2: Carbocation Formation

In the second elementary step of Mechanism 4.1, the alkyloxonium ion dissociates to a
molecule of water and a carbocation, an ion that contains a positively charged carbon.

H i
+ / slow
H
tert-Butyloxonium ion tert-Butyl cation Water

Only one species, tert-butyloxonium ion, undergoes a chemical change in this step. There-
fore, the step is unimolecular.

Like tert-butyloxonium ion, fert-butyl cation is an intermediate along the reaction
pathway. It is, however, a relatively unstable species and its formation by dissociation of
the alkyloxonium ion is endothermic. Step 2 is the slowest step in the mechanism and has
the highest activation energy. Figure 4.7 shows a potential energy diagram for this step.

B Because this step is endothermic, the products of it are placed higher in energy than
the reactants.

B The transition state is closer in energy to the carbocation (tert-butyl cation), so,
according to Hammond’s postulate, its structure more closely resembles the carbo-
cation than it resembles fert-butyloxonium ion. The transition state has considerable
“carbocation character,” meaning that a significant degree of positive charge has
developed at carbon, and its hybridization is closer to sp* than sp”.

There is ample evidence from a variety of sources that carbocations are intermedi-
ates in many chemical reactions but are almost always too unstable to isolate. The simplest
reason for the instability of carbocations is that the positively charged carbon has only six
electrons in its valence shell—the octet rule is not satisfied for the positively charged carbon.
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Dashed lines in transition-state
structures represent partial bonds,
that is, bonds in the process of being
made or broken.

Hammond made his proposal in 1955
while at lowa State University. He
later did pioneering work in organic
photochemistry at CalTech.

One way to name carbocations in
the IUPAC system is to add the word
“cation” to the name of the alkyl
group.
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Figure 4.7

Potential energy diagram for dissociation
of tert-butyloxonium ion to tert-butyl
cation (step 2 of Mechanism 4.1).

Potential energy ——

H

+ /

O\: Reaction coordinate ————
H

The properties of tert-butyl cation can be understood by focusing on its structure
shown in Figure 4.8. With only six valence electrons, which are distributed among three
coplanar ¢ bonds, the positively charged carbon is sp>-hybridized. The unhybridized 2p
orbital that remains on the positively charged carbon contains no electrons.

The positive charge on carbon and the vacant p orbital combine to make carbocations
strongly electrophilic (“electron-loving” or “electron-seeking”). Electrophiles are Lewis
acids (Section 1.16). They are electron-pair acceptors and react with Lewis bases (electron-
pair donors). Step 3, which follows and completes the mechanism, is a Lewis acid/Lewis
base reaction. We’ll return to carbocations to describe them in more detail in Section 4.9.

Step 3: Reaction of tert-Butyl Cation with Chloride Ion

The Lewis bases that react with electrophiles are called nucleophiles (‘“nucleus seekers”).
They have an unshared electron pair that they can use in covalent bond formation. The
nucleophile in step 3 of Mechanism 4.1 is chloride ion.

+>7/+\:@: st %d:

tert-Butyl cation Chloride ion tert-Butyl chloride
(electrophile) (nucleophile)

Step 3 is bimolecular because two species, the carbocation and chloride ion, react together.
(b) Figure 4.9 is a potential energy diagram for this step, and Figure 4.10 shows the orbitals
involved in C—Cl bond formation.

Figure 4.8
J B The step is exothermic; it leads from the carbocation intermediate to the stable iso-

tert-Butyl cation. (a) ;I'he positively lated products of the reaction.
h i -hybridized. Each . . . . ..
charged carbon is sp -nybridized. Eac B The activation energy for this step is small, and bond formation between a positive

methyl group is attached to the positively ; N :
charged carbon by a ¢ bond, and these ion and a negative ion occurs rapidly.

three bonds lie in the same plane. B The transition state for this step involves partial bond formation between tert-butyl
(b) The sp?-hybridized carbon has an cation and chloride ion.

empty 2p orbital, the axis of which is %54_ .o

perpendicular to the plane of the caroon T Cl:

atoms. h
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Potential energy ——————

sz :

Reaction coordinate =————

Having seen how Mechanism 4.1 for the reaction of ferz-butyl alcohol with hydrogen
chloride can be supplemented with potential energy diagrams for its three elementary steps,
we’ll complete the picture by combining these diagrams into one that covers the entire
process. To do so requires one additional fact—the energy relationship between the original
reactants and the final products. For the case involving hydrogen chloride gas:

(CH3);COH(l) + HCl(g) (CH3);CCI()) + H,0()

the reaction is exothermic, the products are of lower energy than the reactants, and the
composite diagram (Figure 4.11) has three peaks and two valleys. The peaks correspond
to transition states, one for each of the three elementary steps. The valleys correspond to
the reactive intermediates—ter#-butyloxonium ion and fert-butyl cation—species formed
in one step and consumed in another. The transition state for formation of fert-butyl cation
from the oxonium ion is the point of highest energy on the diagram, which makes this
elementary step the slowest of the three. It is called the rate-determining step, and the
overall reaction can proceed no faster than the rate of this, its slowest step.

With the potential energies shown on a common scale, we see that the transition state
for formation of (CH;);C™ is the highest energy point on the diagram.

Substitution reactions, of which the reaction of alcohols with hydrogen halides is but
one example, will be discussed in more detail in Chapter 8. There, we will make extensive
use of a notation originally introduced by Sir Christopher Ingold. Ingold proposed the sym-
bol, Sy, to stand for substitution nucleophilic, to be followed by the number / or 2 according
to whether the rate-determining step is unimolecular or bimolecular. The reaction of tert-
butyl alcohol with hydrogen chloride, for example, is said to follow an Sy1 mechanism
because its slow step (dissociation of tert-butyloxonium ion) is unimolecular. Only the
alkyloxonium ion undergoes a chemical change in this step.
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Figure 4.9

Potential energy diagram for reaction
of tert-butyl cation with chloride anion
(step 3 of Mechanism 4.1).

Figure 4.10

Combination of fert-butyl cation and
chloride anion to give tert-butyl chloride.
In-phase overlap between a vacant

p orbital of (CH3);C* and a filled p
orbital of CI™ gives a C—Cl o bond.
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Potential energy —— 5

H,O:

Reaction coordinate ————

Figure 4.11

Potential energy diagram for the reaction of tert-butyl alcohol and hydrogen chloride according to the Sy1 mechanism (Mechanism 4.1).

Problem 4.9

Assume the reaction

Cyclohexanol Hydrogen Bromocyclohexane Water
bromide

follows an Sy1 mechanism, and write a chemical equation for the rate-determining step. Use
curved arrows to show the flow of electrons.

When studying reactions that are believed to involve carbocations as intermediates,
it is common to test this proposal by assessing the stereochemical relationship between the
organic reactant and its product. For example, if a carbocation is an intermediate in the
reaction of tertiary alcohols with hydrogen halides, both stereoisomers of 4-tert-butyl-1-
methylcyclohexanol are converted to the same carbocation:

HCI + HCI
OH
-H,0 -H,0

Methyl cis to tert-butyl Carbocation Methyl trans to tert-butyl

OH
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Therefore, we would expect the same mixture of stereoisomeric forms of the product to
result regardless of which reactant is used. This is, in fact, what is observed and is consis-
tent with the Sy 1 mechanism.

C]
+ ’:;'Cil? W\Cl + W

Methyl cis to tert-butyl Methyl trans to tert-butyl
(18-22%) (78-82%)

Carbocation

Problem 4.10

On reaction with hydrogen chloride, one of the trimethylcyclohexanols shown yields a single
product, the other gives a mixture of two stereocisomers. Explain.

=

4.9 Structure, Bonding, and Stability of Carbocations

As we have just seen, the rate-determining step in the reaction of fers-butyl alcohol with
hydrogen chloride is formation of the carbocation (CH;);C*. Convincing evidence from a
variety of sources tells us that carbocations can exist, but are relatively unstable. When car-
bocations are involved in chemical reactions, it is as reactive intermediates, formed slowly
in one step and consumed rapidly in another.

Numerous other studies have shown that alkyl groups directly attached to the posi-
tively charged carbon stabilize a carbocation. Figure 4.12 illustrates this generalization for
CH,*, CH;CH,", (CH;),CH", and (CH,;);C". Among this group, CH;" is the least stable
and (CH;);C™ the most stable.

Carbocations are classified according to the degree of substitution at the positively
charged carbon. The positive charge is on a primary carbon in CH;CH, ", a secondary car-
bonin (CH;),CH™, and a tertiary carbon in (CH;);C™. Ethyl cation is a primary carbocation,
isopropyl cation a secondary carbocation, and tert-butyl cation a tertiary carbocation.

Increasing stability of carbocation

N
e « «
“9® g’._& g,.ﬁc (-’.89
¢ ¢ ¢
PDe

Figure 4.12

The order of carbocation stability

is methyl < primary < secondary <
tertiary. Alkyl groups that are directly
attached to the positively charged carbon
stabilize carbocations.

H_+_ H H;C _+ _H H;C_+ _CHj H;C_+ _CHj
~ Cl - ~ (lj - ~ ? - ~ Cl -
H H H CHj;
Methyl cation Ethyl cation Isopropyl cation tert-Butyl cation
(primary) (secondary) (tertiary)
Least stable Most stable
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Methyl cation (CH3™) Ethyl cation (CH;CH,") Isopropyl cation [(CHs),CH*] tert-Butyl cation [(CH3);C*]
Figure 4.13

Electrostatic potential maps of carbocations. The positive charge (blue) is most concentrated in CH;™ and most spread out in (CH3);C*. (The electrostatic
potentials were mapped on the same scale to allow direct comparison.)

bl i
S«

Figure 4.14

The charge in ethyl cation is stabilized by
polarization of the electron distribution

in the o bonds to the positively charged
carbon atom. Alkyl groups release
electrons better than hydrogen.

As carbocations go, CH; ™ is particularly unstable, and its existence as an intermediate
in chemical reactions has never been demonstrated. Primary carbocations, although more
stable than CH;™, are still too unstable to be involved as intermediates in chemical reac-
tions. The threshold of stability is reached with secondary carbocations. Many reactions,
including the reaction of secondary alcohols with hydrogen halides, are believed to involve
secondary carbocations. The evidence in support of tertiary carbocation intermediates is
stronger yet.

Problem 4.11

Carbocations are key intermediates in petroleum refining. Of particular importance is one having

the carbon skeleton shown.

How many different CgH,;* carbocations have this carbon skeleton? Write a line formula for
each and classify the carbocation as primary, secondary, or tertiary. The most stable of them
corresponds to the intermediate in petroleum refining. Which one is it?

Alkyl groups stabilize carbocations by releasing electron density to the positively
charged carbon, thereby dispersing the positive charge. Figure 4.13 illustrates this effect by
comparing the electrostatic potential maps of CH;*, CH;CH,*, (CH;),CH™, and (CH;),C"*.
The decreased intensity of the blue color reflects the greater dispersal of positive charge as
the number of methyl groups on the positively charged carbon increases.

Dispersal of positive charge goes hand in hand with delocalization of electrons. The
redistribution of negative charge—the electrons—is responsible for spreading out the posi-
tive charge. There are two main ways that methyl and other alkyl groups act as electron
sources to stabilize carbocations:

B Inductive effect (by polarization of o bonds)
B Hyperconjugation (by delocalization of electrons in o bonds)

Recall from Section 1.14 that an inductive effect is an electron-donating-or-with-
drawing effect of a substituent that is transmitted by the polarization of o bonds. As illus-
trated for CH;CH, " in Figure 4.14, the positively charged carbon draws the electrons in its
o bonds toward itself and away from the atoms attached to it. Electrons in a C—C bond
are more polarizable than those in a C—H bond, so replacing hydrogens by alkyl groups
reduces the net charge on the positively charged carbon. Alkyl groups are electron-releasing
substituents with respect to their inductive effect. The more alkyl groups that are directly
attached to the positively charged carbon, the more stable the carbocation.
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Problem 4.12

Which would you expect to be more stable: (CH3)sC* or (CF3)sC*? Why?

Hyperconjugation refers to the delocalization of electrons in o bonds. Its application
to carbocations such as CH;CH, " can be described in terms of resonance between contrib-
uting structures, and valence bond and molecular orbital models as well. According to the
resonance description, delocalization of the electron pair in a C—H bond of the methyl
group is represented by a contributing structure containing a C==C double bond.

H H*
\’-\' / /
H2C - C + H2C — C
2 1 2 ]\
Major contributor Minor contributor

Such electron delocalization disperses the positive charge by allowing it to be shared
between C(1) and the hydrogens at C(2).

The valence-bond approach to hyperconjugation in CH;CH, " is illustrated in Figure
4.15a. Overlap of an orbital associated with one of the C—H o bonds of the methyl group
with the vacant p orbital of the positively charged carbon gives an extended orbital that
encompasses both and permits the electrons in the o bond to be shared by both carbons.
The positive charge is dispersed, and the delocalized electrons feel the attractive force of
both carbons.

A molecular-orbital approach parallels the valence-bond model. One of the filled
bonding MOs of CH;CH, " (Figure 4.15b) combines a portion of the 2p orbital of the posi-
tively charged carbon with orbitals associated with the CH; group. The pair of electrons in
this MO are shared by the CH; group and by the positively charged carbon.

When applying hyperconjugation to carbocations more complicated than CH;CH, ", it
is helpful to keep track of the various bonds. Begin with the positively charged carbon and
label the three bonds originating from it with the Greek letter a.. Proceed down the chain,
labeling the bonds extending from the next carbon 3, those from the next carbon vy, and so on.

eend]
—C—C—C+
O P

Only electrons in bonds that are B to the positively charged carbon can stabilize a carbo-
cation by hyperconjugation. Moreover, it doesn’t matter whether H or another carbon is at
the far end of the 3 bond; stabilization by hyperconjugation will still operate. The key point
is that electrons in bonds that are (3 to the positively charged carbon are more stabilizing
than electrons in an «“C—H bond. Thus, successive replacement of first one, then two,
then three hydrogens of CH;" by alkyl groups increases the opportunities for hyper-
conjugation, which is consistent with the observed order of carbocation stability: CHy* <
CH,CH,"* < (CH;),CH" < (CH;);C".

(a) Valence bond (b) Molecular orbital
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Figure 4.15

Two views of the stabilization of
CH4CH," by hyperconjugation.

(a) Valence bond: Overlap of the vacant
2p orbital of the positively charged
carbon with the o orbital of a C—H
bond delocalizes the o electrons

and disperses the positive charge.

(b) Molecular orbital: One of the
molecular orbitals of CH;CH,"
encompasses both the CH; group and
the positively charged carbon; it is a
bonding MO and contains two electrons.
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The rate of any chemical reaction

increases with increasing temperature.

Thus the value of k for a reaction is
not constant, but increases as the
temperature increases.
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Problem 4.13

For the general case of R = any alkyl group, how many bonded pairs of electrons are involved in
stabilizing RsC* by hyperconjugation? How many in R,CH*? In RCH,*?

We will see numerous reactions that involve carbocation intermediates as we pro-
ceed through the text, so it is important to understand how their structure determines their
properties.

4,10 Effect of Alcohol Structure on Reaction Rate

For a proposed reaction mechanism to be valid, the sum of its elementary steps must equal
the equation for the overall reaction and the mechanism must be consistent with all experi-
mental observations. The Sy1 process set forth in Mechanism 4.1 satisfies the first criterion.
What about the second?

One important experimental fact is that the rate of reaction of alcohols with hydrogen
halides increases in the order primary < secondary < tertiary. This reactivity order paral-
lels the carbocation stability order and is readily accommodated by the mechanism we have
outlined.

The rate-determining step in the Sy1 mechanism is dissociation of the alkyloxonium
ion to the carbocation.

- H - H . H
G4/ A\ 5+/ AV /
C—O: — ¥t (C----0: ——> Ct + :0:
V2 VR | \

H H H

Alkyloxonium Transition state Carbocation Water

0n

The rate of this step is proportional to the concentration of the alkyloxonium ion:

H
+/
—Q;

\
H

Rate = k

\04\\\

where k is a constant of proportionality called the rate constant. The value of k is related
to the activation energy for alkyloxonium ion dissociation and is different for different
alkyloxonium ions. A low activation energy implies a large value of k and a rapid rate of
alkyloxonium ion dissociation. Conversely, a large activation energy is characterized by a
small & for dissociation and a slow rate.

The transition state is closer in energy to the carbocation and, according to Ham-
mond’s postulate, more closely resembles it than the alkyloxonium ion. Thus, structural
features that stabilize carbocations stabilize transition states leading to them. It follows,
therefore, that alkyloxonium ions derived from tertiary alcohols have a lower energy of
activation for dissociation and are converted to their corresponding carbocations faster than
those derived from secondary and primary alcohols. Simply put: more stable carbocations
are formed faster than less stable ones. Figure 4.16 expresses this principle via a series of
potential energy diagrams.

The Sy1 mechanism is generally accepted to be correct for the reaction of tertiary
and secondary alcohols with hydrogen halides. It is almost certainly not correct for methyl
alcohol and primary alcohols because methyl and primary carbocations are believed to be
much too unstable, and the activation energies for their formation much too high, for them
to be reasonably involved. The next section describes how methyl and primary alcohols are
converted to their corresponding halides by a mechanism related to, but different from, Sy 1.
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5+ 5+
CH; --- OH,
5+ 5+
RCH, --- OH,
S BE 86
R,CH --- OH.
CH;* H,0 2 2
5+ 5+
R;C --- OH,

o RCH,", H,0

0 E, —

Q

5 R,CH ", H,0

E’d
E, R;C*, H,0
E’d
+ + + +
CH;0H, RCH,OH, R,CHOH, R;COH,
Methyloxonium A primary A secondary A tertiary
ion alkyloxonium ion alkyloxonium ion alkyloxonium ion
Figure 4.16
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Energies of activation for formation of carbocations from alkyloxonium ions of methyl, primary, secondary, and tertiary alcohols.

4.11 Reaction of Methyl and Primary Alcohols with
Hydrogen Halides: The Sy2 Mechanism

Unlike tertiary and secondary carbocations, methyl and primary carbocations are too high
in energy to be intermediates in chemical reactions. However, methyl and primary alcohols
are converted, albeit rather slowly, to alkyl halides on treatment with hydrogen halides.
Therefore, they must follow a different mechanism, one that avoids carbocation intermedi-
ates. This alternative process is outlined in Mechanism 4.2 for the reaction of 1-heptanol
with hydrogen bromide.

The first step of this new mechanism is exactly the same as that seen earlier for the
reaction of fert-butyl alcohol with hydrogen chloride—formation of an alkyloxonium ion
by proton transfer from the hydrogen halide to the alcohol. Like the earlier example, this is
a rapid, reversible Brgnsted acid—base reaction.

The major difference between the two mechanisms is the second step. The second
step in the reaction of fert-butyl alcohol with hydrogen chloride is the unimolecular dis-
sociation of fert-butyloxonium ion to fert-butyl cation and water. Heptyloxonium ion,
however, instead of dissociating to an unstable primary carbocation, reacts differently. It
reacts with bromide ion, which acts as a nucleophile. We can represent the transition state
of this displacement as:

i
LS oN
:B'r':’

Transition state for step 2

Bromide ion forms a bond to the primary carbon by “pushing off” a water molecule. This
step is bimolecular because it involves both bromide and heptyloxonium ion. Step 2 is
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Mechanism 4.2

Formation of 1-Bromoheptane from 1-Heptanol and Hydrogen Bromide
THE OVERALL REACTION:

/\/\/\/O\ H + HBr — NG\ Br + H,0

1-Heptanol Hydrogen bromide 1-Bromoheptane Water

THE MECHANISM:

Step 1: Proton transfer from hydrogen bromide to 1-heptanol to give the corresponding alkyloxonium ion:

/\ H
O fast | _

/\/\/\/Q\H + HCI?‘ZI‘: - /\/\/\/OtH + 33'?3
1-Heptanol Hydrogen bromide Heptyloxonium ion Bromide ion

Step 2: Displacement of water from the alkyloxonium ion by bromide:

i
sl H
/\/\/\9 ol H . + (|)
. M 10
o .o H
:Br: :Br:
Heptyloxonium ion + bromide ion 1-Bromoheptane Water

slower than the proton transfer in step 1, so it is rate-determining. Using Ingold’s terminol-
ogy, we classify nucleophilic substitutions that have a bimolecular rate-determining step
by the mechanistic symbol Sy2.

