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The Litmus Test for Flowers 

1 he beautiful colors that abound in the plant 

world are the result of the presence of organic 

compounds that absorb certain wavelengths 

(frequencies) of visible light and reflect the rest. 

The light that humans can perceive ranges from 

deep violet (short wavelengths) through blue, 

green, yellow, and orange to deep red (long 

wavelengths). In most cases, different com¬ 

pounds are responsible for different colors— 

for example, the reds and yellows of autumn 

leaves are due to several compounds. These 

compounds are always present in the leaves, 

but their colors are masked by the green of 

chlorophyll during the growing season. On the 

other hand, a single compound called cyanidine 

is responsible for both the red of a poppy and 

the blue of a cornflower. In the acidic sap of 

the poppy, cyanidine exists as the cationic 

(positively charged) part of a salt. In this form, 

it absorbs mainly blue and green light and re¬ 

flects red light, which is perceived by our eyes. 

In the basic sap of the cornflower, cyanidine 

exists as a zwitterion (a neutral species with 

equal numbers of positive and negative charge 

centers). In this form, cyanidine absorbs red 

and green light; we see the cornflower as blue. 
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Reproduction of a woodblock print, in the authors’ 
collection, from a book published in 1497 in Basel, 
Switzerland, depicting an alchemist and his two 
assistants, one working at the “fume hood” and the other 
taking a sample from the cask. The alchemist is holding a 
retort, an all-in-one distillation apparatus in which the 
long snout serves as the condenser. Another retort is in use 
in the fume hood, and a third one is on the floor. 
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Preface 

Each year, most of the thousands of students who finish a first course in 

organic chemistry clearly express their dissatisfaction with what they have 

learned. They convey their displeasure both vocally and, even more per¬ 

suasively, by “voting with their feet”—that is, by not enrolling in other ad¬ 

vanced science courses. Ask a typical group of such students what was 

wrong with their course and you will hear the same answer that this query 

draws from deans of medical schools, from educational psychologists who 

specialize in the instruction of mathematics and science, from university 

administrators, and even from many instructors of the courses: all say that 

a typical organic chemistry textbook contains too much information, much 

of which is excruciatingly detailed, disconnected from “real life,” irrelevant 

to other parts of a technical or liberal education, and just plain boring. Even 

the strongest students can emerge from a year of organic chemistry with¬ 

out a good picture of what a practicing organic chemist does. 

Concentrating on Fundamentals 

Adopting a “less is more” philosophy, we have tried in this book to address 

each of these common criticisms in an intellectually demanding year-long 

introductory course. 

■ First, the course is developed as a “story,” with each chapter containing 

only those topics and reactions that are needed to understand the in¬ 

tellectual roots of organic chemistry as it is currently practiced. 

■ Second, specific examples are included at each stage to illustrate famil¬ 

iar, concrete uses of the chemistry under discussion. 

■ And, third, the material is intended to enhance the student’s apprecia¬ 

tion of the significance of chemistry in other science and preprofessional 

courses, in undergraduate research in a modern organic chemistry lab¬ 

oratory, and in industrial and biomedical research. 

In attempting to accomplish these objectives, we have had to take an 

approach that is substantially different from that in virtually all other cur¬ 

rently available organic texts. Like most synthetic chemists, we began by 

working backward. We first asked ourselves what topics a well-informed 

student should understand after a one-year course in organic chemistry. We 



consulted extensively with health-profession faculty and with chemists of 

every stripe (industrial and academic, synthetic and mechanistic, material 

and biological), both in the United States and abroad. These conversations 

confirmed our initial supposition that an understanding of polymer chem¬ 

istry, naturally occurring compounds, energy conversion and storage within 

organic molecules, molecular recognition and information transfer, modes 

of action of natural and artificial catalysts, and design criteria for new ma¬ 

terials and biologically active molecules is of key importance if a student is 

to comprehend the contributions of organic chemistry to civilization. Most 

currently available texts, if they treat these topics at all, do so only as brief 

subsidiary applications rather than as intrinsic intellectual goals of the 

course. 
Providing greater coverage of these topics, however, meant that some¬ 

thing else would have to go, if we were to adhere to our first objective of 

concise presentation. 

■ We have tried to remove redundancy, believing that it is unnecessary, 

for example, to treat the complex metal hydride reductions of alde¬ 

hydes, ketones, esters, and amides as four separate, seemingly unrelated 

reactions. This approach has required that we move away from the func¬ 

tional-group organization that has been widely used since the early 1960s 

as a means of tabulating reactions—an organization that has become 

unwieldy, owing to the ongoing development of large numbers of new 

reagents. 

■ We have tried to exercise restraint in choosing which chemical topics 

and reactions to include. Only those reactions that recur in the book’s 

unfolding chemical story are retained, along with closely related ones 

that illustrate basic chemical principles and mechanisms for these es¬ 

sential reactions. We reasoned that good pedagogy does not oblige us to 

include every chemical topic and detail known to either of us. Rather, 

we sought to identify those topics absolutely required to reach our ob¬ 

jective of giving the student sufficient information to understand the 

principles and practice of modern organic chemistry. 

Organic Chemistry, Second Edition: 
A Unique Organizational Structure 

These goals led to an organizational structure that begins with seven chap¬ 

ters that deal primarily with the three-dimensional structures of various or ¬ 

ganic functional groups (Chapters 1 through 5) and the relation between 

structure and reactivity, from both a thermodynamic point of view and a 

kinetic one (Chapters 6 and 7). As soon as the student has been exposed to 

the range of organic functional groups, spectroscopy is introduced (Chapter 

4) to facilitate work in the laboratory. The next seven chapters (Chapters 8 

through 14) deal with specific reaction types, organized by common mech¬ 

anism rather than by functional group. These chapters are followed by an 

integrative chapter (Chapter 15) that incorporates these reactions into 

strategies for planning the synthesis of new compounds. Finally, Chapters 

16 through 23 illustrate how the structural features considered in the first 

part of the book, together with the specific reactions covered in the second 

part, can be sources of insight into the chemical structure and function of 
XXIV 



important naturally occurring and manufactured materials: polymers, pro¬ 

teins, and enzymes. We use examples to show how these materials accom¬ 

plish specific chemical conversions in biological systems by molecular recog¬ 

nition, catalysis, and energetic coupling with cofactor conversions, and 

conclude by describing the function of pharmaceutical agents. 