Problem 4.14

Sketch a potential energy diagram for the reaction of 1-heptanol with hydrogen bromide,
paying careful attention to the positioning and structures of the intermediates and transition
states.

Problem 4.15

1-Butanol and 2-butanol are converted to their corresponding bromides on being heated
with hydrogen bromide. Write a suitable mechanism for each reaction, and assign each the
appropriate symbol (Sy1 or Sy2).

It is important to note that although methyl and primary alcohols react with hydrogen
halides by a mechanism that involves fewer steps than the corresponding reactions of sec-
ondary and tertiary alcohols, fewer steps do not translate to faster reaction rates. Remember,
the observed order of reactivity of alcohols with hydrogen halides is tertiary > secondary >
primary. Reaction rate is governed by the activation energy of the slowest step, regardless
of how many steps there are.

We described the effect of temperature on reaction rates in Section 3.1 and will exam-
ine concentration effects beginning in Section 5.15. These and other studies will be seen to
provide additional information that can be used to determine reaction mechanisms and a
deeper understanding of how reactions occur.
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4.12 Other Methods for Converting Alcohols
to Alkyl Halides

Alkyl halides are such useful starting materials for preparing other functional group types
that chemists have developed several different methods for converting alcohols to alkyl
halides. Two methods, based on the inorganic reagents thionyl chloride and phosphorus
tribromide, bear special mention.

Thionyl chloride reacts with alcohols to give alkyl chlorides.

ROH + SOCl, —— RCl + SO, + HCI

Alcohol  Thionyl Alkyl Sulfur  Hydrogen
chloride chloride  dioxide  chloride
Because tertiary alcohols are so readily converted to chlorides with hydrogen chloride,
thionyl chloride is used mainly to prepare primary and secondary alkyl chlorides. An early
step in the mechanism of this reaction is the conversion of the alcohol to a chlorosulfite,
which then reacts with chloride ion to yield the alkyl chloride.

/_\ R-0 :0
L N e .. i\ .
:Cl: + S—Cl: :CI-R + S: + :Cl:
// L' . .o // ..
o :0
Chloride ion  Alkyl chlorosulfite Alkyl chloride  Sulfur dioxide  Chloride ion

As normally performed, pyridine is the solvent but also acts as a weak base and catalyst.

OCl
(CH3CH,),CHCH,OH ’ (CH3CH,),CHCH,Cl
pyridine
2-Ethyl-1-butanol 1-Chloro-2-ethylbutane
(82%)

Problem 4.16

For the reaction in the preceding equation, a mechanism involving pyridine via the intermediate
shown can be written. Use curved arrows to show how chloride ion reacts with this species in a
single elementary step to give 1-chloro-2-ethylbutane and sulfur dioxide.

Phosphorus tribromide reacts with alcohols to give alkyl bromides and phosphorous

acid.
3ROH + PBr; —— 3RBr + H;PO;
Alcohol  Phosphorus Alkyl Phosphorous
tribromide bromide acid
Q P,
—>
H OH H Br
Cyclopentanol Cyclopentyl bromide
(78-84%)

Analogous to the reaction of alcohols with thionyl chloride, an early step in the mecha-
nism of phosphorus tribromide with alcohols is the formation of an intermediate of the
type ROPBTr, or related species, which then reacts with the nucleophilic bromide ion in a
subsequent step.
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Volume 11 of Organic Reactions, an
annual series that reviews reactions of
interest to organic chemists, contains
the statement “Most organic
compounds burn or explode when
brought in contact with fluorine.”

Chlorination of methane provides
approximately one third of the annual
U.S. production of chloromethane. The
reaction of methanol with hydrogen
chloride is the major synthetic method
for the preparation of chloromethane.

Dichloromethane, trichloromethane,
and tetrachloromethane are widely
known by their common names
methylene chloride, chloroform, and
carbon tetrachloride, respectively.

Chapter4 Alcohols and Alkyl Halides: Introduction to Reaction Mechanisms

4.13 Halogenation of Alkanes

The rest of this chapter describes a completely different method for preparing alkyl halides,
one that uses alkanes as reactants. It involves substitution of a halogen atom for one of the
alkane’s hydrogens.
R_H + X2
Alkane

—> R—X +
Alkyl halide

H—X

Halogen Hydrogen halide

The alkane is said to undergo fluorination, chlorination, bromination, or iodination accord-
ing to whether X, is F,, Cl,, Br,, or I,, respectively. The general term is halogenation.
Chlorination and bromination are the most widely used.

The reactivity of the halogens decreases in the order F, > Cl, > Br, > I,. Fluorine is
an extremely aggressive oxidizing agent, and its reaction with alkanes is strongly exother-
mic and difficult to control. Direct fluorination of alkanes requires special equipment and
techniques, is not a reaction of general applicability, and will not be discussed further.

Chlorination of alkanes is less exothermic than fluorination, and bromination less
exothermic than chlorination. Iodine is unique among the halogens in that its reaction with
alkanes is endothermic and alkyl iodides are never prepared by iodination of alkanes.

414 Chlorination of Methane

Chlorination of methane is a reaction of industrial importance and is carried out in the gas
phase to give a mixture of chloromethane (CH;Cl), dichloromethane (CH,Cl,), trichlo-
romethane (CHCI,), and tetrachloromethane (CCl,).

400-440°C
CH; + Cl, —— CHsCI + HCI
Methane  Chlorine Chloromethane  Hydrogen
(bp —24°C) chloride
00-440°C
CHiCl + Cl, 2% CH,Cl, + HC
Chloromethane  Chlorine Dichloromethane  Hydrogen
(bp 40°C) chloride
CH,Cl, + Cl, 2% CHo,  +  HA
Dichloromethane  Chlorine Trichloromethane Hydrogen
(bp 61°C) chloride
400-440°C
CHCl; + Cl, — CCly + HCI
Trichloromethane  Chlorine Tetrachloromethane Hydrogen
(bp 77°C) chloride

One of the chief uses of chloromethane is as a starting material from which silicone
polymers are made. Dichloromethane is widely used as a paint stripper. Trichloromethane
was once used as an inhalation anesthetic, but its toxicity caused it to be replaced by safer
materials many years ago. Tetrachloromethane is the starting material for the preparation of
several chlorofluorocarbons (CFCs), at one time widely used as refrigerant gases. Most of
the world’s industrialized nations have agreed to phase out all uses of CFCs because these
compounds have been implicated in atmospheric processes that degrade the Earth’s ozone
layer.

The chlorination of methane is carried out at rather high temperatures (400-440°C),
even though each substitution in the series is exothermic. The high temperature provides
the energy to initiate the reaction. The term initiation step has a specific meaning in organic
chemistry, one that is related to the mechanism of the reaction. This mechanism, to be pre-
sented in Section 4.16, is fundamentally different from the mechanism by which alcohols
react with hydrogen halides. Alcohols are converted to alkyl halides in reactions involving
ionic (or “polar”) intermediates—alkyloxonium ions and carbocations. The intermediates
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in the chlorination of methane and other alkanes are quite different; they are neutral (“non-
polar”) species called free radicals.

4.15 Structure and Stability of Free Radicals

Free radicals are species that contain unpaired electrons. The octet rule notwithstanding,
not all compounds have all of their electrons paired. Oxygen (O,) is the most familiar exam-
ple of a compound with unpaired electrons; it has two of them. Compounds that have an
odd number of electrons, such as nitrogen dioxide (NO,), must have at least one unpaired
electron.

O—O :O:N—Q: ‘N=0O:
Oxygen Nitrogen dioxide Nitrogen monoxide

Nitrogen monoxide (“nitric oxide”) is another stable free radical. Although known for
hundreds of years, NO has only recently been discovered to be an extremely important bio-
chemical messenger and moderator of so many biological processes that it might be better
to ask “Which ones is it not involved in?”

The free radicals that we usually see in carbon chemistry are much less stable than
these. Simple alkyl radicals, for example, require special procedures for their isolation and
study. We will encounter them here only as reactive intermediates, formed in one step of a
reaction mechanism and consumed in the next. Alkyl radicals are classified as primary, sec-
ondary, or tertiary according to the number of carbon atoms directly attached to the carbon
that bears the unpaired electron.

H H H R
/ ./ /
H—C R—C R—C R—C
H H R R
Methyl Primary Secondary Tertiary
radical radical radical radical

An alkyl radical is neutral and has one more electron than the corresponding carbo-
cation. Thus, bonding in methyl radical may be approximated by simply adding an electron
to the vacant 2p orbital of sp>-hybridized carbon in methyl cation (Figure 4.174). Alterna-
tively, we could assume that carbon is sp>-hybridized and place the unpaired electron in an
sp® orbital (Figure 4.17b).

Of the two extremes, experimental studies indicate that the planar sp® model describes
the bonding in alkyl radicals better than the pyramidal sp® model. Methyl radical is planar,

(@) (b)
Planar CH; Pyramidal CH;
Carbon is sp>-hybridized Carbon is sp>-hybridized
(120° bond angles). Unpaired (109.5° bond angles). Unpaired

electron is in 2p orbital. electron is in sp>-hybridized orbital.

For more on the role of NO in
physiology, see the boxed essay Oh
NO! It’s Inorganic! in Chapter 25.

Figure 4.17
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Bonding in methyl radical. Model (a)
is more consistent with experimental
observations.
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(b) HyC—CH,

Figure 4.18

Spin density (yellow) in methyl and ethyl
radical. (a) The unpaired electron in
methyl radical is localized in a p orbital of
sp?-hybridized carbon. (b) The unpaired
electron in ethyl radical is shared by

the sp?-hybridized carbon and by the
hydrogens of the CH; group.

A curved arrow shown as a single-
barbed fishhook [V signifies the
movement of one electron. “Normal”
curved arrows (Y track the movement
of a pair of electrons.
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and more highly substituted radicals such as fert-butyl radical are flattened pyramids closer
in shape to that expected for sp*-hybridized carbon than for sp°.

Free radicals, like carbocations, have an unfilled 2p orbital and are stabilized by sub-
stituents such as alkyl groups that can donate electrons by hyperconjugation. According to
the resonance description of hyperconjugation, the unpaired electron, plus those in o bonds
that are [3 to the radical site, are delocalized.

G H
H,C—-C H,C=C
U\
Major contributor Minor contributor

This delocalization is illustrated in Figure 4.18, which compares the spin density in methyl
radical and ethyl radical. Spin density is a measure of unpaired electron density at a par-
ticular point in a molecule—it tells us where the unpaired electron is most likely to be. In
the case of methyl radical, which cannot be stabilized by hyperconjugation, the spin density
is concentrated on a single atom, carbon. In ethyl radical, hyperconjugation allows the spin
density to be shared by the sp>-hybridized carbon plus the three hydrogens of the methyl
group. More highly substituted radicals are more stable than less highly substituted ones
because they have more electron pairs  to the radical site, and the order of free-radical
stability parallels that of carbocations.

Increasing stability of free radical

- R 2

H /H H R
H—C R—C R—C R—C
H H R R
Methyl Primary Secondary Tertiary
radical radical radical radical
(least stable) (most stable)

Problem 4.17

Write a line formula for the most stable of the free radicals that have the formula CsH;;.

Some of the evidence indicating that alkyl substituents stabilize free radicals comes
from bond enthalpies. The strength of a bond is measured by the energy required to break
it. A covalent bond can be broken in two ways. In a homolytic cleavage a bond between
two atoms is broken so that each of them retains one of the electrons in the bond.

[y
X:Y —> X +-Y
J

Homolytic bond cleavage

In contrast, in a heterolytic cleavage one fragment retains both electrons.

(v
XY —> Xt +:Y™

Heterolytic bond cleavage

We can assess the relative stability of alkyl radicals by measuring the enthalpy change
(AH?) for the homolytic cleavage of a C—H bond in an alkane:

an,

The more stable the radical, the lower the energy required to generate it by homolytic cleav-
age of a C—H bond.
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The energy required for homolytic bond cleavage is called the bond dissociation
enthalpy (D). A list of some bond dissociation enthalpies is given in Table 4.3.

As the table indicates, C—H bond dissociation enthalpies in alkanes are approxi-
mately 400440 kJ/mol (95-105 kcal/mol). Cleaving the H—CH; bond in methane gives
methyl radical and requires 439 kJ/mol (105 kcal/mol). The dissociation enthalpy of the
H—CH,CHj; bond in ethane, which gives a primary radical, is somewhat less (421 kJ/mol,
or 100.5 kcal/mol) and is consistent with the notion that ethyl radical (primary) is more
stable than methy]l.

The dissociation enthalpy of the terminal C—H bond in propane is almost the same
as that of ethane. The resulting free radical is primary (RCH,) in both cases.

CH,CH,CH,—H — CH;CH,CH, + H- AH® = +423KJ
Propane Propyl Hydrogen (101 kcal)
radical atom
(primary)

Note, however, that Table 4.3 includes two entries for propane. The second entry corre-
sponds to the cleavage of a bond to one of the hydrogens of the methylene (CH,) group.

TABLE 4.3 Some Bond Dissociation Enthalpies*

Bond dissociation Bond dissociation
enthalpy (D) enthalpy (D)

Bond kJ/mol kcal/mol Bond kJ/mol kcal/mol
Diatomic molecules
H—H 436 104 H—F 571 136
F—F 159) 38 H—CI 432 103
ClI—ClI 243 58 H—Br 366 87.5
Br—Br 193 46 H—I 298 71
[—I 151 36
Alkanes
CHs—H 439 105 CHs—CHj 375 90
CH5;CH,—H 421 100.5 CH3CH,— CHj 369 88
CH5CH,CH,—H 423 101
(CH3),CH—H 413 99
(CH3),CHCH,—H 422 101 (CH3),CH—CH, 370 88
(CH3);C—H 400 95 (CH3)3C—CHs 362 86
Alkyl halides
CHs—F 459 110 (CH3),CH—CI 355 85
CHs—cCl 351 84 (CH3),CH—Br 297 72
CH5;—Br 292 70
CHs;—I 238 57
CH5CH,—ClI 350 83 (CH3);C—Cl 349 83
CH3CH,CH,—CI 354 85 (CH3)3C—Br 292 69

*Bond dissociation enthalpies refer to the bond indicated in each structural formula and were calculated from standard enthalpy of
formation values as recorded in the NIST Standard Reference Database Number 69, http://webbook.nist.cov/chemistry/.
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Figure 4.19

The bond dissociation enthalpies of
methylene and methyl C—H bonds in
propane reveal a difference in stabilities
between two isomeric free radicals. The
secondary radical is more stable than the
primary.

Chapter4 Alcohols and Alkyl Halides: Introduction to Reaction Mechanisms

It requires slightly less energy to break a C—H bond in the methylene group than in the
methyl group.

CH;CHCH; — CH;CHCH; + H- AH® = +413 k]
| (99 keal)
H
Propane Isopropyl Hydrogen
radical atom
(secondary)

Because the starting material (propane) and one of the products (H-) are the same in both
processes, the difference in bond dissociation enthalpies is equal to the energy difference
between a propyl radical (primary) and an isopropyl radical (secondary). As depicted in Fig-
ure 4.19, the secondary radical is 10 kJ/mol (2 kcal/mol) more stable than the primary radical.

Similarly, by comparing the bond dissociation enthalpies of the two different types of
C—H bonds in 2-methylpropane, we see that a tertiary radical is 22 kJ/mol (6 kcal/mol)
more stable than a primary radical.

CH,CHCH,—H —> CH,CHCH, + H- AH° = +422kJ
| | (101 kcal)
CH; CH;

2-Methylpropane Isobutyl Hydrogen

radical atom
(primary)
i
CH,CCH; —> CH,CCH; + H- AHP = +400 kJ
| | (95 keal)
CH; CH;
2-Methylpropane tert-Butyl Hydrogen
radical atom
(tertiary)

Problem 4.18

The bond dissociation enthalpies of propyl and isopropyl chloride are the same within
experimental error (see Table 4.3). However, it is incorrect to conclude that the data indicate
equal stabilities of propyl and isopropyl radical. Why? Why are the bond dissociation enthalpies
of propane a better indicator of the free-radical stabilities?

Like carbocations, most free radicals are exceedingly reactive species—too reactive
to be isolated but capable of being formed as transient intermediates in chemical reactions.
Methyl radical, as we shall see in the following section, is an intermediate in the chlorina-
tion of methane.

Propyl radical (primary) l
CH,CH,CH, + He
10 kJ/mol Isopropyl radical (secondary)
(2 kcal/mol) o
e CH,CHCH, + He
T 423 kJ/mol
% (101 kcal/mol) 413 kJ/mol
§ (99 kcal/mol)
43
CH;CH,CH;

Propane
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From Bond Enthalpies to Heats of Reaction

You have seen that measurements of heats of reaction, such
as heats of combustion, can provide quantitative informa-
tion concerning the relative stability of constitutional isomers
(Section 2.21) and stereoisomers (Section 3.11). The box in
Section 2.21 described how heats of reaction can be manipu-
lated arithmetically to generate heats of formation (AH$) for
many molecules. The following material shows how two different
sources of thermochemical information, heats of formation and
bond dissociation enthalpies (see Table 4.3), can reveal whether
a particular reaction is exothermic or endothermic and by how
much.

Consider the chlorination of methane to chloromethane.
The heats of formation of the reactants and products appear
beneath the equation. These heats of formation for the chemical
compounds are taken from published tabulations; the heat of
formation of chlorine is zero, as it is for all elements.

CH, + Cl, — CHsCl + HCI

AHS: 74.8 0
(kJ/mol)

—83.7 =92.3

The overall heat of reaction is given by
AH° = > (heats of formation of products) —

> (heats of formation of reactants)
AH® = (-83.7 kJ = 92.3 kJ) = (-=74.8 kJ) =-101.2 kJ

Because stronger bonds are formed at the expense of weaker
ones, the reaction is exothermic and

AH° = > (BDE of bonds broken) — > (BDE of bonds formed)
AH® = (439 kJ + 243 kJ) - (351 kJ + 432 kJ) =-101 kJ

This value is in good agreement with that obtained from heats
of formation.

Compare chlorination of methane with iodination. The rele-
vant bond dissociation enthalpies are given in the equation.

CH4 + |2 _>CH3| F HI

BDE: 439 151 238 298
(kJ/mol)

AH®° = >'(BDE of bonds broken) — > (BDE°of bonds formed)
AH® = (439 kJ + 151 kJ) - (238 kJ + 298 kJ) = +54 kJ

A positive value for AH® signifies an endothermic reaction. The
reactants are more stable than the products, and so iodin-
ation of alkanes is not a feasible reaction. You would not want
to attempt the preparation of iodomethane by iodination of
methane.

A similar analysis for fluorination of methane gives AH® =
—432 kJ for its heat of reaction. Fluorination of methane is
about four times as exothermic as chlorination. A reaction
this exothermic, if it also occurs at a rapid rate, can proceed
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with explosive violence.

Bromination of methane is exothermic, but less so than
chlorination. The value calculated from bond dissociation
enthalpies is AH° = —26 kJ. Although bromination of methane
is energetically favorable, economic considerations cause most
of the methyl bromide prepared commercially to be made from
methanol by reaction with hydrogen bromide.

Thus, the chlorination of methane is calculated to be exothermic
on the basis of heat of formation data.

The same conclusion is reached using bond dissociation
enthalpies. The following equation shows the bond dissociation
enthalpies of the reactants and products taken from Table 4.3:

CH4 + Cl, —> CH3Cl + HCI

BDE: 439 243 351 432
(kJ/mol)

4.16 Mechanism of Methane Chlorination

The generally accepted process for the chlorination of methane is presented in Mechanism
4.3. As we noted earlier (Section 4.14), the reaction is normally carried out in the gas phase
at high temperature. The reaction itself is strongly exothermic, but energy must be put into
the system to get it going. This energy goes into breaking the weakest bond in the system,
which, as we see from the bond dissociation enthalpy data in Table 4.3, is the C1—CI bond
with a bond dissociation enthalpy of 243 kJ/mol (58 kcal/mol). The step in which C1—Cl
bond homolysis occurs is called the initiation step.

Each chlorine atom formed in the initiation step has seven valence electrons and is very
reactive. Once formed, a chlorine atom abstracts a hydrogen atom from methane as shown in
step 2 in Mechanism 4.3. Hydrogen chloride, one of the isolated products from the overall
reaction, is formed in this step. A methyl radical is also formed, which then reacts with a
molecule of Cl, in step 3 giving chloromethane, the other product of the overall reaction,
along with a chlorine atom. The chlorine atom then cycles back to step 2, and the process
repeats. Steps 2 and 3 are called the propagation steps of the reaction and, when added
together, give the overall equation for the reaction. Because one initiation step can result in
a great many propagation cycles, the overall process is called a free-radical chain reaction.

The bond dissociation enthalpy of the
other reactant, methane, is much
higher. It is 439 kJ/mol (105 kcal/mol).
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Mechanism 4.3

Free-Radical Chlorination of Methane
THE OVERALL REACTION:
CH, + C, —— CH;Cl + HC

Methane  Chlorine Chloromethane ~ Hydrogen
chloride

THE MECHANISM:
(a) Initiation

Step 1: Dissociation of a chlorine molecule into two chlorine atoms:

[

=¢1U—¢21= —  2KCl

Chlorine molecule Two chlorine atoms
(b) Chain propagation
Step 2: Hydrogen atom abstraction from methane by a chlorine atom:
:Cl° o+ H—UCH;, — :ClI—H + -CH;
Chlorine atom Methane Hydrogen chloride =~ Methyl radical

Step 3: Reaction of methyl radical with molecular chlorine:

2T

‘Cl5Cl: + ‘CHy — :Cl- + :Cl—CH;

Chlorine molecule  Methyl radical Chlorine atom Chloromethane

Steps 2 and 3 then repeat many times.

Problem 4.19

Write equations for the initiation and propagation steps for the formation of dichloromethane by
free-radical chlorination of chloromethane.

In practice, side reactions intervene to reduce the efficiency of the propagation steps.
The chain sequence is interrupted whenever two odd-electron species combine to give an
even-electron product. Reactions of this type are called chain-terminating steps. Some
commonly observed chain-terminating steps in the chlorination of methane are shown in
the following equations.

Combination of a methyl radical with a chlorine atom:

CH; -Cl: —> CH3;—Cl:
Methyl radical ~Chlorine atom Chloromethane

Combination of two methyl radicals:

TN
CH,4 CH; — CH3—CH;

Two methyl radicals Ethane
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Combination of two chlorine atoms:

:Q]- -QI: e :Q]—Q]:

Two chlorine atoms Chlorine molecule

Termination steps are, in general, less likely to occur than the propagation steps. Each
of the termination steps requires two free radicals to encounter each other in a medium that
contains far greater quantities of other materials (methane and chlorine molecules) with
which they can react. Although some chloromethane undoubtedly arises via direct com-
bination of methyl radicals with chlorine atoms, most of it is formed by the propagation
sequence shown in Mechanism 4.3.

4.17 Halogenation of Higher Alkanes

Like the chlorination of methane, chlorination of ethane is carried out on an industrial scale
as a high-temperature gas-phase reaction.

CH,CH, + ClL, S CHJCH.Cl + HCI

Ethane Chlorine Chloroethane (78%) Hydrogen chloride
(ethyl chloride)

As in the chlorination of methane, it is often difficult to limit the reaction to monochlorina-
tion, and derivatives having more than one chlorine atom are also formed.

Problem 4.20

Chlorination of ethane yields, in addition to ethyl chloride, a mixture of two isomeric
dichlorides. What are the structures of these two dichlorides?

Problem 4.21

Which constitutional isomer of CgH1,4 gives only two monochlorination products?

(@) 2-Methylpentane (c) 2,2-Dimethylbutane
(b) 3-Methylpentane (d) 2,3-Dimethylbutane

4 ~
( ﬂ) 'Z—Me’-fé/@(,r/ang /s ﬂ%?/cﬂza/z_ﬂlj
2,

=
e 5 —-manacé/aro 54(5544' ! /567"2‘446/5
are 7?055:#&

CI\/]\/\ >Zj,.\ /L‘/\

WMW
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Photochemical energy is indicated by
writing “light” or “mv" above or below the
arrow. The symbol hv is equal to the
energy of a light photon and will be
discussed in more detail in Section 13.1.

The percentages cited in the preceding
equation reflect the composition of the
monochloride fraction of the product
mixture rather than the isolated yield of
each component.

Chapter 4 Alcohols and Alkyl Halides: Introduction to Reaction Mechanisms

In the laboratory it is more convenient to use light, either visible or ultraviolet, as the
source of energy to initiate the reaction. Reactions that occur when light energy is absorbed
by a molecule are called photochemical reactions. Photochemical techniques permit the
reaction of alkanes with chlorine to be performed at room temperature.

<> + o, s cl + Ha

Cyclobutane  Chlorine Chlorocyclobutane (73%) Hydrogen
(cyclobutyl chloride) chloride

Methane, ethane, and cyclobutane share the common feature that each one can give
only a single monochloro derivative. All the hydrogens of cyclobutane, for example, are
equivalent, and substitution of any one gives the same product as substitution of any other.
Chlorination of alkanes in which the hydrogens are not all equivalent is more complicated
in that a mixture of every possible monochloro derivative is formed, as the chlorination of
butane illustrates:

Cl,
~oN. ———— \/\/Cl +
hv, 35°C
Cl
Butane 1-Chlorobutane (28%)  2-Chlorobutane (72%)
(n-butyl chloride) (sec-butyl chloride)

These two products arise because in one of the propagation steps a chlorine atom may
abstract a hydrogen atom from either a methyl or a methylene group of butane.

Butane Butyl radical

CHyCHCH,CH; + -Cl: —> CH;CHCH,CH; + H— Cl:
H
Butane sec-Butyl radical

The resulting free radicals react with chlorine to give the corresponding alkyl chlorides.
Butyl radical gives only 1-chlorobutane; sec-butyl radical gives only 2-chlorobutane.

/\u/_\p

CH;CH,CH,CH, + :CI-=Cl: ——> CH;CH,CH,CH,Cl: + -Cl:
Butyl radical 1-Chlorobutane

(butyl chloride)

CH;CHCH,CH; + :Cl——Cl: ——> CH3C|HCH2CH3 +-Cl:
:(;]:

sec-Butyl radical 2-Chlorobutane
(sec-butyl chloride)

If every collision of a chlorine atom with a butane molecule resulted in hydrogen abstrac-
tion, the butyl/sec-butyl radical ratio and, therefore, the 1-chloro/2-chlorobutane ratio,
would be given by the relative numbers of hydrogens in the two equivalent methyl groups
of CH;CH,CH,CHj; (six) compared with those in the two equivalent methylene groups
(four). The product distribution expected on this basis would be 60% 1-chlorobutane and
40% 2-chlorobutane. The experimentally observed product distribution, however, is 28%
1-chlorobutane and 72% 2-chlorobutane. sec-Butyl radical is therefore formed in greater
amounts, and butyl radical in lesser amounts, than expected.
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This behavior stems from the greater stability of secondary compared with primary
free radicals. The transition state for the step in which a chlorine atom abstracts a hydrogen
from carbon has free-radical character at carbon.

CH,
S S S S
Cl---H---CH,CH,CH,CHj Cl--H---CHCH,CH,

Transition state for abstraction Transition state for abstraction
of a primary hydrogen of a secondary hydrogen

A secondary hydrogen is abstracted faster than a primary hydrogen because the transition
state with secondary radical character is more stable than the one with primary radical
character. The same factors that stabilize a secondary radical stabilize a transition state
with secondary radical character more than one with primary radical character. Hydrogen
atom abstraction from a CH, group occurs faster than from a CH; group. We can calculate
how much faster a single secondary hydrogen is abstracted compared with a single primary
hydrogen from the experimentally observed product distribution.

72% 2-chlorobutane rate of secondary H abstraction X 4 secondary hydrogens

28% l-chlorobutane ~ rate of primary H abstraction X 6 primary hydrogens

Rate of secondary H abstraction _ 72 6 _ 3.9

Rate of primary H abstraction 2874 1

A single secondary hydrogen in butane is abstracted by a chlorine atom 3.9 times faster
than a single primary hydrogen.

Problem 4.22

Assuming the relative rate of secondary to primary hydrogen atom abstraction to be the same
in the chlorination of propane as it is in that of butane, calculate the relative amounts of propyl
chloride and isopropyl chloride obtained in the free-radical chlorination of propane.

A similar study of the chlorination of 2-methylpropane established that a tertiary
hydrogen is removed 5.2 times faster than each primary hydrogen.

H H Cl
- 5 +
hv, 35°C
2-Methylpropane 1-Chloro-2-methylpropane (63%) 2-Chloro-2-methylpropane (37%)
(isobutyl chloride) (tert-butyl chloride)

In summary, the chlorination of alkanes is not very selective. The various kinds of
hydrogens present in a molecule (tertiary, secondary, and primary) differ by only a factor
of 5 in the relative rate at which each reacts with a chlorine atom.

R;CH > R,CH, > RCH;
(tertiary)  (secondary) (primary)

Relative rate (chlorination) 5.2 3.9 1

Bromine reacts with alkanes by a free-radical chain mechanism analogous to that of
chlorine. There is an important difference between chlorination and bromination, however.
Bromination is highly selective for substitution of tertiary hydrogens. The spread in reactiv-
ity among primary, secondary, and tertiary hydrogens is greater than 10°.

R,CH > R,CH, > RCH,

(tertiary)  (secondary) (primary)
Relative rate (bromination) 1640 82 1
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The percentage cited in this reaction is
the isolated yield of purified product.
Isomeric bromides constitute only a
tiny fraction of the product.
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In practice, this means that when an alkane contains primary, secondary, and tertiary hydro-
gens, it is usually only the tertiary hydrogen that is replaced by bromine.

/k/\ - Br)‘\/\
hv, 60°C

2-Methylpentane 2-Bromo-2-methylpentane
(76% isolated yield)

We can understand why bromination is more selective than chlorination by using bond dis-
sociation enthalpies (Table 4.3) to calculate the energy changes for the propagation step in
which each halogen atom abstracts a hydrogen from ethane.

CHCHLY 'S @ —>  CHCH, ¢ H—Cli ARP
Ethane Chlorine atom Ethyl radical Hydrogen chloride

—11 KJ (—2.5 keal)

cmc@—@? + Brr — CHCH, + H—Br: AR°

Ethane Bromine atom Ethyl radical Hydrogen bromide

+54 kJ (+13 kcal)

The alkyl radical-forming step is exothermic for chlorination, endothermic for bromina-
tion. Applying Hammond’s postulate to these elementary steps, we conclude that alkyl radi-
cal character is more highly developed in the transition state for abstraction of hydrogen by
a bromine atom than by a chlorine atom. Thus, bromination is more sensitive to the stability
of the free-radical intermediate than chlorination and more selective.

The greater selectivity of bromination can be illustrated by comparing potential
energy diagrams for the formation of primary and tertiary radicals by hydrogen atom
abstraction from 2-methylpropane with bromine versus chlorine atoms (Figure 4.20).
Abstraction of hydrogen by a chlorine atom is exothermic for the formation of either the
primary or tertiary radical. The transition states are early and more reactant-like, and the
difference in E, is small. Conversely, abstraction of hydrogen by a bromine atom, illustrated
in Figure 4.200, is endothermic in both cases. The transition states are more product-like
and possess more radical character; therefore, the difference in radical stability is more

Primary radical
Larger difference H
in activation energies | .
S CH3C|3CH3 + H—Br:

T Smaller difference ittt e
in activation energies
e} -——— - ———— -
% """" Primary radical %
5 H g
g | . - CH;CCH; + H—Br:
= CH;CCH; + H—CI: 2 I
é | o |5 CH,4
. o
CH, A~ Tertiary radical
I .
CH;CCH; + -CI: H
I , I
CH, CH:CCH, + H—Ci: CHCCH, + B
CH; CH3
Tertiary radical
Reaction coordinate —— Reaction coordinate ——
(a) )
Figure 4.20

These potential energy diagrams for the formation of primary and tertiary alkyl radicals by halogen atom abstraction from 2-methylpropane illustrate a
larger difference in the activation energies for the reaction with a bromine atom (b) than with a chlorine atom (a). This difference is consistent with the

higher selectivity of bromination.
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strongly expressed, and the difference in activation energies is larger. The more stable free
radical is formed faster and gives rise to a greater share of the product.

Problem 4.23

Give the structure of the principal organic product formed by free-radical bromination of each of
the following:

(a) Methylcyclopentane
(b) 2,2,4-Trimethylpentane
(c) 1-Isopropyl-1-methylcyclopentane

Sample Solution (a) Write the structure of the starting hydrocarbon, and identify any
tertiary hydrogens that are present. The only tertiary hydrogen in methylcyclopentane is the one
attached to C-1. This is the one replaced by bromine.

CHs CHs
Brz
O % X
H Br

Methylcyclopentane 1-Bromo-1-methylcyclopentane

This difference in selectivity between chlorination and bromination of alkanes needs
to be kept in mind when one wishes to prepare an alkyl halide from an alkane:

1. Because chlorination of an alkane yields every possible monochloride, it is used only
when all the hydrogens in an alkane are equivalent.
2. Bromination of alkanes is mainly used to prepare tertiary alkyl bromides.

4.18 SUMMARY

Chemical reactivity and functional group transformations involving the preparation of alkyl halides
from alcohols and from alkanes are the main themes of this chapter. Although the conversions of
an alcohol or an alkane to an alkyl halide are both classified as substitutions, they proceed by very
different mechanisms.

Section 4.1 Functional groups are the structural units responsible for the characteristic
reactions of a molecule. The hydrocarbon chain to which a functional group is
attached can often be considered as simply a supporting framework. The most
common functional groups characterize the families of organic compounds listed
on the inside front cover of the text.

Section 4.2 Alcohols and alkyl halides may be named using either substitutive or functional
class IUPAC nomenclature. In substitutive nomenclature alkyl halides are named
as halogen derivatives of alkanes. The parent is the longest continuous chain that
bears the halogen substituent, and in the absence of other substituents the chain is
numbered from the direction that gives the lower number to the carbon that bears
the halogen. The functional class names of alkyl halides begin with the name of
the alkyl group and end with the halide as a separate word.

CH3C|?HCH2CH2CH2CH3 Substitutive name: 2-Bromohexane

Functional class name: 1-Methylpentyl bromide
Br

Section 4.3 The substitutive names of alcohols are derived by replacing the -e ending of an
alkane with -ol. The longest chain containing the OH group becomes the basis
for the name. Functional class names of alcohols begin with the name of the alkyl
group and end in the word alcohol.

CH;CHCH,CH,CH,CHj Substitutive name: 2-Hexanol or Hexan-2-ol
| Functional class name: 1-Methylpentyl alcohol

OH
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Section 4.4

Section 4.5

Section 4.6

Section 4.7
Section 4.8

Section 4.9

Alcohols (X = OH) and alkyl halides (X = F, Cl, Br, or I) are classified as
primary, secondary, or tertiary according to the degree of substitution at the carbon
that bears the functional group.

:R|”
RCH,X R(|3HR’ RC|3R !
X X

Primary Secondary Tertiary

The halogens (especially fluorine and chlorine) and oxygen are more
electronegative than carbon, and the carbon—halogen bond in alkyl halides

and the carbon—oxygen bond in alcohols are polar. Carbon is the positive end of
the dipole and halogen or oxygen the negative end.

Dipole/induced-dipole and dipole—dipole attractive forces make alcohols higher
boiling than alkanes of similar molecular size. The attractive force between —OH
groups is called hydrogen bonding.

R R
oo
/

H

Hydrogen bonding between the hydroxyl group of an alcohol and water makes
the water-solubility of alcohols greater than that of hydrocarbons. Low-molecular-
weight alcohols [CH;0H, CH;CH,OH, CH;CH,CH,0H, and (CH;),CHOH] are
soluble in water in all proportions. Alkyl halides are insoluble in water.

See Table 4.4

Secondary and tertiary alcohols react with hydrogen halides by an Sy1 mechanism
that involves formation of a carbocation intermediate in the rate-determining step.

fast + _
1. ROH + HX <—— ROH, + X
Alcohol  Hydrogen Alkyloxonium  Halide

halide ion anion
- slow +
2. ROH, —> R + H,O
Alkyloxonium ion Carbocation ~ Water

fast

3. R* + X — RX
Carbocation  Halide ion Alkyl halide

Carbocations contain a positively charged carbon with only three atoms or groups
attached to it. This carbon is sp*-hybridized and has a vacant 2p orbital.

S

Carbocations are stabilized by alkyl substituents attached directly to the positively
charged carbon. Alkyl groups are electron-releasing substituents. Stability
increases in the order

(least stable) CH," <RCH," < R,CH* < R,C* (most stable)

Carbocations are strong electrophiles (Lewis acids) and react with nucleophiles
(Lewis bases).
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TABLE 4.4 Conversions of Alcohols and Alkanes to Alkyl Halides

Reaction (section) and comments

Reactions of alcohols with hydrogen halides (Section 4.7)
Alcohols react with hydrogen halides to yield alkyl
halides. The reaction is useful as a synthesis of alkyl
halides. The reactivity of hydrogen halides decreases
in the order HI > HBr > HCI > HF. Alcohol reactivity
decreases in the order tertiary > secondary > primary.

Reaction of alcohols with thionyl chloride (Section 4.12)
Thionyl chloride converts alcohols to alkyl chlorides.

Reaction of alcohols with phosphorus tribromide (Section
4.12) As an alternative to converting alcohols to alkyl
bromides with hydrogen bromide, the inorganic reagent
phosphorus tribromide is sometimes used.

Free-radical halogenation of alkanes (Sections 4.13 through
4.17) Alkanes react with halogens by substitution of a
halogen for a hydrogen on the alkane. The reactivity of

the halogens decreases in the order F, > Cl, > Br, > I.

The ease of replacing a hydrogen decreases in the order
tertiary > secondary > primary > methyl. Chlorination
is not very selective and so is used only when all the
hydrogens of the alkane are equivalent. Bromination is
highly selective, replacing tertiary hydrogens much more
readily than secondary or primary ones.

General equation and specific example(s)

ROH + HX RX + HO
Alcohol Hydrogen Alkyl Water
halide halide
E><CH3 HCl CHs
OH Cl
1-Methylcyclopentanol 1-Chloro-1-

methylcyclopentane (96%)

ROH + SOCl

RCI + 8O, + HCI

Alcohol Thionyl Alkyl Sulfur Hydrogen
chloride chloride dioxide chloride
SOCI
o~ OH 2 ~~_C
pyridine
1-Pentanol 1-Chloropentane (80%)

3ROH +  PBrg 3RBr +  HsPOjg

Alcohol Phosphorus Alkyl Phosphorous
tribromide bromide acid
OH Br
/K/\ e )\/\
2-Pentanol 2-Bromopentane (67%)

RH + X,

RX + HX

Alkane Halogen Alkyl Hydrogen
halide halide
Cl
Cl
hv
Cyclodecane Cyclodecyl chloride (64%)
2,2,3-Trimethylbutane 2-Bromo-2,3,3-

trimethylbutane (80%)

Section4.10  The rate at which alcohols are converted to alkyl halides depends on the rate of
carbocation formation: tertiary alcohols are most reactive; primary alcohols are

least reactive.