This textbook presupposes only the knowledge of chemistry typically 

attained in a high school course or in the first semester of standard college 

chemistry. If the curriculum requires it, the self-contained course presented 

in this book can be offered in the freshman year, without the quantitative 

development provided by a one-year general chemistry course. The topics 

covered here afford a solid basis for a description of common natural or¬ 

ganic phenomena, which might effectively instill in students a greater en¬ 

thusiasm for the more abstract topics of introductory physical chemistry. 

Tools for Student Success 

Apart from organizing the text itself in a better way, we have included a 

number of learning aids and motivational stimulants. 

■ Each chapter contains exercises for testing immediate mastery of the 

concepts in a section, as well as end-of-chapter problems that help to 

integrate the concepts in the chapter as a whole. Both the exercises and 

the problems range in difficulty from those that provide basic rein¬ 

forcement of a concept to those that require the student to apply the 

concept to a new situation. We have written detailed answers for the ex¬ 

ercises and problems, preparing the Study Guide and Solutions Manual 
ourselves to ensure that the explanations given in the manual correspond 

with the presentation of concepts in the text. 

■ Each chapter contains boxed material—short stories relating the prac¬ 

tical utility of the reactions and materials being considered. 

■ Each chapter includes a summary of the principal ideas of importance 

in the chapter. These summaries, together with lists of important top¬ 

ics in the Study Guide and Solutions Manual, are intended to help the 

student recognize and learn the main concepts presented in a chapter. 

Most chapters contain a list of reactions that are new to the chapter, and 

Chapters 8 through 14 also include tables that group the reactions con¬ 

sidered according to what they accomplish as synthetic transformations. 

■ The book includes a comprehensive index that allows easy access to a 

given topic, if reinforcement is needed when it is discussed in a new con¬ 

text in a later chapter. 

■ Finally, a glossary of key terms is included in the text, supplying a def¬ 

inition and a citation to the chapter and section in which a term is in¬ 

troduced and developed. A chapter-by-chapter glossary is provided in 

the Study Guide and Solutions Manual to assist the student in preparing 

for examinations; the definitions constitute an additional means of re¬ 

viewing the concepts developed in each chapter. 

We hope that students will enjoy and benefit from the experience of 

learning modern organic chemistry as it is presented in this book. We will 

be grateful indeed to our readers for their evaluation of our work. 
XXV 



What’s New in This Edition? 

In this second edition, we have incorporated significant revisions in re¬ 
sponse to the many positive comments we received from faculty who used 
the first edition. In making these changes, however, we have adhered res¬ 
olutely to the intellectual objectives that originally motivated us to write an 
organic textbook: we maintain that the functional-group approach used in 
most organic texts no longer serves as an appropriate framework for teach¬ 
ing the fundamental concepts of organic chemistry. Instead, we believe that 
a thorough understanding of a small number of key principles intrinsic to 
the study of the structure and reactions of carbon-based compounds pro¬ 
vides a much better basis for retaining this knowledge base and extending 
it to practical applications in other areas of science. 

To help realize our objectives, we made the following changes: 

■ Large portions of the text have been rewritten to make them more readable 
for the lower-level college student. Material has been added to motivate stu¬ 
dents and to emphasize the instructors key role in the learning process. 

■ Many new exercises and problems have been added to each chapter. In 
addition, an extensive set of supplementary problems now augments the 
problems at the end of each chapter. Solutions for these supplementary 
problems have been intentionally omitted from the Study Guide and 
Solutions Manual, so that instructors can assign them for take-home ex¬ 
ams or graded homework sets. The added exercises, problems, and sup¬ 
plementary problems have a broad range of difficulties and call for skills 
ranging from simple algorithmic manipulations and lower-order re¬ 
sponses through tests of higher-order cognitive skills. 

■ Because Chapter 8 (on nucleophilic substitution) was deemed too long 
by many adopters of the first edition, it has been extensively revised, 
with enolate chemistry moved to an entirely new Chapter 13. This lat¬ 
ter chapter is perhaps the best example of how a mechanism-based ap¬ 
proach can bring together related subjects that are artificially separated 
and disconnected in a functional-group approach. 

■ Chapter 23 (Molecular Basis of Drug Action) has been significantly ex¬ 
panded and now includes discussions of the chemistry underlying viral in¬ 
fections and cancer, as well as chemical treatments for these disease states. 

■ The number of chemical highlights (now called Chemical Perspectives) 
has been significantly increased. Many of our students have commented 
that these chemical asides helped them correlate organic chemistry with 
their everyday lives and motivated them to stick with their study. 

■ Ball-and-stick as well as space-filling models have been incorporated 
throughout the text to help the student appreciate the three-dimensional 
structures of molecules. These were created with Chem3D Pro® 
(Cambridge Scientific) from structures obtained by energy-minimized 
molecular mechanics calculations. Representations of molecular orbitals 
were derived from semi-empirical calculations using the AM-1 basis set 
with the Cache® suite of calculation programs. These models are thus 
state-of-the-art three-dimensional representations of the relevant struc¬ 
tures and their molecular orbitals. 



J CHEMISTRY IN MOTION™ icons throughout the book indicate a fig¬ 

ure or illustration that comes to life in short animations created by Jim 

Whitesell and Mika Hase on the CHEMISTRY IN MOTION CD-ROM. 

0 The number of pages in the text has increased with the additional ex¬ 

ercises and problems, the expanded Chemical Perspectives, and the ex¬ 

tensive use of molecular representations. The chemical content, how¬ 

ever, has remained essentially the same, consistent with what we believe 

can be covered realistically in a one-year course. 

Customized for You 

Recognizing new trends in the curriculum and the desire of some faculty 

and students for a more manageable text, Jones and Bartlett, the publisher 

of this text, now offers you choices that allow you to customize a package 
to meet your specific needs. 

■ Organic Chemistry, Second Edition (ISBN 0-7637-0178-5). As outlined 
on pages xxiv and xxv. 