Section4.11  Primary alcohols and methanol do not react with hydrogen halides by way of
carbocation intermediates. The nucleophilic species (Br~ for example) attacks the
alkyloxonium ion and displaces a water molecule from carbon in a bimolecular
step. This step is rate-determining, and the mechanism is Sy2.

An increase in temperature will increase the value of the rate constant (k). Small
differences in activation energy lead to large differences in reaction rate.

Section 4.12 See Table 4.4
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Section 4.13
Section 4.14

Section 4.15

Section 4.16

Section 4.17

See Table 4.4

Methane reacts with Cl, to give chloromethane, dichloromethane,
trichloromethane, and tetrachloromethane.

Chlorination of methane, and halogenation of alkanes generally, proceed by way
of free-radical intermediates. Alkyl radicals are neutral and have an unpaired
electron on carbon.

Like carbocations, free radicals are stabilized by alkyl substituents. The order of
free-radical stability parallels that of carbocation stability, but is less pronounced.

Elementary steps (1) through (3) describe a free-radical chain mechanism for the
reaction of an alkane with a halogen.

1. (initiation step) X, — 2X-
Halogen molecule Two halogen atoms

2. (propagation step) RH + X — R+ + HX

Alkane  Halogen Alkyl  Hydrogen
atom radical halide

3. (propagation step) R- + X, —> RX + X
Alkyl Halogen Alkyl  Halogen
radical  molecule halide atom

See Table 4.4

4.24  Write structural formulas for each of the following alcohols and alkyl halides:

(a) Cyclobutanol (e) 2,6-Dichloro-4-methyl-4-octanol
(b) sec-Butyl alcohol () trans-4-tert-Butylcyclohexanol
(c) 3-Heptanol (g) 1-Cyclopropylethanol

(d) trans-2-Chlorocyclopentanol (h) 2-Cyclopropylethanol

4.25 Name each of the following compound@ according to substitutive IUPAC nomenclature:
(@ (CH;),CHCH,CH,CH,Br
(b) (CH;),CHCH,CH,CH,0H
() CI;CCH,Br

LW .
OH

: CH2
G) C12CH(|JHBr
cl
(©) CF;CH,0H



4.26

4.27

4.28

4.29

4.30

4.31

4.32

4.33

4.34

Problems

Each of the following is a functional class name developed according to the 1993 IUPAC
recommendations. Alkyl group names of this type are derived by naming the longest
continuous chain that includes the point of attachment, numbering in the direction so as to
give the substituted carbon the lower number. The -e¢ ending of the corresponding alkane is
replaced by -yl, which is preceded by the number corresponding to the substituted carbon
bracketed by hyphens. Write a structural formula for each alkyl halide.

(a) 6-Methylheptan-3-yl chloride

(b) 2,2-Dimethylpentan-3-yl bromide

(¢) 3,3-Dimethylcyclopentan-1-yl alcohol

Write structural formulas for all the constitutionally isomeric alcohols of molecular
formula CsH,,0. Assign a substitutive and a functional class name to each one, and specify
whether it is a primary, secondary, or tertiary alcohol.

A hydroxyl group is a somewhat “smaller” substituent on a six-membered ring than is a
methyl group. That is, the preference of a hydroxyl group for the equatorial orientation
is less pronounced than that of a methyl group. Given this information, write structural
formulas for all the isomeric methylcyclohexanols, showing each one in its most stable
conformation. Give the substitutive [UPAC name for each isomer.

By assuming that the heat of combustion of the cis isomer is larger than the trans,
structural assignments were made many years ago for the stereoisomeric 2-, 3-, and
4-methylcyclohexanols. This assumption is valid for two of the stereoisomeric pairs but is
incorrect for the other. For which pair of stereoisomers is the assumption incorrect? Why?

(a) Menthol, used to flavor various foods and tobacco, is the most stable stereoisomer of
2-isopropyl-5-methylcyclohexanol. Draw its most stable conformation. Is the hydroxyl
group cis or trans to the isopropyl group? To the methyl group?

(b) Neomenthol is a stereoisomer of menthol. That is, it has the same constitution but
differs in the arrangement of its atoms in space. Neomenthol is the second most stable
stereoisomer of 2-isopropyl-5-methylcyclohexanol; it is less stable than menthol but
more stable than any other stereoisomer. Write the structure of neomenthol in its most
stable conformation.

Epichlorohydrin is the common name of an industrial chemical used as a component in
epoxy cement. The molecular formula of epichlorohydrin is C;HsClO. Epichlorohydrin has
an epoxide functional group; it does not have a methyl group. Write a structural formula
for epichlorohydrin.

(a) Complete the structure of the pain-relieving drug ibuprofen on the basis of the fact that
ibuprofen is a carboxylic acid that has the molecular formula C,3H;30,, X is an isobutyl
group, and Y is a methyl group.

1

(b) Mandelonitrile may be obtained from peach flowers. Derive its structure from
the template in part (a) given that X is hydrogen, Y is the functional group that
characterizes alcohols, and Z characterizes nitriles.

Isoamyl acetate is the common name of the substance most responsible for the
characteristic odor of bananas. Write a structural formula for isoamyl acetate, given the
information that it is an ester in which the carbonyl group bears a methyl substituent and
there is a 3-methylbutyl group attached to one of the oxygens.

n-Butyl mercaptan is the common name of a foul-smelling substance obtained from skunk
spray. It is a thiol of the type RX, where R is an n-butyl group and X is the functional
group that characterizes a thiol. Write a structural formula for this substance.

171
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4.35

4.36

4.37

4.38

4.39

Some of the most important organic compounds in biochemistry are the a-amino acids,
represented by the general formula shown.

0}

HyN
3 o

R

Write structural formulas for the following oi-amino acids.

(a) Alanine (R = methyl)

(b) Valine (R = isopropyl)

(¢) Leucine (R = isobutyl)

(d) Isoleucine (R = sec-butyl)

(e) Serine (R = XCH,, where X is the functional group that characterizes alcohols)

(f) Cysteine (R = XCH,, where X is the functional group that characterizes thiols)

(g) Aspartic acid (R = XCH,, where X is the functional group that characterizes
carboxylic acids)

The compound zoapatanol was isolated from the leaves of a Mexican plant. Classify each
oxygen in zoapatanol according to the functional group to which it belongs. If an oxygen is
part of an alcohol, classify the alcohol as primary, secondary, or tertiary.

0 HO,

OH

Consult Table 4.1 and classify each nitrogen-containing functional group in the anesthetic
lidocaine according to whether it is an amide, or a primary, secondary,
or tertiary amine.

CH; O
N N
AN
AN
CH;

Uscharidin is a natural product present in milkweed. It has the structure shown. Locate all
of the following in uscharidin:

OH
o)
0
0
CH;

(a) Alcohol, aldehyde, ketone, and ester functional groups
(b) Methylene groups
(c) Primary carbons

H CH3

7L

Write a chemical equation for the reaction of 1-butanol with each of the following:
(a) Sodium amide (NaNH,) (d) Phosphorus tribromide

(b) Hydrogen bromide, heat (e) Thionyl chloride

(¢) Sodium bromide, sulfuric acid, heat
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4.41

4.42

4.43

4.44

Problems

Each of the following reactions has been described in the chemical literature and involves
an organic reactant somewhat more complex than those we have encountered so far.
Nevertheless, on the basis of the topics covered in this chapter, you should be able to write
the structure of the principal organic product of each reaction.

PBr3
Q—CHZCHZOH o
COCHQCHg SOClz
pyndme
Br
‘fH’
1
) C|OH L
CH;
h -
) HOCH2CH2@CH2CHZOH + 2HBr LN
Bry, light
© @ :Zoif: CioH;sBr

Select the compound in each of the following pairs that will be converted to the
corresponding alkyl bromide more rapidly on being treated with hydrogen bromide.
Explain the reason for your choice.

(a) 1-Butanol or 2-butanol

(b) 2-Methyl-1-butanol or 2-butanol

() 2-Methyl-2-butanol or 2-butanol

(d) 2-Methylbutane or 2-butanol

(e) 1-Methylcyclopentanol or cyclohexanol

(f) 1-Methylcyclopentanol or trans-2-methylcyclopentanol

(g) 1-Cyclopentylethanol or 1-ethylcyclopentanol

Compounds with more than one hydroxyl group can react with thionyl chloride in a

manner different from that of simple alcohols. On reaction with thionyl chloride, butane-
1,2-diol gave a single organic product in 85% yield according to the following balanced

equation:
0
/\‘/\OH + S C,HgO5S + 2HCI
a” > al

OH

Suggest a reasonable structure for this product.

Bromomethylcycloheptane has been prepared in 92% yield by the reaction shown. Write a
stepwise mechanism and use curved arrows to show electron flow. The reaction was carried
out in water, so use H;O™ as the proton donor in your mechanism. Is the rate-determining
step unimolecular (Sy1) or bimolecular (Sy2)?

OH Br
+ HBr

+ HQO

Although useful in agriculture as a soil fumigant, methyl bromide is an ozone-depleting
chemical, and its production is being phased out. The industrial preparation of methyl
bromide is from methanol, by reaction with hydrogen bromide. Write a mechanism for this
reaction and classify it as Syl or Sy2.

173
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4.45 Cyclopropyl chloride has been prepared by the free-radical chlorination of cyclopropane.
Write a stepwise mechanism for this reaction.

4.46 (a) Use the bond dissociation enthalpy data in Table 4.3 to calculate AH® for the
propagation step

CH, + -Br:i—>-CH; + H—Br:

(b) The activation energy for this step is 76 kJ/mol (18.3 kcal/mol). Sketch a potential
energy diagram for this step, labeling reactants, products, and transition state.

(c¢) Does the structure of the transition state more closely resemble reactants or products?
Why?

4.47 Carbon—carbon bond dissociation enthalpies have been measured for many alkanes.
Without referring to Table 4.3, identify the alkane in each of the following pairs that has the
lower carbon—carbon bond dissociation enthalpy, and explain the reason for your choice.

(a) Ethane or propane
(b) Propane or 2-methylpropane
(¢) 2-Methylpropane or 2,2-dimethylpropane
4.48 In both the following exercises, assume that all the methylene groups in the alkane are
equally reactive as sites of free-radical chlorination.

(a) Photochemical chlorination of heptane gave a mixture of monochlorides containing
15% 1-chloroheptane. What other monochlorides are present? Estimate the percentage
of each of these additional C;H,5Cl isomers in the monochloride fraction.

(b) Photochemical chlorination of dodecane gave a monochloride fraction containing
19% 2-chlorododecane. Estimate the percentage of 1-chlorododecane present in that
fraction.

4.49 Photochemical chlorination of 2,2,4-trimethylpentane gives four isomeric monochlorides.
(a) Write structural formulas for these four isomers.

(b) The two primary chlorides make up 65% of the monochloride fraction. Assuming that
all the primary hydrogens in 2,2,4-trimethylpentane are equally reactive, estimate the
percentage of each of the two primary chlorides in the product mixture.

4.50 Photochemical chlorination of pentane gave a mixture of three isomeric monochlorides.
The principal monochloride constituted 46% of the total, and the remaining 54% was
approximately a 1:1 mixture of the other two isomers. Write structural formulas for
the three monochloride isomers and specify which one was formed in greatest amount.
(Recall that a secondary hydrogen is abstracted three times faster by a chlorine atom than a
primary hydrogen.)

Descriptive Passage and Interpretive Problems 4

More About Potential Energy Diagrams

Chapter 5 will describe elimination reactions and their mechanisms. In one example, heating fert-
butyl bromide in ethanol gives the alkene 2-methylpropene by a two-step mechanism:

CH; H;C
| \ + .
Step 1: H3C—C|—Br: S C—CH; + :Br:
CH; H;C
tert-Butyl bromide tert-Butyl cation Bromide ion
H;C H;C H
\ + . \ +/
H;C H;C H

tert-Butyl cation Ethanol 2-Methylpropene Ethyloxonium ion
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Problems

A potential energy diagram for the reaction provides additional information to complement the
mechanism expressed in the equations for the two elementary steps.
The energy relationships in the diagram are not only useful in their own right, but also aid in
understanding the structural changes occurring at the transition state. Hammond’s postulate tells
us that if two states occur consecutively, the closer they are in energy, the more similar they are in

structure.
2
4
3
>
on
5}
5
I
5
°
=¥
5
1
Reaction coordinate — 5
4.51 Ethanol is: 4.56
A. acatalyst
B. areactive intermediate
C. a Brgnsted acid
D. aBrgnsted base
4.52  According to the potential energy diagram, the overall
reaction is:
A. endothermic
B. exothermic
4.53 Classify the elementary steps in the mechanism according
to their molecularity.
A. Step 1 is unimolecular; step 2 is bimolecular.
B. Step 1 is bimolecular; step 2 is unimolecular.
C. Both steps are unimolecular.
D. Both steps are bimolecular.
4.54 C(Classify states 2—4 in the potential energy diagram.
A. 2,3, and 4 are transition states
B. 2,3, and 4 are reactive intermediates
C. 2 and 4 are transition states; 3 is a reactive intermediate
D. 2 and 4 are reactive intermediates; 3 is a transition state
4.55 According to the diagram, the activation energy of the slow 457

step is given by the energy difference between states
A. land?2

B. 2and3
C. 3and4
D. 1and5

What best describes the species at the rate-determining
transition state?

CH3
lo+ .. o

H,C
50\
C. /C=CH2---H

\

O+

H,C —CH,CH,

0
/
H

S— e
:Br\:

D. HQC/CZCHz ---H
) / NS+

H3C :/O B CH2CH3

H

By applying Hammond’s postulate to the potential energy
diagram for this reaction, we can say that:

A. the structure of 2 is more carbocation-like than 4

B. the structure of 2 is less carbocation-like than 4

C. the structure of 2 resembles 1 more than it resembles 3
D. the structure of 4 resembles 5 more than it resembles 3
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Squalene (C5oHsy) is a hydrocarbon with six carbon-carbon double bonds.
Itis present in plants and animals and, as will be seen in Chapter 24 is the
biosynthetic precursor to steroids such as cholesterol. The oil present in shark
liver is an important commerical source.

Structure and Preparation of
Alkenes: Elimination Reactions

lkenes are hydrocarbons that contain a carbon—carbon double
bond. A carbon—carbon double bond is both an important
structural unit and an important functional group in organic
chemistry. The shape of an organic molecule is influenced by its
presence, and the double bond is the site of most of the chemical
reactions that alkenes undergo.
This chapter is the first of two dealing with alkenes; it
describes their structure, bonding, and preparation. Chapter 6
examines their chemical reactions.

5.1 Alkene Nomenclature

We give alkenes ITUPAC names by replacing the -ane ending of
the corresponding alkane with -ene. The two simplest alkenes are
ethene and propene. Both are also well known by their common
names ethylene and propylene.

H2C :CH2

ITUPAC name: ethene
Common name: ethylene

CH,CH—CH,

IUPAC name: propene
Common name: propylene

The alkene corresponding to the longest continuous chain
that includes the double bond is considered the parent, and the
chain is numbered in the direction that gives the doubly bonded
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carbons their lower numbers. The locant (or numerical position) of only one of the doubly
bonded carbons is specified in the name; it is understood that the other doubly bonded car-
bon must follow in sequence. The locant may precede the parent chain (1979 IUPAC rules)
or the -ene suffix (1993 rules).

1 2 3 4 6 5 4 3 2 1
H,C=CHCH,CH;  CH,CH,CH,CH=CHCH,

1-Butene 2-Hexene
But-1-ene Hex-2-ene

Carbon—carbon double bonds take precedence over alkyl groups and halogens in
determining the main carbon chain and the direction in which it is numbered.

4 3 2 | 6 5 4 3
CH3C|HCH =CH, BrCH,CH,CH,CHCH,CH,CH;
2 I
CH; CH=CH,
3-Methyl-1-butene 6-Bromo-3-propyl-1-hexene
3-Methylbut-1-ene 6-Bromo-3-propylhex-1-ene

Hydroxyl groups, however, outrank the double bond, and a chain that contains both an
— OH group and a double bond is numbered in the direction that gives the carbon attached
to the —OH group the lower number. Compounds that contain both a double bond and a
hydroxyl group combine the suffixes -en + -ol to signify that both functional groups are

present.

2 4 6
HO ’ 5-Methyl-4-hexen-1-ol

1 3 5 5-Methylhex-4-en-1-ol

Problem 5.1

Name each of the following using IUPAC nomenclature:
(a) (CH3)2C:C(CH3)2 (d) NN
Cl

: )\/\/ @ NN

OH
Sample Solution (a) The longest continuous chain in this alkene contains four carbon
atoms. The double bond is between C-2 and C-3, and so it is named as a derivative of 2-butene.

HsC CH
3\2 3/ 3

Cc=C 2,3-Dimethyl-2-butene
/ \ or
HsC CH; 2,3-Dimethylbut-2-ene

The two methyl groups are substituents attached to C-2 and C-3 of the main chain.

The common names of certain frequently encountered alkyl groups, such as isopropyl
and fert-butyl, are acceptable in the [IUPAC system. Three alkenyl groups—vinyl, allyl, and
isopropenyl—are treated the same way.

H,C=CH—  asin H,C=CHCl or < Cl
Vinyl Vinyl chloride
) OH Vinyl chloride is an industrial chemical
H,C=CHCH,— as in H,C=CHCH,OH or N produced in large amounts (10 Ib/year
Allyl Allyl alcohol in the United States) and is used in the
preparation of poly(vinyl chloride).
H,C=C— as in H,C=CCl or Cl Poly(vinyl chloride), often called simply
| | vinyl, has many applications, including
CH; CH; = siding for houses, wall coverings, and
PVC piping.

Isopropenyl Isopropenyl chloride
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Figure 5.1

Chapter 5 Structure and Preparation of Alkenes: Elimination Reactions

When a CH, group is doubly bonded to a ring, the prefix methylene is added to the name

of the ring.
Oren

Methylenecyclohexane

Cycloalkenes and their derivatives are named by adapting cycloalkane terminology
to the principles of alkene nomenclature.

2 1 CH3
3
O T

5

Cyclopentene 1-Methylcyclohexene 3-Chlorocycloheptene
(not 1-chloro-2-cycloheptene)

No locants are needed in the absence of substituents; it is understood that the double bond
connects C-1 and C-2. Substituted cycloalkenes are numbered beginning with the double
bond, proceeding through it, and continuing in sequence around the ring. The direction is
chosen so as to give the lower of two possible numbers to the substituent.

Problem 5.2

Write structural formulas and give the IUPAC names of all the monochloro-substituted
derivatives of cyclopentene.

5.2 Structure and Bonding in Alkenes

The structure of ethylene and the orbital hybridization model for its double bond were
presented in Section 2.8 and are briefly reviewed in Figure 5.1. Ethylene is planar, each
carbon is sp’-hybridized, and the double bond is considered to have a ¢ component and a
m component. The o component arises from overlap of sp® hybrid orbitals along a line con-
necting the two carbons, the m component via a “side-by-side” overlap of two p orbitals.
Regions of high m-electron density are present above and below the plane of the molecule.
Most of the reactions of ethylene and other alkenes involve these  electrons.

£ .
7 A al

(b) (©) (d)

(a) The planar framework of & bonds in ethylene showing bond distances and angles. (b) and (c) The half-filled p orbitals of two sp>-hybridized carbons overlap to
produce a 1 bond. (d) The electrostatic potential map shows a region of high negative potential due to the 1T electrons above and below the plane of the atoms.



5.2 Structure and Bonding in Alkenes

Ethylene

thylene was known to chemists in the eighteenth century and

isolated in pure form in 1795. An early name for ethylene
was gaz oléfiant (French for “oil-forming gas”), to describe the
fact that an oily liquid product is formed when two gases—
ethylene and chlorine—react with each other.

HzC=CH2 + C|2

Ethylene
(bp: —104°C)

——  CICH,CH,CI

1,2-Dichloroethane
(bp: 83°C)

Chlorine
(bp: —34°C)

The term gaz oléfiant was the forerunner of the general term
olefin, formerly used as the name of the class of compounds we
now call alkenes.

Ethylene occurs naturally in small amounts as a plant hor-
mone. It is formed in a complex series of steps from a compound
containing a cyclopropane ring:

+

several
I>< NH3 steps
E—
CO,~

1-Amino-
cyclopropane-
carboxylic acid

H,C=CH, + other products

Ethylene

Even minute amounts of ethylene can stimulate the ripening
of fruits, and the rate of ripening increases with the concentra-
tion of ethylene. This property is used to advantage in the mar-
keting of bananas. Bananas are picked green in the tropics,
kept green by being stored with adequate ventilation to limit
the amount of ethylene present, and then induced to ripen at
their destination by passing ethylene over the fruit.

Ethylene is the cornerstone of the world’s mammoth petro-
chemical industry and is produced in vast quantities. In a typical

year the amount of ethylene produced in the United States
(5 x 10'° Ib) exceeds the combined weight of all of its people.
In one process, ethane from natural gas is heated to bring about
its dissociation into ethylene and hydrogen:

750°C
CH3CH3 — H2C:CH2 P H2

Ethane Ethylene Hydrogen

This dehydrogenation is simultaneously both a source of ethylene
and one of the methods by which hydrogen is prepared on an
industrial scale. Most of this hydrogen is subsequently used to
reduce nitrogen to ammonia for the preparation of fertilizer.

Similarly, dehydrogenation of propane gives propene:

750°C
CH3CH20H3 — CH3CH:CH2 =P H2

Propane Propene Hydrogen
Propene is the second most important petrochemical and is
produced on a scale about half that of ethylene.

Almost any hydrocarbon can serve as a starting material
for production of ethylene and propene. Cracking of petroleum
(Section 2.19) gives ethylene and propene by processes involving
cleavage of carbon—carbon bonds of higher molecular weight hydro-
carbons. An area of current research interest is directed toward
finding catalytic methods for converting methane from natural gas
to ethylene.

The major uses of ethylene and propene are as starting
materials for the preparation of polyethylene and polypropylene
plastics, fibers, and films. These and other applications will be
described in Chapter 6.

On the basis of their bond-dissociation enthalpies, the C==C bond in ethylene is
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stronger than the C—C single bond in ethane, but it is not twice as strong.
H,C=CH, —— 2CH, AH°= +730kJ (172 kcal)

Ethylene Methylene

H,C—CH; —— 2CH; AH°= +375kJ (90 kcal)
Ethane Methyl

While it is not possible to apportion the C=C bond energy of ethylene between its o and
7 components, the data suggest that the  bond is weaker than the o bond.

There are two different types of carbon—carbon bonds in propene, CH;CH=—=CH,.
The double bond is of the o +  type, and the bond to the methyl group is a o bond formed

by sp’—sp® overlap.
H sp>-hybridized carbon
Hu,, /
C H

t
H7 N/ C—C bond length = 150 pm
/ \ C=C bond length = 134 pm
II/ \I{

S/)z—hybridizcd carbon



180

(%
Y
«

¢ | |
e < & G 5: ".,o .
&

Chapter 5 Structure and Preparation of Alkenes: Elimination Reactions

Problem 5.3

How many carbon atoms are sp?-hybridized in the alkene shown? How many are sp*-hybridized?
How many bonds are of the sp?-sp® type? How many are of the sp>-sp® type?

NS

5.3 Isomerism in Alkenes

Although ethylene is the only two-carbon alkene, and propene the only three-carbon
alkene, there are four isomeric alkenes of molecular formula C,Hg:

© >
v ¢ @ Ce :.

H CH,CH; H CH, H,C CH; H,C
\ \ \ \
C=C C=C C=C C=C
/ / / /
H H H CH; H H H CH;
1-Butene 2-Methylpropene cis-2-Butene trans-2-Butene

Stereoisomeric alkenes are sometimes
referred to as geometric isomers.

1-Butene has an unbranched carbon chain with a double bond between C-1 and C-2. It is
a constitutional isomer of the other three. Similarly, 2-methylpropene, with a branched
carbon chain, is a constitutional isomer of the other three.

The pair of isomers designated cis- and trans-2-butene have the same constitution;
both have an unbranched carbon chain with a double bond connecting C-2 and C-3. They
differ from each other in that the cis isomer has both of its methyl groups on the same side
of the double bond, while the methyl groups in the trans isomer are on opposite sides. Recall
from Section 3.11 that isomers that have the same constitution but differ in the arrangement
of their atoms in space are classified as stereoisomers. cis-2-Butene and trans-2-butene are
stereoisomers, and the terms cis and trans specify the configuration of the double bond.

Cis—trans stereoisomerism in alkenes is not possible when one of the doubly bonded
carbons bears two identical substituents. Thus, neither 1-butene nor 2-methylpropene can
have stereoisomers.

H CH,CHj; H CH;
' \ / ' \ / ‘
Identical C=C Identical Cc=C Identical
/ 0\ / 0\

H H H CH;
1-Butene 2-Methylpropene
(no stereoisomers possible) (no stereoisomers possible)

Problem 5.4

How many alkenes have the molecular formula CsH,,? Write their structures and give their
IUPAC names. Specify the configuration of stereoisomers as cis or trans as appropriate.

In principle, cis-2-butene and trans-2-butene may be interconverted by rotation about
the C-2—C-3 double bond. However, unlike rotation about single bonds, which is quite
fast, rotation about double bonds is restricted. Interconversion of the cis and trans isomers
of 2-butene has an activation energy which is 10-15 times greater than that for rotation
about the single bond of an alkane and does not occur under normal circumstances.



5.4 Naming Stereoisomeric Alkenes by the E-Z Notational System

HsC

\

H  veryslow / very fast H
pr— p—
H3C very fast very slow H
H H;C CH,
cis-2-Butene transition state for rotation about C=C trans-2-Butene
(stable) (unstable: p orbitals perpendicular to (stable)

each other; poor geometry for bonding)

m-Bonding in cis- and trans-2-butene is strong because of the favorable parallel alignment
of the p orbitals at C-2 and C-3. Interconverting the two stereoisomers, however, requires
these p orbitals to be at right angles to each other, decreases their overlap, and weakens the
7 component of the double bond.

Problem 5.5

Are cis-2-hexene and trans-3-hexene stereoisomers? Explain.

5.4 Naming Stereoisomeric Alkenes
by the E-Z Notational System

When the groups on either end of a double bond are the same or are structurally similar to

each other, it is a simple matter to describe the configuration of the double bond as cis or trans.
Oleic acid, for example, has a cis double bond. Cinnamaldehyde has a trans double bond.

CH;(CH,)¢CH, CH,(CH,)6CO,H  C¢Hs H
N/ \
C=C C=C
/N /
H H H ﬁH
o
Oleic acid Cinnamaldehyde

Problem 5.6

Female houseflies attract males by sending a chemical signal known as a pheromone. The
substance emitted by the female housefly that attracts the male has been identified as cis-9-
tricosene, C,3H46. Write a structural formula, including stereochemistry, for this compound.

The terms cis and trans are ambiguous, however, when it is not obvious which sub-
stituent on one carbon is “similar” or “analogous” to a reference substituent on the other.
An unambiguous system for specifying double-bond stereochemistry has been adopted
by the TUPAC based on an atomic number criterion for ranking substituents. When atoms
of higher atomic number are on the same side of the double bond, we say that the double
bond has the Z configuration, where Z stands for the German word zusammen, meaning
“together.”” When atoms of higher atomic number are on opposite sides, the configuration
is E, standing for the German word enfgegen, meaning “opposite.”

Higher —> Cl Br <~— Higher Higher —> Cl F ~—Lower
\ /
CcC=C C=C
/ \ / \
Lower — H F ~— Lower Lower — H Br <~—Higher
Z configuration E configuration
Higher ranked substituents (Cl and Br) Higher ranked substituents (Cl and Br)
are on same side of double bond are on opposite sides of double bond

The groups on the double bonds of most alkenes are, of course, often more complicated
than in this example. The rules for ranking substituents, especially alkyl groups, are
described in Table 5.1.
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Cinnamaldehyde gives cinnamon its
flavor.

The priority rules in Table 5.1 were
developed by R. S. Cahn and Sir
Christopher Ingold (England) and
Vladimir Prelog (Switzerland) in the
context of a different aspect of organic
stereochemistry; they will appear again
in Chapter 7.
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il

Higher atomic number takes precedence over lower. Bromine
(atomic number 35) outranks chlorine (atomic number 17).
Methyl (C, atomic number 6) outranks hydrogen (atomic
number 1).

. When two atoms directly attached to the same carbon of the

double bond are identical, compare the atoms attached to
these two on the basis of their atomic numbers. Precedence
is determined at the first point of difference:

Ethyl [—C(C,H,H)] outranks methyl [—C(H,H,H)]
Similarly, tert-butyl outranks isopropyl, and isopropyl
outranks ethyl:

—C(CH3); > —CH(CH3), > —CH,CH4
—C(C,C,C) >—C(C,C,H) > —C(C,H,H)

. Work outward from the point of attachment,

comparing all the atoms attached to a particular
atom before proceeding further along the chain:

—CH(CH3), [—C(C,C,H)] outranks

. When working outward from the point of attachment,

always evaluate substituent atoms one by one, never as
a group. Because oxygen has a higher atomic number
than carbon,

—CH,0H [—C(O,H,H)] outranks

—C(CH3); [—C(C,C,C)]

. An atom that is multiply bonded to another atom is

considered to be replicated as a substituent on that
atom:

i
—CH s treated as if it were —C(0,0,H)
The group —CH=0 [—C(0,0,H)] outranks

—CH,0H [—C(O,H,H)]

Example
The compound
Higher Br
: \
C=C
/ \
Lower Cl H

/CH3

has the Z configuration. Higher ranked atoms (Br and C of CHj;)

are on the same side of the double bond.

The compound

Higher Br CHs
C=C
/
Lower Cl CH>CH3
has the E configuration.
The compound
Higher Br\ /CHZCH20H
=G
/
Lower Cl CH(CHs)»
has the E configuration.
The compound
Higher Br CH,OH
g \ / 2
C=C
/
Lower Cl C(CH3)3
has the Z configuration.
The compound
Higher Br CH,OH
g \ / 2
C=C
/ \
Lower Cl CH=0

has the E configuration.

TABLE 5.1 Cahn-Ingold-Prelog Priority Rules

Higher

Lower

Lower

Higher

Lower

Higher

Higher

Lower

Lower

Higher

Problem 5.7

Determine the configuration of each of the following alkenes as Z or E as appropriate:

H3C\ /CHZOH HsC CH,CH,0H
a) C=C (c) C=C
/ \ / \
H CH3 H C(CH3)3
ch CH2CH2F Q H
\ /
(b) /C=C (d) /C=C\
H CH,CH,CH,CH3 CHsCH» CHs3



5.5 Physical Properties of Alkenes

Sample Solution (a) One of the doubly bonded carbons bears a methyl group and a
hydrogen. According to the rules of Table 5.1, methyl outranks hydrogen. The other carbon atom
of the double bond bears a methyl and a —CH,0H group. The —CH,0H group is of higher
priority than methyl.

Higher (C) — H3C\ CH,OH =—— Higher —C(O,H,H)
C=C
Lower (H)— H CH; <— Lower —C(H,H,H)

Higher ranked groups are on the same side of the double bond; the configuration is Z

A table on the inside back cover lists some of the more frequently encountered atoms
and groups in order of increasing precedence. You should not attempt to memorize this
table, but should be able to derive the relative placement of one group versus another. When
naming compounds according to the E, Z system, the descriptor is placed in parenthesis and
precedes the rest of the name.

Problem 5.8

Name the first three compounds in Table 5.1.

Sample Solution

Br CH3
N1 o2/
c=l
/ \

Cl H

Number the chain as shown and list the substituents alphabetically. The compound is
(Z)-1-bromo-1-chloropropene.

5.5 Physical Properties of Alkenes

Alkenes resemble alkanes in most of their physical properties. The lower molecular
weight alkenes through C,Hg are gases at room temperature and atmospheric pressure.

The dipole moments of most alkenes are quite small. Among the C,Hy isomers,
1-butene, cis-2-butene, and 2-methylpropene have dipole moments in the 0.3-0.5 D range;
trans-2-butene has no dipole moment. Nevertheless, we can learn some things about
alkenes by looking at the effect of substituents on dipole moments.

Experimental measurements of dipole moments give size, but not direction. We nor-
mally deduce the overall direction by examining the individual bond dipoles. With alkenes
the basic question concerns the alkyl groups attached to C=C. Does an alkyl group donate
electrons to or withdraw electrons from a double bond? This question can be approached
by comparing the effect of an alkyl group, methyl for example, with other substituents.

¢
¢ -
e 6 _. ‘® ¢
¢ o 80 9 o g
0 ¢ o0 ¢
¢ © @ ¢ e C

H H H H H;C H H;CX H
N,/ N,/ N,/ W/
C=C C=C)\4 C=C C=C>x
/N /N /N /N
H H H Cl H H H Cl
Ethylene Vinyl chloride Propene trans-1-Chloropropene

n=0D n=14D p=03D p=17D
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Ethylene, of course, has no dipole moment. Replacing one of its hydrogens by an electron-
attracting chlorine atom gives vinyl chloride, which has a dipole moment of 1.4 D. The
effect is much smaller when one of the hydrogens of ethylene is replaced by methyl;
propene has a dipole moment of only 0.3 D. Now place CH; and Cl trans to each other
on the double bond. If methyl releases electrons better than H, then the dipole moment of
trans-CH;CH=CHCI should be larger than that of H,C==CHCI, because the effects of
CHj; and Cl reinforce each other. If methyl is electron attracting, the opposite should occur,
and the dipole moment of trans-CH;CH=CHCI will be smaller than 1.4 D. In fact, the
dipole moment of trans-CH;CH=CHCI is larger than that of H,C=CHCI, indicating
that a methyl group acts as an electron-donating substituent on the double bond.

Problem 5.9

Arrange the following in order of increasing dipole moment.

Cl Cl
Cl

(E)-1-Chloropropene 1,1-Dichloro-2-methylpropene (E)-2,3-Dichloro-2-butene

A methyl group releases electrons to an attached double bond in much the same way
that it releases electrons to an sp*-hybridized carbon of a carbocation or free radical—by an
inductive effect and by hyperconjugation. The resonance description of hyperconjugation
in an alkene is consistent with a flow of electrons from the alkyl group to the carbons of the
double bond.

H H*
H c/) H,C
2 \ / 2 A\ /
N T K
/PN /N
Major contributor Minor contributor

This delocalization, however, produces a contributing structure that has one less bond than
the major contributor. Consequently, electron release to double bonds by alkyl substituents
should be, and is observed to be, less pronounced than comparable stabilization of carboca-
tions and free radicals—species in which the major and minor contributors have the same
number of bonds.

Other alkyl groups resemble methyl in respect to their ability to stabilize double bonds
by hyperconjugation. We’ll see another example of this substituent effect in the next section.

5.6 Relative Stabilities of Alkenes

We bave seen how heats of combustion can be used to compare the stabilities of isomeric
alkanes (Section 2.21) and dimethylcyclohexanes (Section 3.11). When a similar analysis
of heats of combustion data is applied to the four alkenes of molecular formula C,Hg, we
find that I-butene is the least stable isomer and 2-methylpropene the most stable. Of the pair
of stereoisomeric 2-butenes, trans-2-butene is more stable than cis-.

Increasing stability

- R

1-Butene  cis-2-Butene trans-2-Butene 2-Methylpropene

Heat of combustion (kJ/mol): 2717 2710 2707 2700



5.6 Relative Stabilities of Alkenes

Similar data for a host of alkenes tell us that the most important factors governing
alkene stability are:

1. Degree of substitution of C=C (an electronic effect)

2. van der Waals strain in the cis stereoisomer (a steric effect)

3. Chain branching (analogous to the increased stability of branched alkane chains rela-
tive to their unbranched isomers)

Degree of substitution refers to the number of carbons directly attached to the C=C
unit. An alkene of the type RCH=CH, has a monosubstituted or terminal double bond
regardless of the number of carbons in R. Disubstituted, trisubstituted, and tetrasubstituted
double bonds have two, three, and four carbon atoms, respectively, directly attached to
C=C. Among the C,Hg isomeric alkenes, only 1-butene has a monosubstituted double
bond; the other three have disubstituted double bonds and are, as measured by their heats
of combustion, more stable than 1-butene.

Problem 5.10

Write structural formulas and give the IUPAC names for all the alkenes of molecular formula
CgH1, that contain a trisubstituted double bond. (Don't forget to include stereoisomers.)

Like the sp>-hybridized carbons of carbocations and free radicals, the sp*-hybridized
carbons of double bonds are electron attracting, and alkenes are stabilized by substituents
that release electrons to these carbons. As we saw in the preceding section, alkyl groups
are better electron-releasing substituents than hydrogen and are, therefore, better able to
stabilize an alkene.

In general, alkenes with more highly substituted double bonds are more stable than isomers
with less substituted double bonds.

Problem 5.11

Standard enthalpies of formation are known for all 17 isomeric CgzH;, alkenes. Which one is
most stable (AH7 = -70 kJ/mol)? Which one is least stable (AHf = -42 kJ/mol)?

An effect that results when two or more atoms or groups interact so as to alter the
electron distribution in a molecule is called an electronic effect. The greater stability of
more highly substituted alkenes is an example of an electronic effect.

Problem 5.12

Arrange the following alkenes in order of decreasing stability: 1-pentene; (E)-2-pentene; (2)-2-
pentene; 2-methyl-2-butene.

van der Waals strain in alkenes is a steric effect most commonly associated with
repulsive forces between substituents that are cis to each other and is reflected in the obser-
vation that the heat of combustion of cis-2-butene is 3 kJ/mol (0.7 kcal/mol) greater than
trans-2 butene. The source of this difference is illustrated in the space-filling models of
Figure 5.2, where it is can be seen that the methyl groups crowd each other in cis, but not
trans-2-butene.

In general, trans alkenes are more stable than their cis stereoisomers.

The difference in stability between stereoisomeric alkenes is especially pronounced
with bulky alkyl groups as substituents on the double bond. The heat of combustion of the

Steric effects were introduced in
Section 3.10 and applied to the

relative stabilities of cis and
trans stereoisomeric
1,2-dimethylcyclopropanes in
Section 3.11.
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The common names of these alkenes

are cis- and trans-di-tert-butylethylene.

In cases such as this the common
names are somewhat more convenient
than the IUPAC names because they
are more readily associated with
molecular structure.
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cis-2 Butene trans-2 Butene

Figure 5.2

Ball-and-spoke and space-filling models of cis- and trans-2-butene. The space-filling model shows the
serious van der Waals strain between two of the hydrogens in cis-2-butene. The molecule adjusts by
expanding those bond angles that increase the separation between the crowded atoms. The combination of
angle strain and van der Waals strain makes cis-2-butene less stable than trans-2-butene.

cis stereoisomer of 2,2,5,5-tetramethyl-3-hexene, for example, is 44 kJ/mol (10.5 kcal/mol)
higher than that of the trans because of van der Waals strain between cis tert-butyl groups.