■ Core Organic Chemistry (ISBN 0-7637-0367-2). Consists of Chapters 1 

through 16 from Organic Chemistry, Second Edition. Instructors seeking 

a truly “less is more” approach will be well served by this intellectually 

demanding introduction to organic chemistry, which is quite suitable 

for use in full during a year-long course. 

■ Chem Modules. If you adopt Fox and Whitesell’s Core Organic 

Chemistry, you can create a customized text that includes only the ad¬ 

vanced topics in organic chemistry that you teach in your course. 

Creating a set of chem modules that match the content and sequence of 

your course is fast and easy. Simply choose one or more of the seven 

chapters (modules) that address advanced concepts in organic chem¬ 

istry (Chapters 17 through 23 in Organic Chemistry, Second Edition). 

Jones and Bartlett will package these modules with the Core Organic 

Chemistry text. Your students assemble the modules into a single, easy- 

to-use Chem Module book that serves as the perfect complement to Core 

Organic Chemistry. Chem Modules are the ideal solution for instructors 

who want to teach the core concepts of organic chemistry and only a 

few of the advanced topics. Available chapters cover naturally occurring 

compounds (Chapters 17 and 18), noncovalent interactions and mole¬ 

cular recognition (Chapter 19), catalyzed reactions (Chapter 20), cofac¬ 

tors and energy storage in biological systems (Chapters 21 and 22), and 

the chemical basis for drug action (Chapter 23). For details, ask your 

Jones and Bartlett representative, or visit the Fox and Whitesell home 

page at http://www.jbpub.com 

Supplementary Material 

Various supplementary materials are available to assist instructors and aid 

students in mastering organic chemistry: 

■ Study Guide and Solutions Manual. Written entirely by the authors, 

Marye Anne Fox and James K. Whitesell, this manual contains key con- 



cepts, answers to questions, and solutions to problems. It includes the 
Nucleophile/Electrophile Reaction Guide by Dr. Donna Nelson of the 
University of Oklahoma, which facilitates students’ recognition of pat¬ 
terns in these reactions. The Study Guide and Solutions Manual is avail¬ 
able free to instructors, students can purchase a version of the manual 
for either Organic Chemistry, Second Edition (ISBN 0-7637-0413-X) or 
Core Organic Chemistry (ISBN 0-7637-0440-7). 

■ Test Bank. This evaluation tool, prepared by the authors, contains more 
than 600 questions, with at least twenty-five questions per chapter. 
Available free to instructors. 

■ Electronic Test Bank. An electronic version of the test bank that in¬ 
structors can use to prepare customized tests is available for Windows 
and Macintosh operating systems. 

■ Lecture Success CD-ROM. The Lecture Success CD-ROM is an easy-to- 
use instructional device that contains many figures from the text, in¬ 
cluding their full captions. Images are arranged by chapter, topic, and 
figure number. It is designed as a lecture demonstration aid that replaces 
traditional transparency masters. 

■ CHEMISTRY IN MOTION™ CD-ROM. Included on the inside front 
cover of the text, this CD is an invaluable tool that helps students bet¬ 
ter visualize challenging concepts. CHEMISTRY IN MOTION icons 
throughout the text indicate figures and illustrations that come alive in 
short animations on this CD. In addition to the animations, more than 
500 practice problems are provided. 

■ CHEM TV®. This visualization aid, by Dr. Betty Luceigh of the 
University of California at Los Angeles, and MECHANISMS IN MO¬ 
TION, by Dr. Bruce Lipschitz of the University of California at Santa 
Barbara, may be available through your college or university’s chemistry 
department. CHEM TV icons are placed throughout the text to match 
discussion with animation appearing on the CD that can be used effec¬ 
tively both in lecture and by the individual student. If your department 
does not already own copies of this visualization tool, consider acquir¬ 
ing a copy to aid students. 

■ Reaction Flash Cards. This set of preprinted flash cards has the reac¬ 
tants and reagents on the front of a card and the products on the back 
for all of the reactions covered in Chapters 8-14. These cards provide a 
convenient way for students to learn reactions as they are encountered 
and to test their knowledge as they study. 
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Tricks of the Trade—A Special 

Message to the Student 

Mastering organic chemistry is likely to be among the most stimulating 
learning experiences you will have at an undergraduate level. Being able to 
understand the structures and functions of new synthetic molecules, as well 
as naturally occurring ones, will enable you to appreciate the excitement of 
this fascinating science. Yet, because of its reputation as a difficult course, 
organic chemistry is sometimes regarded with apprehension. You can take 
several steps, however, to help ensure success: 

■ Prepare adequately for lectures. This means reading the material in the 
text before it is presented in a lecture. This is crucial if you are to ask 
intelligent questions about a topic. 

■ Attend lectures regularly. You should set out to extract as much infor¬ 
mation as possible from your instructor. After difficult lectures, review 
your notes carefully; you may find it helpful to consult with classmates. 

■ Do the in-chapter exercises conscientiously while proceeding through 
each chapter. You should work the exercises on your own and then con¬ 
sult the Study Guide and Solutions Manual to confirm your answers. 

■ Work the end-of-chapter problems promptly after finishing each chap¬ 
ter. This activity, along with working the in-chapter exercises, will help 
assure that you integrate the concepts in the chapter as a whole. 

■ Use the Review of Reactions, Summary, and tables of synthetic reactions 
to review what you have learned in each chapter. 

■ Design your own learning aids. Everyone has a personal learning style 
and techniques. You should develop learning aids that suit your style— 
perhaps using molecular models to visualize structures or compiling a 
set of index cards to review important reactions. 

■ Seek additional assistance. You should take advantage of your instruc¬ 
tor’s or teaching assistant’s office hours, participate in recitation or help 
sessions, seek supporting materials (such as handouts, sample tests, and 
computer programs), review audio or video tapes, and form regularly 
scheduled discussion groups. 

■ Make the most of laboratory experiences. Actually working with organic 
compounds when you have prepared sufficiently for the experiments re¬ 
inforces the utility of the reactions learned. 

Marye Anne Fox 

James K. Whitesell 
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Structure and Bonding 
in Alkanes 

The compound called cyanidine is responsible for the colors of the 

flowers on the cover of this book—both the red of the poppy and 

the blue of the cornflowers. The difference in the colors results 

from a variation in the pH of the sap of the flowers. The model 

above represents a cyanidine molecule as it exists in the acidic 

sap of the poppy; in the basic sap of the cornflower, one proton 

(shown in green) is removed. The loss of this single proton causes a 

significant shift in the compound’s absorption of visible light, 

producing a different color. 