H

Energy difference =
— 44 kJ/mol
(10.5 kcal/mol) H
H H

cis-2,2,5,5-Tetramethyl-3-hexene
(less stable)

Problem 5.13

Despite numerous attempts, the alkene 3,4-di-tert-butyl-2,2,5,5-tetramethyl-3-hexene has
never been synthesized. Can you explain why?

trans-2,2,5,5-Tetramethyl-3-hexene
(more stable)

Chain branching was seen earlier (Section 2.22) to have a stabilizing effect on
alkanes. The same is true of carbon chains that include a double bond. Of the three
disubstituted C4Hy alkenes, the branched isomer (CH;),C==CH, is more stable than either
cis- or trans-CH;CH=CHCH;.

In general, alkenes with branched chains are more stable than unbranched isomers. This

effect is usually less important than the degree of substitution or stereochemistry of the
double bond.

Problem 5.14

Write structural formulas for the six isomeric alkenes of molecular formula CsH; and arrange
them in order of increasing stability (smaller heat of combustion, more negative AHY).




5.7 Cycloalkenes

5.7 Cycloalkenes

Double bonds are accommodated by rings of all sizes. The smallest cycloalkene, cyclo-
propene, was first synthesized in 1922. A cyclopropene ring is present in sterculic acid, a
substance derived from the oil present in the seeds of a tree (Sterculia foetida) that grows
in the Philippines and Indonesia.

H H  CHs(CH,), (CH,),CO,H

H H H H

Cyclopropene Sterculic acid

As we saw in Section 3.5, cyclopropane is destabilized by angle strain because its 60°
bond angles are much smaller than the normal 109.5° angles associated with sp*-hybrid-
ized carbon. Cyclopropene is even more strained because of the distortion of the bond
angles at its doubly bonded carbons from their normal sp>-hybridization value of 120°.
Cyclobutene has, of course, less angle strain than cyclopropene, and the angle strain in
cyclopentene, cyclohexene, and higher cycloalkenes is negligible.

The presence of the double bond in cycloalkenes affects the conformation of the
ring. The conformation of cyclohexene is a half-chair, with carbons 1, 2, 3, and 6 in the
same plane, and carbons 4 and 5 above and below the plane. Substituents at carbons 3 and
6 are tilted from their usual axial and equatorial orientations and are referred to as pseu-
doaxial and pseudoequatorial. Conversion to the alternative half-chair occurs readily, with
an energy barrier of 22.2 kJ/mol (5.3 kcal/mol), which is about one half that required for
chair-to-chair interconversion in cyclohexane.

(w/ 1 2 ~

So far we have represented cycloalkenes by structural formulas in which the double
bonds are of the cis configuration. If the ring is large enough, however, a trans stereoisomer
is also possible. The smallest trans cycloalkene that is stable enough to be isolated and stored
in a normal way is trans-cyclooctene.

Energy difference =
39 kJ/mol (9.2 kcal/mol)
H H H
(E)-Cyclooctene (Z)-Cyclooctene
(trans-cyclooctene) (cis-cyclooctene)
Less stable More stable

trans-Cycloheptene has been prepared and studied at low temperature (—-90°C) but
is too reactive to be isolated and stored at room temperature. Evidence has also been pre-
sented for the fleeting existence of the even more strained trans-cyclohexene as a reactive
intermediate in certain reactions.

Problem 5.15

Place a double bond in the carbon skeleton shown so as to represent
(a) (D-1-Methylcyclodecene (d) (E)-3-Methylcyclodecene

(b) (E)-1-Methylcyclodecene (e) (2)-5-Methylcyclodecene
(c) (2)-3-Methylcyclodecene (f) (E)-5-Methylcyclodecene CHs;
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A quote from a biochemistry text is
instructive here. “This is not an easy
reaction in organic chemistry. It is,
however, a very important type of
reaction in metabolic chemistry and

is an integral step in the oxidation of
carbohydrates, fats, and several amino
acids.” G. L. Zubay, Biochemistry,

4th ed., William C. Brown Publishers,
1996, p. 333.
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Sample Solution (a) and (b) Because the methyl group must be at C-1, there are only two
possible places to put the double bond:

1 1
CHs CHs3

(Z)-1-Methylcyclodecene (E)-1-Methylcyclodecene

In the Z stereoisomer the two lower priority substituents—the methyl group and the hydrogen—
are on the same side of the double bond. In the E sterecisomer these substituents are on
opposite sides of the double bond. The ring carbons are the higher ranking substituents at each
end of the double bond.

Because larger rings have more carbons with which to span the ends of a double bond,
the strain associated with a trans cycloalkene decreases with increasing ring size. The strain
eventually disappears when a 12-membered ring is reached and cis- and trans-cyclodo-
decene are of approximately equal stability. When the rings are larger than 12-membered,
trans cycloalkenes are more stable than cis. In these cases, the ring is large enough and flex-
ible enough that it is energetically similar to a noncyclic cis alkene.

5.8 Preparation of Alkenes: Elimination Reactions

The rest of this chapter describes how alkenes are prepared by elimination; that is, reactions
of the type:

ul |Lj \ /
X—C—C—Y —> C=C_ + X—Y
| / \

Alkene formation requires that X and Y be substituents on adjacent carbon atoms. By mak-
ing X the reference atom and identifying the carbon attached to it as the o carbon, we see
that atom Y is a substituent on the 3 carbon. Carbons succeedingly more remote from the
reference atom are designated v, 8, and so on. Only 3 elimination reactions will be dis-
cussed in this chapter. 3 Eliminations are also known as 1,2 eliminations.

You are already familiar with one type of 3 elimination, having seen in Section 5.2
that ethylene and propene are prepared on an industrial scale by the high-temperature dehy-
drogenation of ethane and propane. Both reactions involve 3 elimination of H,.

CHsCH; 2% H,C—CH, + H,

Ethane Ethylene Hydrogen

CHCH,CH; =% CH,CH=CH, + H,

Propane Propene Hydrogen
Many reactions classified as dehydrogenations occur within the cells of living sys-

tems at 25°C. H, is not one of the products, however. Instead, the hydrogens are lost in
separate steps of an enzyme-catalyzed process.

O . O
succinate
OH dehydrogenase OH
HO)W . HOM\/
(0] o

Succinic acid Fumaric acid



5.9 Dehydration of Alcohols

Dehydrogenation of alkanes is not a practical laboratory synthesis for the vast major-
ity of alkenes. The principal methods by which alkenes are prepared in the laboratory are
two other [3 eliminations: the dehydration of alcohols and the dehydrohalogenation of alkyl
halides. A discussion of these two methods makes up the remainder of this chapter.

5.9 Dehydration of Alcohols

In the dehydration of alcohols, the H and OH are lost from adjacent carbons. An acid cata-
lyst is necessary. Before dehydrogenation of ethane became the dominant method, ethylene
was prepared by heating ethyl alcohol with sulfuric acid.

CH5CH,OH 122% H,C=CH, + H,0

Ethyl alcohol Ethylene Water

Other alcohols behave similarly. Secondary alcohols undergo elimination at lower tempera-
tures than primary alcohols, and tertiary alcohols at lower temperatures than secondary.

OH

H,50,
Taoec> + H,0

Cyclohexanol Cyclohexene Water
(79—87%)

(lle H;C
H3C—C|—CH3 189

\
heat /C=CH2 + H,0
OH H;C
2-Methyl-2-propanol 2-Methylpropene Water
(82%)

Reaction conditions, such as the acid used and the temperature, are chosen to maximize
the formation of alkene by elimination. Sulfuric acid (H,SO,) and phosphoric acid (H;PO,)
are the acids most frequently used in alcohol dehydrations. Potassium hydrogen sulfate
(KHSO,) is also often used.

Problem 5.16

Identify the alkene obtained on dehydration of each of the following alcohols:

(a) 3-Ethyl-3-pentanol (c) 2-Propanol
(b) 1-Propanol (d) 2,3,3-Trimethyl-2-butanol

Sample Solution (a) The hydrogen and the hydroxyl are lost from adjacent carbons in the
dehydration of 3-ethyl-3-pentanol.

B
CH,CH3 CH3CH>
B a B H* \
CH3CH2_(|.:_CH2(:H3 —> C=CHCH3 + H20
OH CHsCH»
3-Ethyl-3-pentanol 3-Ethyl-2-pentene Water

The hydroxyl group is lost from a carbon that bears three equivalent ethyl substituents.
B elimination can occur in any one of three equivalent directions to give the same alkene,
3-ethyl-2-pentene.
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HSO,™ and H3PO, are very similar in
acid strength. Both are much weaker
than H,S0O,, which is a strong acid.
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Although Russian, Zaitsev published
most of his work in German scientific
journals, where his name was
transliterated as Saytzeff. The spelling
used here (Zaitsev) corresponds to the
currently preferred style.
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Some biochemical processes involve alcohol dehydration as a key step. An example is
the conversion of 3-dehydroquinic acid to 3-dehydroshikimic acid.

HO, CO,H CO,H

3-dehydroquinate

dehydratase
Y + H,0

0~ > YOoH 07 ™
OH 0

3-Dehydroquinic acid 3-Dehydroshikimic acid Water

OH

This reaction is catalyzed by a dehydratase enzyme and is one step in the pathway by which
plants convert glucose to certain amino acids.

5.10 Regioselectivity in Alcohol Dehydration:
The Zaitsev Rule

Except for the biochemical example just cited, the structures of all of the alcohols in Section
5.9 were such that each one could give only a single alkene by 8 elimination. What about
elimination in alcohols such as 2-methyl-2-butanol, in which dehydration can occur in two
different directions to give alkenes that are constitutional isomers? Here, a double bond
can be generated between C-1 and C-2 or between C-2 and C-3. Both processes occur but
not nearly to the same extent. Under the usual reaction conditions 2-methyl-2-butene is the
major product, and 2-methyl-1-butene the minor one.

HO></ ! e )\/ )\/
2 ; 80°C / + \

1

2-Methyl-2-butanol 2-Methyl-1-butene 2-Methyl-2-butene
(10%) (90%)

Dehydration of this alcohol is selective in respect to its direction. Elimination occurs
in the direction that leads to the double bond between C-2 and C-3 more than between C-2
and C-1. Reactions that can proceed in more than one direction, but in which one direction
is preferred, are said to be regioselective.

In 1875, Alexander M. Zaitsev of the University of Kazan (Russia) set forth a general-
ization describing the regioselectivity of (3 eliminations. Zaitsev’s rule summarizes the results
of numerous experiments in which alkene mixtures were produced by 8 elimination. In its
original form, Zaitsev’s rule stated that the alkene formed in greatest amount is the one that
corresponds to removal of the hydrogen from the [B carbon having the fewest hydrogens.

OH CH,R
B Naol g “HL0 /
B
CH3 CH3
Hydrogen is lost from Alkene present in greatest
[3 carbon having the fewest amount in product
attached hydrogens

Zaitsev’s rule as applied to the acid-catalyzed dehydration of alcohols is now more
often expressed in a different way: 8 elimination reactions of alcohols yield the most highly
substituted alkene as the major product. Because, as was discussed in Section 5.6, the most
highly substituted alkene is also normally the most stable one, Zaitsev’s rule is sometimes
expressed as a preference for predominant formation of the most stable alkene that could
arise by B elimination.



5.12 The E1 and E2 Mechanisms of Alcohol Dehydration

Problem 5.17

Each of the following alcohols has been subjected to acid-catalyzed dehydration and yields a
mixture of two isomeric alkenes. Identify the two alkenes in each case, and predict which one is
the major product on the basis of the Zaitsev rule.

(a) (CH3)2(|ZCH(CH3)2 (b) HsC OH (c) OH
OH

Tl

Sample Solution (a) Dehydration of 2,3-dimethyl-2-butanol can lead to either 2,3-dimethyl-1-
butene by removal of a C-1 hydrogen or to 2,3-dimethyl-2-butene by removal of a C-3 hydrogen.

HO HO
)2<(4 e = + NN
1 3

2,3-Dimethyl-2-butanol 2,3-Dimethyl-1-butene  2,3-Dimethyl-2-butene
(minor product) (major product)

The major product is 2,3-dimethyl-2-butene. It has a tetrasubstituted double bond and is more
stable than 2,3-dimethyl-1-butene, which has a disubstituted double bond. The major alkene
arises by loss of a hydrogen from the 3 carbon that has fewer attached hydrogens (C-3) rather than
from the [3 carbon that has the greater number of hydrogens (C-1).

5.11 Stereoselectivity in Alcohol Dehydration

In addition to being regioselective, alcohol dehydrations are stereoselective. A stereo-
selective reaction is one in which a single starting material can yield two or more ster-
eoisomeric products, but gives one of them in greater amounts than any other. Alcohol
dehydrations tend to produce the more stable stereoisomer of an alkene. Dehydration of
3-pentanol, for example, yields a mixture of trans-2-pentene and cis-2-pentene in which
the more stable trans stereoisomer predominates.

A{\ H,S0,
_ 30 N
K/\

OH heat /V\
3-Pentanol cis-2-Pentene (25%) trans-2-Pentene (75%)
(minor product) (major product)

Problem 5.18

What three alkenes are formed in the acid-catalyzed dehydration of 2-pentanol?

5.12 The E1 and E2 Mechanisms of Alcohol Dehydration

The dehydration of alcohols resembles the reaction of alcohols with hydrogen halides (Sec-
tion 4.7) in two important ways.

1. Both reactions are promoted by acids.
2. The relative reactivity of alcohols increases in the order primary < secondary <
tertiary.

These common features suggest that carbocations are key intermediates in alcohol dehy-
drations, just as they are in the reaction of alcohols with hydrogen halides. Mechanism 5.1
portrays a three-step process for the acid-catalyzed dehydration of terz-butyl alcohol. Steps
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Step 3 in Mechanism 5.1 shows water
as the base that abstracts a proton
from the carbocation. Other Brgnsted
bases present in the reaction mixture
that can function in the same way
include fert-butyl alcohol and hydrogen
sulfate ion.
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Mechanism 5.1

The E1 Mechanism for Acid-Catalyzed Dehydration of tert-Butyl Alcohol
THE OVERALL REACTION:

H,SO4

(CH3);COH

(CH;3),C=CH, + H,0
tert-Butyl alcohol 2-Methylpropene Water
THE MECHANISM:

Step 1: Protonation of fert-butyl alcohol:

B /\ N /H st \ /H /H
0\3 + H—Q\:

O: + :0:
+\ \
H H H H
tert-Butyl alcohol Hydronium ion tert-Butyloxonium ion Water

Step 2: Dissociation of tert-butyloxonium ion to a carbocation and water:

H H
/\‘ O/: slow )\ dL 0 O/:
+ \H - + \

tert-Butyloxonium ion tert-Butyl cation Water

Step 3: Deprotonation of fert-butyl cation:

/\ /H ; /H
/@ H o o+ M0 — +  H=O:
H H

tert-Butyl cation Water 2-Methylpropene Hydronium ion

1 and 2 describe the generation of tert-butyl cation by a process similar to that which led to
its formation as an intermediate in the reaction of tert-butyl alcohol with hydrogen chloride.

Like the reaction of fert-butyl alcohol with hydrogen chloride, step 2 in which zert-
butyloxonium ion dissociates to (CH;);C* and water, is rate-determining. Because the
rate-determining step is unimolecular, the overall dehydration process is referred to as a
unimolecular elimination and given the symbol E1.

Step 3 is an acid-base reaction in which the carbocation acts as a Brgnsted acid,
transferring a proton to a Brgnsted base (water). This is the property of carbocations that
is of the most significance to elimination reactions. Carbocations are strong acids; they are
the conjugate acids of alkenes and readily lose a proton to form alkenes. Even weak bases
such as water are sufficiently basic to abstract a proton from a carbocation.

Problem 5.19

Write a structural formula for the carbocation intermediate formed in the dehydration of each of
the alcohols in Problem 5.17 (Section 5.10). Using curved arrows, show how each carbocation
is deprotonated by water to give a mixture of alkenes.

Sample Solution (a) The carbon that bears the hydroxyl group in the starting alcohol is the
one that becomes positively charged in the carbocation.

+ +
(CH3)2<|:CH<CH3>2—>_ﬁzo (CH3),CCH(CHs),
OH



5.13 Rearrangements in Alcohol Dehydration

Water may remove a proton from either C-1 or C-3 of this carbocation. Loss of a proton from C-1
yields the minor product 2,3-dimethyl-1-butene. (This alkene has a disubstituted double bond.)

H ./ . H_ . H
?- HO 5 - = + +?
H i 3 H

2,3-Dimethyl-1-butene

Loss of a proton from C-3 yields the major product 2,3-dimethyl-2-butene. (This alkene has a
tetrasubstituted double bond.)

. ._H He. H
A\Q\ﬁ'*/;\:cl) . X + 0
H H

2,3-Dimethyl-2-butene

As noted earlier (Section 4.9) primary carbocations are too high in energy to be
intermediates in most chemical reactions. If primary alcohols don’t form primary carboca-
tions, then how do they undergo elimination? A modification of our general mechanism for
alcohol dehydration offers a reasonable explanation. For primary alcohols it is believed that
a proton is lost from the alkyloxonium ion in the same step in which carbon—-oxygen bond
cleavage takes place. For example, the rate-determining step in the sulfuric acid-catalyzed
dehydration of ethanol may be represented as:

H H
TN +/ W + /
H,0¢ + H—/C}?—CHzﬁOi 5 H,0—H + H,C—=CH, + =0{
H H

Water Ethyloxonium Hydronium Ethylene Water
ion ion

Because the rate-determining step involves two molecules—the alkyloxonium ion and water—
the overall reaction is classified as a bimolecular elimination and given the symbol E2.

Like tertiary alcohols, secondary alcohols normally undergo dehydration by way of
carbocation intermediates.

In Chapter 4 you learned that carbocations could be captured by halide anions to give
alkyl halides. In the present chapter, a second type of carbocation reaction has been intro-
duced—a carbocation can lose a proton to form an alkene. In the next section a third aspect
of carbocation behavior will be described, the rearrangement of one carbocation to another.

5.13 Rearrangements in Alcohol Dehydration

Some alcohols undergo dehydration to yield alkenes having carbon skeletons different from
the starting alcohols. In the example shown, only the least abundant of the three alkenes in
the isolated product has the same carbon skeleton as the original alcohol. A rearrangement
of the carbon skeleton has occurred during the formation of the two most abundant alkenes.

S Ul N QR

3,3-Dimethyl- 3,3-Dimethyl- 2,3-Dimethyl-  2,3-Dimethyl-
2-butanol 1-butene (3%) 1-butene (33%) 2-butene (64%)

The generally accepted explanation for this rearrangement is outlined in Mechanism 5.2. It
extends the E1 mechanism for acid-catalyzed alcohol dehydration by introducing a new reac-
tion path for carbocations. Not only can a carbocation give an alkene by deprotonation, it can
also rearrange to a more stable carbocation that becomes the source of the rearranged alkenes.
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Similar reactions called Wagner—
Meerwein rearrangements were
discovered over one hundred years
ago. The mechanistic explanation is
credited to Frank Whitmore of Penn
State who carried out a systematic
study of rearrangements during the
1930s.
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Carbocation Rearrangement in Dehydration of 3,3-Dimethyl-2-butanol

THE OVERALL REACTION:
OH H;PO, \_
+ +
heat \ \ /
3,3-Dimethyl- 3,3-Dimethyl- 2,3-Dimethyl-  2,3-Dimethyl-
2-butanol 1-butene 1-butene 2-butene

THE MECHANISM:

Steps 1 and 2: These are analogous to the first two steps in the acid-catalyzed dehydration of tert-butyl alcohol described
in Mechanism 5.1. The alcohol is protonated in aqueous acid to give an oxonium ion that dissociates to a
carbocation and water.