Organic chemistry—what is it? And why is a full-year course devoted to 
the subject? Chemistry is the study of the properties and transforma¬ 

tions of matter. Organic chemistry, a subset of chemistry, is concerned with 
compounds that contain the element carbon. The astounding number and 
complexity of these compounds is due to the bonding characteristics of car¬ 
bon: carbon can form bonds to as many as four other atoms. It can bond 
with other carbons to form long chains composed of hundreds, even thou¬ 
sands of atoms. Carbon can form stable bonds with atoms of many differ¬ 
ent elements in the periodic table. It can form different types of bonds— 
single, double, and triple. The diversity of carbon-based chemistry is not so 
surprising in view of the differences in the forms of elemental carbon: di¬ 
amond, graphite, and the newly discovered fullerenes. Diamond is hard and 
colorless; graphite is soft and black; and fullerenes are dark blue. The dif¬ 
ferences in the properties of these forms correspond to differences in struc¬ 
ture (Figure 1.1). 

The most fascinating aspect of organic chemistry is that it is the chem¬ 
istry of life. Indeed, the very name organic chemistry reflects the old belief 
that certain substances could be produced only by living organisms. 
Chemists now know that what these substances produced by living things 
have in common is that they all contain the element carbon. The creatures 
that form the web of life are diverse, but both their structures and the en¬ 
ergy that powers them are based on organic chemistry. And the fundamental 
chemistry operating in single-cell organisms is the same as that operating 
in human cells. 

FIGURE 1.1 

Three-dimensional representations of a subunit of diamond (left), a subunit of 
graphite (middle), and a fullerene (right). 

The Development and Study of 
Organic Chemistry 

As a result of the explosive growth of scientific knowledge in the twentieth 
century, scientists now have a good understanding of the complex chem¬ 
istry of living systems. But how did the science of organic chemistry get to 
this point? 

The beginnings of human association with organic chemistry arose long 
2 before the time of Christ. Throughout the ancient world, people were fa- 



3 miliar with organic materials, their uses and transformations. Soap was pro¬ 
duced from animal fats and plant oils, and wood tar, a resin prepared from 
charcoal, was an important article of trade. The crystalline sugar sucrose, 
obtained from sugar cane, and plant extracts for flavorings and perfumes 
were also valued by the ancients. So was the dye Tyrian purple, used to color 
the clothes of rulers. 

1.1 The Development and 
Study of Organic Chemistry 

Red cloth was also greatly esteemed, and a small insect (Coccus cacti L.), 
when crushed, provided the deep red compound carminic acid. 

Poisons, too, were known—for example, coniine was derived from poi¬ 
son hemlock (Conium maculatum) and was taken by Socrates when he was 

sentenced to die. 

Other, more structurally complicated toxins are obtained from the plants 
nightshade and foxglove. Yet what is toxic in large doses may be beneficial 
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1 Structure and Bonding 
in Alkanes 

in controlled amounts. The principal toxin from nightshade, atropine, is 
useful in small amounts as a mydriatic (to dilate the pupils) and as an anti¬ 
cholinergic (to block the action of the neurotransmitter acetylcholine). 

CH3 
N 

The extract from foxglove is known as digitalis, and both the crude mix¬ 
ture and some of the purified components such as digoxin are used to stim¬ 
ulate the heart. 

Digoxin 

The struggles of the alchemists (like the fellows in the frontispiece of 
this book) to make gold from less valuable metals diverted attention from 
compounds of carbon until the sixteenth century, when scientists began to 
turn their attention to more practical (and less greedy) endeavors. In par- 



ticular, Philippus Paracelsus, a German—Swiss holding a chair in medicine 
at the University of Basel, became convinced that drugs could be found that 
would relieve suffering due to pain. Indeed, he was the first to recognize 
that opium, an extract of the poppy plant, could serve as a pain reliever. 
Yet even though it was recognized that naturally occurring compounds 
could be useful, organic chemistry did not flourish. The structures of or¬ 
ganic compounds were not understandable until the English scientist John 
Dalton (1766-1844) advanced his atomic theory in 1803. This revival and 
application of the atomic theory first proposed by the ancient Greek 
philosopher Democritus provided a foundation for understanding the na¬ 
ture of molecules and explaining the composition and reaction of chemi¬ 
cal substances. At that time, many chemists began to focus their attention 
on organic compounds obtained from nature; morphine, the active con¬ 
stituent of opium, was isolated in 1804 by the French chemist Seguin. 
Nonetheless, it was not until 1847 that the empirical formula of morphine 
was determined and another three-quarters of a century before the correct 
structure was proposed in 1925. 

5 

1.1 The Development and 
Study of Organic Chemistry 

H3C 
\ 
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Morphine 

Morphine was first synthesized in the laboratory by Gates and Tschudi in 
1952. The unfolding of the chemistry of morphine—starting with isolation 
of the pure substance, moving through determination of the empirical for¬ 
mula and the three-dimensional structure, and culminating in synthesis— 
typifies the development of classical organic chemistry. 

The year 1828 was a milestone in the development of organic chem¬ 
istry. In that year Friedrich Wohler (1800-1882) accidentally discovered that 
urea, previously isolated from mammalian urine, could be made by heat¬ 
ing ammonium cyanate, an inorganic salt: 

®nh4gocn 

Ammonium cyanate Urea 

Wohler’s synthesis led to the realization that molecules found in nature can 
be described, handled, and synthesized in the same way as minerals and 
metals. What an astounding insight—that atoms and molecules move freely 
between the living and nonliving worlds, that the living and nonliving share 
fundamental attributes that can be studied. With this discovery, organic 

chemistry was born. 
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in Alkanes 

CHEMICAL PERSPECTIVES 

FIRST TO PRESS, OR FIRST TO LECTURE? 

In most historical accounts, the German apothecary F. W. A. Serttirner is 

credited with the first isolation of morphine, and, indeed, he was the first to 

publish his findings (Trommsdorff’s J. der Pharmazie, 13, 234, 1806). 

Although Seguin had reported his findings in an oral presentation before the 

Institute of France in 1804, for some reason he did not publish the results 

until 1814 (Ann. Chim., 92, 225). Another figure emerges in the history of 

this alkaloid: C. L. Derosne published an account of the isolation of crys¬ 

talline morphine in 1803 (Ann. Chim., 45, 257), but he failed to realize that 

morphine was basic—he thought that the green coloration produced from 

syrup of violets was the result of residual alkali from his extraction rather 

than the compound itself. Seguin used rhubarb paper for his pH test, cor¬ 

rectly attributing the brown coloration to morphine, the first pure organic 

base isolated. 

Who is the first to make a discovery in science (and who comes in sec¬ 

ond) can have a major impact on careers. Before the twentieth century, when 

communication was slow, credit was usually given to the first person who 

put results into print. Today, an appearance in the media (including radio 

and television) is often used as the criterion, although many still hold to the 

idea that science is not “official” until it appears on the printed page. The in¬ 

creasing encroachment of high-speed communication methods, especially 

the Internet, on both professional and personal lives will lead to significant 

questions of attribution in the future. 

The lack of detailed structural information for organic compounds did 
not prevent the chemists of the nineteenth century from applying their 
knowledge to the preparation of new and much less costly dyes and to the 
isolation and purification of compounds from plants for medicinal pur¬ 
poses. For example, the toxic extract of the foxglove plant, previously used 
only as a poison, was purified and turned to beneficial use as a heart stim¬ 
ulant, and it is still in use today. And important structural features were rec¬ 
ognized in naturally occurring large molecules, such as those in cotton, silk, 
and wool. As the number of useful compounds obtained from nature in¬ 
creased, so did interest in organic chemistry. 

The curiosity and tireless drive of chemists in the twentieth century 
have yielded a detailed understanding of the inner workings of some cells 
and a fairly complete chemical picture of the organic chemistry behind the 
complex operations essential for multicelled animals. With this knowledge, 
chemists have synthesized sophisticated compounds with properties that 
can enhance the quality of life. The variety of useful organic compounds is 
truly amazing, ranging from the natural and synthetic polymers that are the 
basis of many materials used to clothe, house, equip, and transport people 
to the modern wonder drugs, such as the antibiotics used to treat many hu¬ 
man diseases. 

Your objective for this course is to develop sufficient knowledge of or¬ 
ganic chemistry to be able to understand the structure and reactions of 
seemingly complicated molecules, such as organic polymers and penicillin 
antibiotics. Unique bonding states are available to carbon, and first we will 
explore the nature of the covalent bonds (and especially the multiple bonds) 



that are readily formed by carbon. We will then consider the structures of 
various types of organic molecules, how these structures are determined, 
and a variety of typical reactions for different classes of compounds. A good 
grasp of organic structure and reactivity will enable you to understand how 
modern chemistry is practiced: how syntheses of new compounds and ma¬ 
terials are planned; how the properties of synthetic and naturally occurring 
polymers for example, DNA—are explained, predicted, and manipulated; 
and how the structure and function of natural substances containing oxy¬ 
gen and nitrogen are investigated. 

The basic principles underlying the relationship between structure and 
reactivity can be extended to explain the use of cofactors as biological 
reagents, the basis for molecular recognition, and the role of enzymes in 
controlling reactions. Even such complex processes as the storage and re¬ 
lease of energy in fats and sugars and the transfer of information in the 
replication of genetic code reduce to relatively simple principles of struc¬ 
ture and reactivity. A firm foundation in the basic concepts of organic chem¬ 
istry provides sufficient background for understanding diverse living systems. 

We begin the study of organic chemistry by reviewing some important 
topics (usually covered in high-school and general-chemistry courses) that 
are crucial to an understanding of molecular structure and reactivity. 

The Formation of Molecules 

An understanding of the structure of organic molecules can be developed 
by considering how molecules can be formed from the combination of in¬ 
dividual discrete atoms. This simplified approach enables us to describe and 
predict molecular structure by using what we know about atomic structure 
to explain how molecules might be formed from atoms. We then consider 
additional concepts needed to explain the properties of molecules. Despite 
the beguiling nature of this logical construction of molecules from atoms, 
you should not forget that, in reality, almost everything that we come into 
contact with exists in molecular form, and that in the real world, molecules 
are formed from other molecules. Molecules of oxygen (02) react with mol¬ 
ecules of hydrogen (H2) to form water (H20), rather than two individual 
atoms of hydrogen combining with one atom of oxygen. 

■ Atomic Structure 

An understanding of the atom starts with the model of a massive, pos¬ 
itively charged nucleus surrounded by a moving cloud of electrons, whose 
negative charge balances the positive nuclear charge. In 1926, Paul Dirac, 
Werner Heisenberg, and Erwin Schrodinger proposed independently that 
electrons could be considered as a type of wave and that the motion of elec¬ 
trons in the atom could be represented by mathematical wave equations. 
Solution of these equations for the hydrogen atom suggests that, within the 
atom, electrons are arranged in layers, or shells, and that each electron is 
found within a specific region of space, called an orbital. These orbitals, 
whose shapes and energies are calculated for the hydrogen atom, are as¬ 
sumed to be applicable to the atoms of heavier elements. 

Segment 

of DNA 

7 
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Atomic Orbitals. An atomic orbital can be thought of as the picture 
that would be obtained if we could perform time-lapse photography of an 
electron within an atom—a sort of cloud of electrons about the nucleus. 
Of course, we can’t really do this experiment, but if we solved the 
Schrodinger wave equations and plotted the probability of finding a given 
electron at a particular distance from the nucleus in three dimensions, we 
would have performed the theoretical equivalent of time-lapse electron pho¬ 
tography. The picture thus obtained shows that each electron is localized 
within the atom, in regions whose shape and dimension are determined by 
quantum numbers. 

Quantum Numbers. Quantum numbers specify allowed energy states, 
each of which corresponds to a specific region within the atom, the atomic 
orbital. There are four quantum numbers: 

1. The principal quantum number, n, has values 1, 2, 3,... , and is the 
major determinant of an electron’s energy and its distance from the nu¬ 
cleus—that is, the orbital size. Thus, an electron with quantum number 2 
is more energetic and farther from the nucleus than an electron with quan¬ 
tum number 1. 