OH H3O HZO OH2
T + Hzé :
step 1 step 2

3,3-Dimethyl- 1,2,2-Trimethyl- 1,2,2-Trimethyl- Water
2-butanol propyloxonium ion propyl cation

Steps 3 and 3": The carbocation formed in step 2 can do two things. It can give an alkene by transferring a proton to a
Brgnsted base such as water present in the reaction mixture (step 3), or it can rearrange (step 3”). Because alkenes
with a rearranged carbon skeleton predominate in the product, we conclude that step 3’ is faster than step 3.

Step 3: . .
n + :0H, + H;0:
4 e \

1,2,2-Trimethylpropyl Water 3,3-Dimethyl-1-butene Hydronium ion
cation

Step 3": Rearrangement by methyl migration is driven by the conversion of a less stable secondary carbocation to a more

stable tertiary one.

1,2,2-Trimethylpropyl 1,1,2-Trimethylpropyl
cation (secondary) cation (tertiary)

Steps 4 and 4": The tertiary carbocation formed in step 3" can be deprotonated in two different directions. The major
pathway (step 4”) gives a tetrasubstituted double bond and predominates over step 4, which gives a disubstituted

double bond.
Step 4: . < .
- + OH, + H30:
> <‘\ - “/ > A\

1,1,2-Trimethyl- Water 2,3-Dimethyl-1-butene Hydronium ion
propyl cation

Step 4" /_\ H
.o +
H20: + ﬁ/\'—< H30: + >:<
Water 1,1,2-Trimethyl- Hydronium 2,3-Dimethyl-

propyl cation ion 2-butene




5.13 Rearrangements in Alcohol Dehydration

Why do carbocations rearrange? The answer is straightforward once we recall that
tertiary carbocations are more stable than secondary carbocations (Section 4.9); rearrange-
ment of a secondary to a tertiary carbocation is energetically favorable. As shown in Mech-
anism 5.2, the carbocation that is formed first in the dehydration of 3,3-dimethyl-2-butanol
is secondary; the rearranged carbocation is tertiary. Rearrangement occurs, and almost all
of the alkene products come from the tertiary carbocation.

How do carbocations rearrange? To understand this we need to examine the structural
change that takes place at the transition state. Referring to the initial (secondary) carboca-
tion intermediate in Mechanism 5.2, rearrangement occurs when a methyl group shifts from
C-2 of the carbocation to the positively charged carbon. The methyl group migrates with
the pair of electrons that made up its original ¢ bond to C-2. In the curved arrow notation
for this methyl migration, the arrow shows the movement of both the methyl group and the
electrons in the o bond.

~ ]
H3C—(|:—CHCH3 — H3C—C|:—CHCH3 — H3C—C|J—CHCH3
302 ! S5+ S+
CH; CH; CH;
1,2,2-Trimethylpropyl Transition state 1,1,2-Trimethylpropyl
cation for methyl migration cation
(secondary, less stable) (dashed lines indicate (tertiary, more stable)
partial bonds)

At the transition state for rearrangement, the methyl group is partially bonded both to its
point of origin and to the carbon that will be its destination.

This rearrangement is shown in orbital terms in Figure 5.3. The relevant orbitals
of the secondary carbocation are shown in structure (a), those of the transition state for
rearrangement in (b), and those of the tertiary carbocation in (c¢). Delocalization of the
electrons of the C—CHj; ¢ bond into the vacant p orbital of the positively charged car-
bon by hyperconjugation is present in both (a) and (c), requires no activation energy, and
stabilizes each carbocation. Migration of the atoms of the methyl group, however, occurs
only when sufficient energy is absorbed by (a) to achieve the transition state (b). The
activation energy is modest, and carbocation rearrangements are normally quite fast.

CH;

Hybridizaton
changing from
2 3
H3C 111, P WH sp tosp
Hybridizaton  H:C"Z0 A,

changing from
sp3 to xpz

()

CH,4 _— p orbital

G bond—

H3cy“‘( b 4

H,C

p orbital —

(a)

1,2,2-Trimethylpropyl cation
(secondary)

(c)
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Once a carbocation is formed, anything
that happens afterward occurs rapidly.

Figure 5.3

Methyl migration in 1,2,2-trimethylpropyl
cation. Structure (a) is the initial
secondary carbocation; structure (b) is
the transition state for methyl migration,
and structure (¢) is the final tertiary
carbocation.

1,2,2-Trimethylpropyl cation

(tertiary)
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Problem 5.20

The alkene mixture obtained on dehydration of 2,2-dimethylcyclohexanol contains appreciable
amounts of 1,2-dimethylcyclohexene. Give a mechanistic explanation for the formation of this
product.

HsC  CHs GHs

OH CHsx

Alkyl groups other than methyl can also migrate to a positively charged carbon.

Many carbocation rearrangements involve migration of a hydrogen. These are called
hydride shifts. The same requirements apply to hydride shifts as to alkyl group migra-
tions; they proceed in the direction that leads to a more stable carbocation; the origin and
destination of the migrating hydrogen are adjacent carbons, one of which must be positively
charged; and the hydrogen migrates with a pair of electrons.

H H

[y +

A—?—?—x——»A—$—c—x Hydride shift
B Y B Y

Hydride shifts often occur during the dehydration of primary alcohols. Thus, although
1-butene would be expected to be the only alkene formed on dehydration of 1-butanol, it is
in fact accompanied by a mixture of cis- and trans-2-butene.

/\/\OHﬂ,\/\JrK/Jr\/\

140-170°C

1-Butanol 1-Butene cis-2-Butene trans-2-Butene
(12%) (32%) (56%)

The formation of all three alkenes begins with protonation of the hydroxyl group as shown in
step 1 of Mechanism 5.3. Because 1-butanol is a primary alcohol, it can give 1-butene by an
E2 process in which a proton at C-2 of butyloxonium ion is removed while a water molecule
departs from C-1 (step 2). The cis and trans stereoisomers of 2-butene, however, are formed
from the secondary carbocation that arises via a hydride shift from C-3 to C-2, which accom-
panies loss of water from the oxonium ion (step 2").

Hydride Shift in Dehydration of 1-Butanol

THE OVERALL REACTION:
H,S0, b
/\/\OH - \/\ N S " \/\
1-Butanol 1-Butene cis-2-Butene trans-2-Butene

THE MECHANISM:

Step 1: Protonation of the alcohol gives the corresponding alkyloxonium ion.

/
/\/\Oi-'-/ﬂ _fio\: o /\/\p/ H + O\:
h H ! H

1-Butanol Hydronium ion Butyloxonium ion Water



5.14 Dehydrohalogenation of Alkyl Halides

Step 2: One reaction available to butyloxonium ion leads to 1-butene by an E2
pathway.

H D) H

A o0
03+ A& — :/6—H + NS+ H\O/H
Water Butyloxonium ion Hydronium ion 1-Butene Water

Step 2": Alternatively, butyloxonium ion can form a secondary carbocation by loss
of water accompanied by a hydride shift.

507 50~
) o 5 R~ N g H\ /H
\) /\/ & H =+ 0
X
¥ H
H
Butyloxonium ion Transition state sec-Butyl cation Water

Step 3: The secondary carbocation formed in step 2 can give 1-butene or a mixture
of cis-2-butene and trans-2-butene, depending on which proton is removed.

H H
)\AH%)\/+VH+/\/\H

sec-Butyl cation 1-Butene cis-2-Butene trans-2-Butene

This concludes discussion of our second functional group transformation involv-
ing alcohols: the first was the conversion of alcohols to alkyl halides (Chapter 4), and
the second the conversion of alcohols to alkenes. In the remaining sections of the chapter
the conversion of alkyl halides to alkenes by dehydrohalogenation is described.

5.14 Dehydrohalogenation of Alkyl Halides

Dehydrohalogenation is the loss of a hydrogen and a halogen from an alkyl halide. It is
one of the most useful methods for preparing alkenes by 3 elimination. When applied to
the preparation of alkenes, the reaction is carried out in the presence of a strong base,
such as sodium ethoxide.

| N/

Alkyl Sodium Alkene Ethyl Sodium
halide ethoxide alcohol halide
Cl
H H
NaOCH,CH;
CH;3CH,0H, 55°C
H H
H
Cyclohexyl chloride Cyclohexene
(100%)

Similarly, sodium methoxide (NaOCHj;) is a suitable base and is used in methyl alcohol.
Potassium hydroxide in ethyl alcohol is another base—solvent combination often employed
in the dehydrohalogenation of alkyl halides. Potassium ferz-butoxide [KOC(CHj)] is the
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Dimethyl sulfoxid+e (DMSO0) has the
structure (CH3), S—O0: . Itisa
relatively inexpensive solvent, obtained
as a byproduct in paper manufacture.
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Mechanism 5.4 in Section 5.15
describes this reaction in more detail.
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preferred base when the alkyl halide is primarys; it is used in either fert-butyl alcohol or
dimethyl sulfoxide as solvent.

KOC(CH
CH(CH,),sCH,CH,Cl §ueS=> CHy(CH,),sCH=CH,

1-Chlorooctadecane 1-Octadecene (86%)

The regioselectivity of dehydrohalogenation of alkyl halides follows the Zaitsev rule;
[ elimination predominates in the direction that leads to the more highly substituted alkene.

+ NS
CH;CH,0H, 70°C =
2-Bromo-2- 2-Methyl-1- 2-Methyl-2-
methylbutane butene (29%) butene (71%)

Problem 5.21

Write the structures of all the alkenes that can be formed by dehydrohalogenation of each of the
following alkyl halides. Apply the Zaitsev rule to predict the alkene formed in greatest amount in
each case.

(@) 2-Bromo-2,3-dimethylbutane (d) 2-Bromo-3-methylbutane
(b) tert-Butyl chloride (e) 1-Bromo-3-methylbutane
(c) 3-Bromo-3-ethylpentane (f) 1-lodo-1-methylcyclohexane

Sample Solution (a) First analyze the structure of 2-bromo-2,3-dimethylbutane with respect
to the number of possible [3 elimination pathways.

Br

The two possible alkenes are
= and X

2,3-Dimethyl-1-butene 2,3-Dimethyl-2-butene
(minor product) (major product)

The major product, predicted on the basis of Zaitsev's rule, is 2,3-dimethyl-2-butene. It has a
tetrasubstituted double bond. The minor alkene has a disubstituted double bond.

In addition to being regioselective, dehydrohalogenation of alkyl halides is stereo-
selective and favors formation of the more stable stereoisomer. Usually, as in the case of
5-bromononane, the trans (or E) alkene is formed in greater amounts than its cis (or Z)
stereoisomer.

+
CH;CH,OH

Br

5-Bromononane cis-4-Nonene (23%) trans-4-Nonene (77%)

Problem 5.22

Write structural formulas for all the alkenes that can be formed in the reaction of
2-bromobutane with potassium ethoxide (KOCH,CH5).




5.15 The E2 Mechanism of Dehydrohalogenation of Alkyl Halides

Dehydrohalogenation of cycloalkyl halides leads exclusively to cis cycloalkenes
when the ring has fewer than ten carbons. As the ring becomes larger, it can accommodate
either a cis or a trans double bond, and large-ring cycloalkyl halides give mixtures of cis
and trans cycloalkenes.

Br
KOCH,CH;
e e I +
CH;CH,0H
Bromocyclodecane cis-Cyclodecene trans-Cyclodecene
(Z)-cyclodecene (E)-cyclodecene
(85%) (15%)

5.15 The E2 Mechanism of Dehydrohalogenation
of Alkyl Halides

The mechanisms described so far have emphasized the role of intermediates and transition
states encountered by reactants on their way to products. These discussions have largely
been concerned with the energies of the various species and their effect on rate (E,), equilib-
rium (AG), and heat of reaction (AH). In this section we highlight how kinetics—the study
of reaction rates (Section 4.10)—provides additional information upon which to build a
clearer mechanistic understanding. These kinetic studies were begun by Sir Christopher K.
Ingold in the 1920s and carried out with his collaborator Edward D. Hughes at University
College, London, during the period 1930-1963. Their results and interpretation provide the
conceptual framework on which our current understanding of elimination and, as we’ll see
in Chapter 8, nucleophilic substitution reactions rests.

Kinetic studies begin by measuring the concentration of reactants and products in a
reaction as a function of time. The reaction rate can be expressed as the rate of decrease in
the concentration of the reactants or the rate of increase in the concentration of products.
For the dehydrohalogenation of an alkyl halide with a strong base:

R R

s .. R R
BHSG:/*\H%IL‘X: —> Base—H + >:< + X7
F R R R

the reaction rate is directly proportional to the concentration of the base and the alkyl halide.
Rate = k[Alkyl halide][Base]

Doubling the concentration of either the alkyl halide or the base doubles the reaction rate.
Doubling the concentration of both increases the rate by a factor of 4. The exponent in each
concentration term is 1; the reaction is first order with respect to the concentration of the
alkyl halide and first order in the concentration of the base. The overall kinetic order is the
sum of the exponents, or second order. The constant of proportionality &, called the rate
constant (Section 4.10) depends on the alkyl halide and the base among other experimental
variables (temperature, solvent, etc.). The larger the rate constant, the more reactive the alkyl
halide. The value of & for the formation of cyclohexene from cyclohexyl bromide and sodium
ethoxide, for example, is over 60 times larger than that of cyclohexyl chloride. Among the
halogens, iodide is the best leaving group in dehydrohalogenation, fluoride the poorest.
Fluoride is such poor leaving group that alkyl fluorides are rarely used to prepare alkenes.

Increasing rate of dehydrohalogenation

— —

RF < RCI < RBr < RI
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This trend in leaving group behavior correlates with certain other properties, such as
decreasing carbon—halogen bond strength and decreasing basicity of the halide leaving
group. Among the alkyl halides, the C—1I bond is the weakest, C—F the strongest. Among
halide ions, I” is the weakest base, F~ the strongest.

Problem 5.23

A study of the hydrolysis behavior of chlorofluorocarbons (CFCs) carried out by the U.S.
Environmental Protection Agency found that 1,2-dichloro-1,1,2-trifluoroethane (CIF,C—CHCIF)
underwent dehydrohalogenation on treatment with aqueous sodium hydroxide. Suggest a
reasonable structure for the product of this reaction.

In formulating a mechanism for dehydrohalogenation of alkyl halides by strong bases,
Ingold reasoned that second-order kinetics suggests a bimolecular rate-determining step
involving both the alkyl halide and the base; that is, proton removal from the 3 carbon by
the base occurs during the rate-determining step, not after it. He proposed a one-step bimo-
lecular (E2) mechanism in which four key elements

1. Base---H bond making 3. C=C 7 bond development
2. C---H bond breaking 4. C---X bond breaking

all contribute to the structure of the activated complex at the transition state.

Mechanism 5.4 shows the E2 mechanism for the reaction of 1-chlorooctadecane with
potassium tert-butoxide presented in the preceding section. The bimolecular transition
state is characterized by partial bonds between tert-butoxide and one of the hydrogens at
C-2 of 2-chlorooctadecane, a partial double bond between C-1 and C-2, and a partial bond
between C-1 and chlorine.

.. 0
CH;(CH,);sCH—CH,----Cl:
o
(CH3)3:C—0----H

Figure 5.4 is a potential energy diagram for a simpler reaction (ethyl chloride + hydroxide
ion) that also illustrates the orbital interactions involved.

Mechanism 5.4

E2 Elimination of 1-Chlorooctadecane
THE OVERALL REACTION:

DMSO
(CH3);COK + CHj3(CH,);5CH,CH,ClI ~—sc - (CH3);COH + CH3(CHp)isCH=CH, + KCI

Potassium 1-Chlorooctadecane tert-Butyl 1-Octadecene Potassium
tert-butoxide alcohol (86%) chloride

THE MECHANISM:

The reaction takes place in a single step in which the strong base fert-butoxide abstracts a proton from C-2 of the alkyl
halide concurrent with loss of chloride from C-1. We can omit writing K* in the equation because it appears on both sides
of the equation (a “spectator ion”).

(CH3);C—0:_+ CH3(CH2)15C_PL—CH2£(:3:1: —= (CH3);C—OH + CH;(CH,);sCH=CH, + :Cl:
| C

- H

tert-Butoxide 1-Chlorooctadecane tert-Butyl 1-Octadecene Chloride
ion alcohol ion
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O—H bond is forming

C—H bond is breaking

C=C m bond is forming

Hydroxide fon I C—X bond is breaking
>
on
5}
« 5
’W 2
<
Q w "q";) Alkene
° é é Reactants Water
. " Halide ion
Alkyl halide '
Products ‘

Reaction coordinate

Figure 5.4
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Potential energy diagram for E2 elimination of ethyl chloride.

Problem 5.24

Use curved arrows to illustrate the electron flow in the chloroflurocarbon dehydrohalogenation of
Problem 5.23.

Two aspects of dehydrohalogenation, both based on the stabilization of double bonds
by alkyl groups, are accommodated by the E2 mechanism. As shown earlier (Section 5.14),

the reaction:

Br
>k/ e /l\/ /l\/
+ N
CH;CH,OH, 70°C =
2-Bromo-2- 2-Methyl-1-butene (29%) 2-Methyl-2-butene (71%)
methylbutane disubstituted double bond trisubstituted double bond

is regioselective and follows the Zaitsev rule in that 3 elimination gives greater amounts
of the more stable isomer; that is, the one with the more substituted double bond. Because
alkyl groups stabilize double bonds, it is reasonable that they also stabilize a partially
formed  bond in the transition state.

.. 0 .0
:Br: :Br:
>:\/ is lower energy than >5\/
H- -OCH,CHj CH3CH,0—H

Transition state for formation of

Transition state for formation of
2-methyl-1-butene

2-methyl-2-butene

Problem 5.25

Predict the major product of the reaction shown.

NaOCH,CH3
ethanol

Br
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Partial double bond character in the transition state also contributes to the fact that the
rate of elimination is fastest for tertiary alkyl halides, slowest for primary halides.

/\Br )\Br \XBr

Alkyl halide Ethyl Isopropyl 2-Bromo-2-
bromide bromide methylbutane
Relative E2 rate 1 6 42

(sodium ethoxide, ethanol, 55°C)

The two regioisomeric alkenes formed via the E2 transition state of the tertiary halide
2-bromo-2-methylbutane are both more substituted than the alkenes (ethylene and propene)
formed from ethyl and isopropyl bromide, respectively.

The E2 mechanism is followed whenever an alkyl halide—be it primary, secondary,
or tertiary—undergoes elimination in the presence of a strong base. If a strong base is
absent, or present in very low concentration, elimination can sometimes still occur by a uni-
molecular mechanism (E1). The E1 mechanism for dehydrohalogenation will be described
in Section 5.18.

5.16 Anti Elimination in E2 Reactions:
Stereoelectronic Effects
Further insight into the E2 mechanism comes from stereochemical studies. One such

experiment compares the rates of elimination of the cis and trans isomers of 4-tert-butyl-
cyclohexyl bromide.

Br
LT
cis-4-tert-Butylcyclohexyl trans-4-tert-Butylcyclohexyl
bromide bromide

KOC(CH3)3 KOC(CH3)3
(CH3)3COH X@ (CH3)3COH

4-tert-Butylcyclohexene

Although both stereoisomers yield 4-tert-butylcyclohexene as the only alkene, they do so at
quite different rates. The cis isomer reacts over 500 times faster than the trans.

The difference in reaction rate results from different degrees of 7 bond development
in the E2 transition state. Since T overlap of p orbitals requires their axes to be parallel,
bond formation is best achieved when the four atoms of the H—C—C—X unit lie in the
same plane at the transition state. The two conformations that permit this are termed syn

coplanar and anti coplanar.

©
¢ ® -
‘:' ‘ ' s &. o":(f'

Syn coplanar Gauche Anti coplanar
Eclipsed conformation Staggered conformation Staggered conformation
C—H and C—X bonds aligned C—H and C—X bonds not aligned C—H and C—X bonds aligned
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Because adjacent bonds are eclipsed when the H—C—C—X unit is syn coplanar, a tran-
sition state with this geometry is less stable than one that has an anti coplanar relationship
between the proton and the leaving group.

Bromine is axial and anti coplanar to two axial hydrogens in the most stable confor-
mation of cis-4-tert-butylcyclohexyl bromide and has the proper geometry for ready E2
elimination. The transition state is reached with little increase in strain, and elimination

occurs readily.
Ho H
Br
| H | H
Hy Hy

cis-4-tert-Butylcyclohexyl bromide trans-4-tert-Butylcyclohexyl bromide
(faster E2 rate: (slower E2 rate:
H and Br are anti coplanar) no H atoms anti to Br)

In its most stable conformation, the trans stereoisomer has no (3 hydrogens anti to Br; all
four are gauche. Strain increases significantly in going to the E2 transition state, and the
rate of elimination is slower than for the cis stereoisomer.

Problem 5.26

Which stereoisomer do you predict will undergo elimination on treatment with sodium ethoxide
in ethanol at the faster rate?

Br Br
HaC™ “"CHg HaC" ““CHg
A B

Effects on rate or equilibrium that arise because one spatial arrangement of elec-
trons (or orbitals or bonds) is more stable than another are called stereoelectronic
effects. There is a stereoelectronic preference for the anti coplanar arrangement of pro-
ton and leaving group in E2 reactions. Although coplanarity of the developing p orbitals
is the best geometry for the E2 process, modest deviations from it can be tolerated at the
cost of a decrease in reaction rate.

The stereoelectronic preference for an anti coplanar arrangement of the H—C—
C—X unit in the E2 mechanism, as illustrated in Figure 5.4, is also reflected in the prefer-
ence for formation of trans rather than cis alkenes.

Br

2-Bromohexane trans-2-Hexene (54%) cis-2-Hexene (18%) 1-Hexene (28%)

Anti elimination from the more stable staggered conformation gives the major product.

H3C:$£H anti elimination 2H
H x CH,CH,CHj; trans-2-Hexene
T

more stable conformation

N aOCH3
Y\/\ T + K\/\ +
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Anti elimination from the less stable staggered conformation gives the minor product.

H
HsC H S
anti elimination .
CH;CH,CH, H cis-2-Hexene
B

T

less stable conformation

Not only is this conformation less populated than the other, but van der Waals repulsions
between the CH; and CH;CH,CH, groups increase in going to the transition state, which
raises the energy of the activated complex, increases E,, and decreases the reaction rate.

5.17 Isotope Effects and the E2 Mechanism

The E2 mechanism as outlined in the preceding two sections receives support from studies
of the dehydrohalogenation of alkyl halides that contain deuterium (D = *H) instead of
protium (‘H) at the B carbon. The fundamental kinds of reactions a substance undergoes
are the same regardless of which isotope is present, but the reaction rates can be different.

A C—D bond is = 12 kJ/mol stronger than a C—H bond, making the activation
energy for breaking a C—D bond slightly greater than that of an analogous C—H bond.
Consequently, the rate constant k for an elementary step in which a C—D bond breaks is
smaller than for a C—H bond. This difference in rate is expressed as a ratio of the respec-
tive rate constants (ky/kp) and is a type of Kinetic isotope effect. Because it compares “H
to 'H, it is also referred to as a deuterium isotope effect.

Typical deuterium isotope effects for reactions in which C—H bond breaking is rate-
determining lie in the range ky/kp = 3-8. If the C—H bond breaks after the rate-determin-
ing step, the overall reaction rate is affected only slightly and ky/kp, = 1-2. Thus, measuring
the deuterium isotope effect can tell us if a C—H bond breaks in the rate-determining step.

According to the E2 mechanism for dehydrohalogenation, a base removes a proton
from the 3 carbon in the same step as the halide is lost. This step, indeed it is the only step
in the mechanism, is rate-determining. Therefore, elimination by the E2 mechanism should
exhibit a deuterium isotope effect. This prediction was tested by comparing the rate of
elimination in the reaction:

NaOCH,CHj,

—>CH3 CH,OH D,C=CHCD;

D3CC|HCD3
Br

with that of (CH;),CHBT. The measured value was ky/kp, = 6.7, consistent with the idea that
the B hydrogen is removed by the base in the rate-determining step, not after it.

Problem 5.27

Choose the compound in the following pairs that undergoes E2 elimination at the faster rate.
(a) CH3CH,CH,CD,Br or CH3CH,CD,CH,Br

CHs CHs
(b) CH3(|ZCHZBr or CH3CCD,Br
b !
CDs CHs
(c) CD3CD,CCH,Br or CH3CH,CCH,Br
! b

Sample Solution (a) A double bond is formed between C-1 and C-2 when either of the
two compounds undergoes elimination. Bromine is lost from C-1, and H (or D) is lost from
C-2. A C—H bond breaks faster than a C—D bond; therefore, E2 elimination is faster in

CH3CH,CH,CD,Br than in CH3CH,CD,CH,Br.
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The size of an isotope effect depends on the ratio of the atomic masses of the isotopes;
thus, those that result from replacing 'H by ?H or *H (tritium) are easiest to measure. This,
plus the additional facts that most organic compounds contain hydrogen and many reac-
tions involve breaking C—H bonds, have made rate studies involving hydrogen isotopes
much more common than those of other elements.

In later chapters we’ll see several additional examples of reactions in which deute-
rium isotope effects were measured in order to test proposed mechanisms.

5.18 The E1 Mechanism of Dehydrohalogenation
of Alkyl Halides

The E2 mechanism is a concerted process in which the carbon—hydrogen and carbon—halogen
bonds both break in the same elementary step. What if these bonds break in separate steps?
One possibility is the two-step process of Mechanism 5.5, in which the carbon—

halogen bond breaks first to give a carbocation intermediate, followed by deprotonation of
the carbocation in a second step.

Mechanism 5.5

The E1 Mechanism for Dehydrohalogenation of 2-Bromo-2-methylbutane
THE OVERALL REACTION:

CH
heat
Br
2-Bromo-2-methylbutane 2-Methyl-1-butene  2-Methyl-2-butene
(25%) (75%)

THE MECHANISM:

Step 1: lonization The alkyl halide dissociates by heterolytic cleavage of the
carbon—halogen bond. The products are a carbocation and a halide ion.
This is the rate-determining step.

}’)/\ slow \‘/\ 5
+ :Br:

2-Bromo-2-methylbutane 1,1-Dimethylpropyl cation Bromide ion

Step 2: Deprotonation Ethanol acts as a Brgnsted base to remove a proton from
the carbocation to give the two alkene products. Zaitsev’s rule is followed,
and the regioisomer with the more highly substituted double bond

predominates.
H H
/ fast +/
CH;CHO:  + H< CH;CH,O:  + Y\
\_/’ H
Ethanol 1,1-Dimethylpropyl cation Ethyloxonium ion 2-Methyl-1-butene
/H /H
fast +
CH3CH29:\;F/ H 3 _ faster CH3CH20\1 + \— <
H
Ethanol 1,1-Dimethylpropyl Ethyloxonium ion 2-Methyl-2-butene

cation
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The alkyl halide, in this case 2-bromo-2-methylbutane, ionizes to a carbocation and
a halide anion by a heterolytic cleavage of the carbon—halogen bond. Like the dissociation
of an alkyloxonium ion to a carbocation, this step is rate-determining. Because the rate-
determining step is unimolecular—it involves only the alkyl halide and not the base—it is
an E1 mechanism.

Typically, elimination by the E1 mechanism is observed only for tertiary and some
secondary alkyl halides, and then only when the base is weak or in low concentration.
Unlike eliminations that follow an E2 pathway and exhibit second-order kinetic behavior:

Rate = k[alkyl halide][base]
those that follow an E1 mechanism obey a first-order rate law.
Rate = k[alkyl halide]
The reactivity order parallels the ease of carbocation formation.

Increasing rate of elimination by the E1 mechanism

RCH,X < R,CHX < R;CX
Primary alkyl halide Tertiary alkyl halide
slowest rate of fastest rate of
E1 elimination E1 elimination

Because the carbon—halogen bond breaks in the slow step, the rate of the reaction depends
on the leaving group. Alkyl iodides have the weakest carbon—halogen bond and are the most
reactive; alkyl fluorides have the strongest carbon—halogen bond and are the least reactive.

Problem 5.28

Based on the E1 mechanism shown for it in Mechanism 5.5, would you expect elimination in
2-bromo-2-methylbutane to exhibit a deuterium isotope effect?

The best examples of El eliminations are those carried out in the absence of added
base. In the example cited in Mechanism 5.5, the base that abstracts the proton from the
carbocation intermediate is a very weak one; it is a molecule of the solvent, ethyl alcohol.
At even modest concentrations of strong base, elimination by the E2 mechanism is much
faster than E1 elimination.

There is a strong similarity between the process shown in Mechanism 5.5 and the one
shown for alcohol dehydration in Mechanism 5.1. The main difference between the dehydra-
tion of 2-methyl-2-butanol and the dehydrohalogenation of 2-bromo-2-methylbutane is the
source of the carbocation. When the alcohol is the substrate, it is the corresponding alky-
loxonium ion that dissociates to form the carbocation. The alkyl halide ionizes directly to the
carbocation.

: }'3'1" :
Alkyloxonium ion Carbocation Alkyl halide

Like alcohol dehydrations, E1 reactions of alkyl halides can be accompanied by
carbocation rearrangements. Eliminations by the E2 mechanism, on the other hand,
normally proceed without rearrangement. Consequently, if one wishes to prepare an
alkene from an alkyl halide, conditions favorable to E2 elimination should be chosen.
In practice this simply means carrying out the reaction in the presence of a strong base.
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5.19 SUMMARY

Section 5.1 Alkenes and cycloalkenes contain carbon—carbon double bonds. According to
IUPAC nomenclature, alkenes are named by substituting -ene for the -ane suffix
of the alkane that has the same number of carbon atoms as the longest continuous
chain that includes the double bond. The chain is numbered in the direction that
gives the lower number to the first-appearing carbon of the double bond. The
double bond takes precedence over alkyl groups and halogens in dictating the
direction of numbering, but is outranked by a hydroxyl group.

1 4 5 L2
2 3 3 B[‘ , 3 ) :
— 5 NS0l
4

3-Ethyl-2-pentene 3-Bromocyclopentene 3-Buten-1-o0l

Section 5.2 Bonding in alkenes is described according to an sp? orbital hybridization model.
The double bond unites two sp>-hybridized carbon atoms and is made of a &
component and a 7 component. The o bond arises by overlap of an sp* hybrid
orbital on each carbon. The 7 bond is weaker than the o bond and results from a
side-by-side overlap of half-filled p orbitals.

Sections Isomeric alkenes may be either constitutional isomers or stereoisomers. There is

5.3-5.4 a sizable barrier to rotation about a carbon—carbon double bond, which corresponds
to the energy required to break the m component of the double bond. Stereoisomeric
alkenes do not interconvert under normal conditions. Their configurations are
described according to two notational systems. One system adds the prefix cis-
to the name of the alkene when similar substituents are on the same side of the
double bond and the prefix frans- when they are on opposite sides. The other ranks
substituents according to a system of rules based on atomic number. The prefix Z is
used for alkenes that have higher ranked substituents on the same side of the double
bond; the prefix E is used when higher ranked substituents are on opposite sides.

H;C CH,CHj H;C H
\ / /
C=C CcC=C
/ N\ \
H H H CH,CH;
cis-2-Pentene trans-2-Pentene
[(Z)-2-pentene] [(E)-2-pentene]

Section 5.5 Alkenes are nonpolar. Alkyl substituents donate electrons to an sp>-hybridized
carbon to which they are attached slightly better than hydrogen does.

Section 5.6 Electron release from alkyl substituents stabilizes a double bond. In general, the
order of alkene stability is:

1. Tetrasubstituted alkenes (R,C=—CR,) are the most stable.

2. Trisubstituted alkenes (R,C=—=CHR) are next.

3. Among disubstituted alkenes, trans-RCH==CHR is normally more stable
than cis-RCH==CHR. Exceptions are cycloalkenes, cis cycloalkenes being
more stable than trans when the ring contains fewer than 12 carbons.

4. Monosubstituted alkenes (RCH=CH,) have a more stabilized double
bond than ethylene (unsubstituted) but are less stable than disubstituted
alkenes.
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The greater stability of more highly substituted double bonds is an example of
an electronic effect. The decreased stability that results from van der Waals
strain between cis substituents is an example of a steric effect.

Section 5.7 Cycloalkenes that have trans double bonds in rings smaller than 12 members are
less stable than their cis stereoisomers. trans-Cyclooctene can be isolated and
stored at room temperature, but zrans-cycloheptene is not stable above —30°C.

H
H H f
H H . , H
H
Cyclopropene Cyclobutene cis-Cyclooctene  trans-Cyclooctene

Section 5.8 Alkenes are prepared by [ elimination of alcohols and alkyl halides. These reactions
are summarized with examples in Table 5.2. In both cases, 3 elimination proceeds in
the direction that yields the more highly substituted double bond (Zaitsev’s rule).

Sections See Table 5.2.
5.9-5.11

Section5.12  Secondary and tertiary alcohols undergo dehydration by an E1 mechanism
involving carbocation intermediates.
H30™
Step 1 R2CH_(|:R§ — RQCH—ClRQ

fast
:OH (0]
5 H- 5 H

Alcohol Alkyloxonium ion

1 .
Step2 R,CH—CR, —= R.CH—CR} + Hy0:
—

H” % OH
Alkyloxonium ion Carbocation Water

fast +

Step 3 H,0: + chlngg —> R,C=CR} + H;0:
H

Water Carbocation Alkene Hydronium
ion

Primary alcohols do not dehydrate as readily as secondary or tertiary alcohols, and
their dehydration does not involve a primary carbocation. A proton is lost from
the 3 carbon in the same step in which carbon—oxygen bond cleavage occurs. The
mechanism is E2.

Section 5.13  Alkene synthesis via alcohol dehydration is sometimes accompanied by
carbocation rearrangement. A less stable carbocation can rearrange to a
more stable one by an alkyl group migration or by a hydride shift, opening the
possibility for alkene formation from two different carbocations.

G G
/_\1 J‘\\R R//,,
R“)ﬁ* H R/+—< "R
R H
Secondary carbocation Tertiary carbocation

(G is a migrating group; it may be either a hydrogen or an alkyl group)
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TABLE 5.2 Preparation of Alkenes by Elimination Reactions of Alcohols and Alkyl Halides

Reaction (section) and comments General equation and specific example

Dehydration of alcohols (Sections 5.9—

5.13) Dehydration requires an acid catalyst; RoCHCR's
the order of reactivity of alcohols is tertiary > |
secondary > primary. Elimination OH
is regioselective and proceeds in the Alcohol Alkene Water

direction that gives the most highly

substituted double bond. When

stereoisomeric alkenes are possible, H2S04 X + =

the more stable one is formed in greater HO 80°C

amounts. An E1 (elimination unimolecular)

mechanism via a carbocation intermediate 2-Methyl-2-hexanol 2-Methyl-1-hexene 2-Methyl-2-hexene
is followed with secondary and tertiary (19%) (81%)
alcohols. Primary alcohols react by an

E2 (elimination bimolecular) mechanism.

Sometimes elimination is accompanied by

rearrangement.

R,C=CR'> + H>O

Dehydrohalogenation of alkyl halides . -
(Sections 5.14-5.16) Strong bases cause a R2CH(|3R 2 + B
proton and a halide to be lost from adjacent X

carbons of an alkyl halide to yield an
alkene. Regioselectivity is in accord with the
Zaitsev rule. The order of halide reactivity

is | > Br > Cl > F. A concerted E2 reaction

pathway is followed; carbocations are not CHg KOCH,CHs CH + CH
involved, and rearrangements do not occur. Cl ethanol, 100°C 2 Y
An anti coplanar arrangement of the proton

being removed and the halide being lost 1-Chloro-1- Methylenecyclohexane  1-Methylcyclohexene
characterizes the transition state. methylcyclohexane (6%) (94%)

R:C=CR; + H—B + X

Alkyl halide Base Alkene Conjugate Halide
acid of base

Section 5.14 See Table 5.2.

Section5.15  Dehydrohalogenation of alkyl halides by alkoxide bases is not complicated by
rearrangements, because carbocations are not intermediates. The mechanism is E2.
It is a concerted process in which the base abstracts a proton from the 3 carbon
while the bond between the halogen and the o carbon undergoes heterolytic

cleavage.
B m °"B-—H
NN S N A N
e C_C\ —> \\\\-"C=C\ —> B_H +/C=C\+ X:
“x { X

S—

Transition state

Section 5.16  The preceding equation shows the proton H and the halogen X in the anti
coplanar relationship that is required for elimination by the E2 mechanism.

Section5.17 A 3 C—D bond is broken more slowly in the E2 dehydrohalogenation of alkyl
halides than a 3 C—H bond. The ratio of the rate constants ky/kp, is a measure
of the deuterium isotope effect and has a value in the range 3-8 when a carbon—
hydrogen bond breaks in the rate-determining step of a reaction.
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Section 5.18  In the absence of a strong base, alkyl halides eliminate by an E1 mechanism.
Rate-determining ionization of the alkyl halide to a carbocation is followed by
deprotonation of the carbocation.

X
Step 1 RZCH—Cle —— R,CH—CR}
s +

Alkyl halide Carbocation
_Hy+
Step 2 chlngg —15 R,C—CR} + (base—H)"
base : —7H
Carbocation Alkene

5.29  Write structural formulas for each of the following:

(a) 1-Heptene (g) 1-Bromo-3-methylcyclohexene

(b) 3-Ethyl-2-pentene (h) 1-Bromo-6-methylcyclohexene

(¢) cis-3-Octene (i) 4-Methyl-4-penten-2-ol

(d) trans-1,4-Dichloro-2-butene (j) Vinylcycloheptane

(e) (£)-3-Methyl-2-hexene (k) 1,1-Diallylcyclopropane

(f) (E)-3-Chloro-2-hexene (1) trans-1-Isopropenyl-3-methylcyclohexane

5.30 Write a structural formula and give two acceptable [IUPAC names for each alkene of
molecular formula C;H,, that has a tetrasubstituted double bond.

5.31 Give an IUPAC name for each of the following compounds:

(@) (CH;CH,),C=CHCH; (e H;C (€9) A
(b) (CH,CH,),C=C(CH,CH), H,C
(© (CHs);CCH=CCl, 7

@ ®

5.32 (a) A hydrocarbon isolated from fish oil and from plankton was identified as
2,6,10,14-tetramethyl-2-pentadecene. Write its structure.

(b) Alkyl isothiocyanates are compounds of the type RN=C==S. Write a structural
formula for allyl isothiocyanate, a pungent-smelling compound isolated from
mustard.

(c) Grandisol is one component of the sex attractant of the boll weevil. Write a structural
formula for grandisol given that R in the structure shown is an isopropenyl group.

HOCH,CH, \D/R

H,C

I,

e



5.33

5.34

5.35

5.36

5.37

Problems

Write bond-line formulas for each of the following naturally occurring compounds,

clearly showing their stereochemistry.

(@) (E)-6-Nonen-l-ol: the sex attractant of the Mediterranean fruit fly.

(b) Geraniol: a hydrocarbon with a rose-like odor present in the fragrant oil of many
plants (including geranium flowers). It is the E isomer of

CH,

(c) Nerol: a stereoisomer of geraniol found in neroli and lemongrass oil.

(d) The worm in apples is the larval stage of the codling moth. The sex attractant of the
male moth is the 2Z,6F stereoisomer of the