2. The angular momentum quantum number, l, has values 0, 1, 2, . . . , 
n — 1. If the principal quantum number is 2, Z can have the values 0 and 1. 
The angular momentum quantum number defines the shape of the orbital 
occupied by an electron. Orbitals are designated by the letters s, p, d, and / 
which correspond to Z values of 0, 1, 2, and 3, respectively. The s orbitals 
are spherical; the p orbitals are dumbbell-shaped. The d and /orbitals have 
more complex shapes, which will not concern us here because they are un¬ 
occupied in the first- and second-row elements with which we will be mainly 
concerned (carbon, hydrogen, oxygen, and nitrogen). 

3. The magnetic quantum number, m, has values —l, , —2, —1, 0, 
+ 1, +2, . . . , + Z. The magnetic quantum number defines the spatial ori¬ 
entation of an orbital and, as a corollary, the number of each type of or¬ 
bital. For each principal quantum number, there is one s orbital. For n > 
2, there are three p orbitals oriented at right angles to one another. For n > 
3, there are five d orbitals. For n > 4, there are seven /orbitals. Orbitals with 
different magnetic quantum numbers are distinguished by subscripts: for 
example, 2px, 2py, 2pz. 

4. The spin quantum number, which has the value +V2 or — V2, refers 
to the orientation (or spin) of the electron with respect to an external mag¬ 
netic field. The spin quantum number is significant in determining the elec¬ 
tron configuration (see below). 

Shapes and Dimensions of Orbitals. Atomic orbitals can be pictured 
as graphs of the probability surfaces within which the electrons are likely 
to be found. In considering the chemistry of carbon compounds contain¬ 
ing hydrogen, oxygen, and nitrogen, we will focus on the spherical 1 s and 
2s orbitals and the three dumbbell-shaped 2p orbitals (Figure 1.2). The 
shapes of the s and p orbitals are similar for all elements of the periodic 
table. Keep in mind, however, that all of the third-level orbitals (3s, 3p, and 
3d) are substantially larger than the second-level 2s and 2p orbitals. 

Complete occupancy of any set of orbitals (for example, the Is orbital, 
the 2s orbital, the three 2p orbitals, the 3s orbital, the three 3p orbitals, or 
the five 3d orbitals) leads to a spherical distribution of electron density 



2s 
2 Px 

FIGURE 1.2 

Shapes of the 2s and the three 2p atomic orbitals of hydrogen. There are many 

different ways to depict atomic orbitals. The surfaces used in this book uniformly 

contain 40% of the electron density—that is, 40% of the total electron density 

lies between the surface shown and the nucleus. Such a surface also roughly cor¬ 

responds to the orbital’s highest electron density. 

about the central atom. This concept is easy to grasp for the s orbitals, but 
also holds for the three equivalent p orbitals with their lobes directed along 
three mutually orthogonal axes (Figure 1.3), as well as for the d orbitals. 
The geometric sum of a completely filled set of px, py, and pz orbitals is a 
sphere. At the center of this sphere (at the nucleus), the probability of en¬ 
countering an electron is negligible. The nucleus of the atom is said to be 
at a node of each of the p orbitals, a position at which electron density is 
zero. (The same is true for the d orbitals: the sum of electron density when 
all five d orbitals are filled is a sphere, and each d orbital has zero electron 
density at the center of this sphere-—that is, the nucleus.) 

Pauli Exclusion Principle. The Pauli exclusion principle states that 
each electron in an atom is uniquely defined by a distinct set of quantum 
numbers. The first three quantum numbers define the orbital—for exam¬ 
ple, the 2px orbital. The fourth quantum number defines the relative spin 
of the electron in the orbital. When two electrons occupy the same orbital, 
one has a spin of + V2, and the other has a spin of — l/2- These two electrons 
are described as spin-paired. The electron spin is sometimes indicated by 
an arrow or by a plus or minus sign. However, because absolute spin is ar¬ 
bitrary, these labels are often omitted. 

Valence Shell. Because only two spin quantum numbers are possible 
for an electron, an orbital is completely filled by two electrons of opposite 
spin. Thus, an s orbital can accommodate exactly 2 electrons, and each of 
the three p orbitals can accommodate two electrons for a total of 6. When 
all the orbitals with the same principal quantum number are filled, the atom 
is said to have a complete, or filled, valence shell. For each row of the peri¬ 
odic table, it is possible to determine the number of electrons needed to fill 
the valence shell for that row: 2 electrons fill the valence shell of a first-row 
element; an additional 8 electrons are needed to complete the shell for a 
second-row element; 18 more for a third-row element; and so forth. The 
electrons in an incomplete valence shell are referred to as valence electrons. 
Atoms react so as to achieve a filled valence shell, either by losing or gain¬ 
ing electrons (forming ions) or by sharing their unpaired electrons with 
other atoms (covalent bonding). 

FIGURE 1.3 

A three-dimensional repre¬ 

sentation of mutually or¬ 

thogonal p orbitals. The px 
orbital is directed along the x 

axis; the py, along the y axis; 

and the pz, along the z axis. 
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H Is1 

He Is2 

Li 1s22s1 

Be Is2 2s2 

B ls22s22p 

C \s22s22p 

N ls22s22p 

0 ls22s22p 

F ls22s22p 

Ne ls22s22p 

FIGURE 1.5 

Electron configurations of 

first- and second-row ele¬ 

ments. The number (1 or 2) 

preceding each letter is the 

principal quantum number 

that defines the valence shell, 

the letter (s or p) designates 

the orbital shape, and the su¬ 

perscript number (1 through 

6) specifies the number of 

electrons in the orbital or 

suborbital. 

Van der Waals Radii. As the principal quantum number increases, 
the size of the orbital increases. Therefore, progressing down the periodic 
table, the valence electrons have higher principal quantum numbers and 
are found farther and farther from the nucleus. As a consequence, the ef¬ 
fective size of the atom, described as its van der Waals radius, increases. 
On the other hand, progressing across the periodic table, the principal quan¬ 
tum number remains unchanged, and the orbitals become smaller as the 
increased nuclear charge pulls the electrons closer to the atom’s center. The 
net effect is that the van der Waals radii of atoms increase going down a 
column of the periodic table and decrease going from left to right (Figure 
1.4). Indeed, the radius of fluorine lies between that of boron and hydro¬ 
gen! The van der Waals radii of atoms are important in determining the ef¬ 
fective size of molecules and are a factor in reactivity. 

Boron Carbon 

1.46 A 1.43 A 
Nitrogen Oxygen 

1.39 A 1.32 A 1.29 A 1.14 A 

FIGURE 1.4 

The van der Waals radii (given here in angstroms) of atoms decrease across the 

periodic table because of the increasing number of protons in the nucleus. The 

greater the nuclear charge, the greater is the attraction of the nucleus for the sur¬ 

rounding electrons. 

Electron Configuration. Filling the orbitals in an atom with electrons 
starting with the lowest-energy orbital and moving up to the highest-en- 
ergy one (the Aufbau principle) yields the electron configuration for that 
atom. The electron configuration of hydrogen is denoted as Is1. The initial 
number 1 indicates that hydrogen has a single spherically symmetric s or¬ 
bital; the superscript 1 means that it is occupied by one electron. The two 
electrons of helium completely fill its valence shell; the electron configura¬ 
tion of helium is Is2. 

Second-row elements have a filled Is orbital and additional electrons 
in 2s and 2p orbitals. Each s and p orbital can hold 2 electrons. The second- 
row valence shell is therefore filled when an atom has 10 electrons: 2 elec¬ 
trons in the Is orbital and 8 electrons in the second shell (2 in the 2s or¬ 
bital and 2 in each of the three 2p orbitals). 

In organic chemistry, the primary focus is on the atomic structure of 
carbon. Its atomic number is 6. There are six protons in the nucleus, so a 
neutral carbon atom must have six electrons. Placing these electrons in the 
lowest-lying orbitals yields the electron configuration of carbon, which is 
ls22s22p2. 

The electron configurations of the first- and second-row elements are 
shown in Figure 1.5. 

The electron configurations of ions are derived in the same way. For 
example, a lithium atom has the electron configuration ls22s1, but a lithium 
ion (Li®) has only two electrons (one fewer than a lithium atom) and thus 
has the electron configuration Is2. 



11 EXERCISE 1.1 

Specify the atomic orbitals (Is, 2s, 2p, 3s, 3p, 3d, etc.) and their occupancy to de¬ 
fine the electron configuration of each of the following atoms or ions: 

(a) atomic boron (d) elemental phosphorus 

(b) metallic magnesium (e) S© 

(c) Mg© 

EXERCISE 1.2 

How many electrons must be removed from or added to each of the following ions 
to achieve a filled valence shell? 

(a) H0 (b) Ca© (c) H® (d) Mg® (e) Cle 

Another important aspect of electron configuration is the distribution 
of electrons among orbitals of equal energy. In the electron configuration 
of carbon, there are two electrons in the 2p orbitals. There are three p or¬ 
bitals, all equal in energy, so more than one arrangement of the two elec¬ 
trons is possible. Both electrons can occupy the same orbital (it doesn’t mat¬ 
ter which one because they are all equivalent in energy), or the two electrons 
can occupy different orbitals. Hund’s rules state that the preferred (lowest- 
energy) state is that in which as many orbitals as possible are occupied by 
single electrons, and that the spins of the electrons in these orbitals are par¬ 
allel. 

Following these rules, the detailed electron configuration for carbon is 
ls22s22px12py1 (Figure 1.6). This electron configuration shows that carbon 
has four valence electrons, two of which are unpaired. Note that a second 
electron is placed in the 2s orbital (the 2s orbital is filled) before electrons 
are placed in a 2p orbital because the 2s orbital is lower in energy than the 
2p orbital, and this energy difference is enough to offset the energy disad¬ 
vantage due to having two negatively charged electrons occupying the same 
2s orbital. The electron configuration for carbon given above is consistent 
with experimentally determined spectroscopic data for carbon in the gas 

state. 

Bonding 

Bonding occurs when two or more atoms share electrons, thus form¬ 
ing a molecule. Many aspects of molecular structure can be understood in 
terms of two simple concepts—bond length and bond angle. However, a 
more detailed look at molecular structure requires the concepts of covalent 
and ionic bonding, hybridization, and molecular orbitals (introduced in 
Chapter 2). These concepts are valuable for explaining not only molecular 
structure, but also the reactivity of various types of molecules. 

Bond Length. One way of looking at bonding is to say that it occurs 
because energy is released when electrons are shared between atoms. When 
atoms are in close proximity in molecules, the attraction of the negatively 
charged electrons for the positively charged nuclei exceeds the electrostatic 
repulsions arising from the interactions of nucleus with nucleus and elec¬ 
trons with electrons. For the hydrogen molecule, H2, this net attraction can 

1.2 The Formation of Molecules 

2px 2 py 2pz 

A 

2s — 
V 

A 

Is 

FIGURE 1.6 

Electron configuration of 
carbon showing relative en¬ 
ergy levels of the orbitals. 
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be viewed as the energy released when two atoms of hydrogen combine to 
form the molecule. Experimentally, this energy, the energy of the H H 
bond, has been found to be 104 kcal/mole. 

We can plot energy versus interatomic distance for the hydrogen mol¬ 
ecule, using a Schrodinger wave equation. (Schrodinger wave equations sim¬ 
ilar to those for atoms can be written for simple molecules such as H2.) It 
turns out that there is a very narrow range of interatomic distances for 
which the energy is a minimum (Figure 1.7). In other words, the distance 
between the two hydrogen atoms in a hydrogen molecule, known as the 
bond length, is tightly controlled by energy requirements. This is also true 
for molecules other than hydrogen, and experimental evidence from a num¬ 
ber of sources has allowed the determination of bond lengths in many com¬ 
pounds containing carbon, hydrogen, oxygen, nitrogen, and other elements. 
These bond lengths can be used to predict the bond lengths in new com¬ 
pounds containing these elements. 

FIGURE 1.7 

Plot of the relationship between calculated potential energy and interatomic dis¬ 

tance for the hydrogen molecule. 

Bond Angles. Interactions between atoms that are not bonded directly 
to one another in a molecule can be explained in terms of repulsive forces 
between electrons in the valence shells. To minimize repulsion, the atoms 
joined to the central atom assume positions as far away from one another 
as possible. Applying this principle reveals a molecule’s bond angles, and 
thus its molecular shape. 

To see how this works, let’s look at the simple hydrocarbon methane, 
CH4, in which a carbon atom is bonded to four hydrogen atoms. The mol¬ 
ecule adopts an arrangement in which the four C—H bonds (or the four 
hydrogen nuclei, which amounts to the same thing) are as far from each 
other as possible. This produces a tetrahedron-shaped molecule (Figure 1.8) 
with an H—C—H bond angle of 109.5°. 

When the central carbon atom has only three substituent atoms, as in 
formaldehyde, CH20, minimal electrostatic repulsion between the bonding 
electrons is achieved by the trigonal planar arrangement, in which all atoms 
lie in the same plane and the angle between substituent atoms (H—C—H 
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H 

Methane 

Tetrahedral 

Formaldehyde 
Trigonal planar 

Carbon dioxide 

o=c=o 

Linear 

FIGURE 1.8 

Representative tetrahedral, trigonal planar, and linear molecules. 

or H—C—O) is 120°. For a carbon atom with only two substituent atoms, 

such as in carbon dioxide, C02, the electrons localized between the carbon 

atom and the two oxygen atoms are farthest apart when all three atoms are 

colinear—that is, when the O—G—O bond angle is 180°. 

EXERCISE 1.3 

On the basis of maximum separation of electrons, predict all of the bond angles 
in the following structures: 

(a) H3CC1 (b) H2C=CH2 (c) H3C—C=CH H 

Covalent Bonding 

Bonding results from the sharing of electrons between atoms—but how 

does this sharing occur? For the simple diatomic molecule H2, it is clear 

that if two hydrogen atoms approach one another closely, the unpaired elec¬ 

tron from each can be shared most effectively when it is in the region be¬ 

tween the two nuclei, as if the two individual atomic Is orbitals overlapped. 

A similar picture results for the molecule F2 from the overlap of the 2p or¬ 

bitals of each fluorine atom. In these diatomic molecules, two electrons (one 

unpaired electron from each atom) are shared to complete the valence shell 

(two electrons for each hydrogen atom in H2, eight electrons for each flu¬ 

orine atom in F2). 
The situation becomes more complicated when we consider overlap¬ 

ping the atomic orbitals of carbon so that it can achieve a filled valence 

shell. To solve the difficulties that arise, chemists introduced the concepts 

of molecular orbitals and hybridization. 
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#01 Atomic Orbitals 

Orbital Overlap and Molecular Orbitals. The concept of orbitals can 
be extended from atoms to molecules; that is, the electrons in molecules, 
just like those in atoms, are constrained to certain energy states, or certain 
regions of space, called orbitals. Intuitively and, as it turns out, mathemat¬ 
ically, a reasonable approximation of molecular orbitals can be arrived at 
by overlapping the orbitals of the valence electrons of the individual atoms. 
Thus, in the simplest example, H2, the 1 s orbitals of the two unpaired elec¬ 
trons (one from each atom) overlap in the region between the nuclei. The 
resulting sigma bond (<xbond) is a region of increased electron density that 
is symmetric about the axis between two nuclei. A cr bond can also be 
formed from the overlap of p orbitals. For example, in the fluorine mole¬ 
cule, the 2p orbitals of the two unpaired electrons (one from each atom) 
overlap to form F2. This approach works fine for the simplest diatomic mol¬ 
ecules, but complications arise with more complex molecules. 

Hybridization. Let’s look at the structure of CH4 that would result if 
bonding were the result of overlapping the atomic orbitals of carbon and 
hydrogen. The electron configuration of carbon is ls22s22pxl2pyl. One way 
for carbon to form four bonds and achieve a stable valence configuration 
would be to assume the more energetic configuration \s22s12pxl2pyl2pz1 
and recoup the energy required to do this by forming bonds with hydro¬ 
gen. However, if these four valence orbitals overlap with those of four hy¬ 
drogen atoms, we would expect a molecule with one a bond formed by the 
overlap of a 2s and a Is orbital and three a bonds formed by the overlap 
of three 2p orbitals from carbon with three Is orbitals from three hydro¬ 
gen atoms. This would be a molecule with two different kinds of cr bonds, 
and we might reasonably expect that at least three of the bonds (those 
formed by overlap with p orbitals) would be at right angles to one another. 
However, all the available experimental evidence indicates that when car¬ 
bon forms bonds to four atoms of the same element, as in CH4, all four 
bonds have the same energy and they are equidistant from one another— 
that is, directed toward the apices of a tetrahedron (with bond angles of 
109.5°). 

H 109.5° 
H 

To explain the observed bonding characteristics of carbon (and other 
second-row elements), it was proposed that when a carbon atom bonds to 
another atom, it undergoes hybridization. The carbon orbitals that overlap 
to form bonds are neither s orbitals nor p orbitals, but intermediate in char¬ 
acter between the two. For example, the 2s and 2p orbitals can be mixed to 
form a new type of orbital referred to as an sp3-hybrid orbital. The mixing 
of four atomic orbitals (one s and three p) produces four sp3-hybrid or¬ 
bitals: 

C: Is2 2s 2px 2py 2pz 

Four sp3-hybrid orbitals 

These hybrid orbitals occupy separate regions of space directed as far as 
possible from one another. The resulting tetrahedral geometry (Figure 1.9) 
allows maximum overlap with orbitals of other atoms—for example, the 1 s 
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FIGURE 1.9 

+ 2px + 2py + 2pz 4 sp3 

orbitals 

1.2 The Formation of Molecules 

◄ 

Combination of the 2s and the three 2p orbitals yields four sp3-hybrid orbitals. 

FIGURE 1.10 

Three-dimensional (tetrahedral) representations of methane: an orbital picture 
(left) and a ball-and-stick model (right). Each of the four equivalent C—H 
bonds is formed by the overlap of a carbon sp3-hybrid orbital with a hydrogen Is 
orbital. These four bonds are directed to the corners of a tetrahedron, just like 
the sp3-hybrid orbitals from which they are formed. They are thus as far from 
each other as possible, minimizing electron-electron repulsion. The carbon atom 
is shown in gray and the hydrogen atoms off-white, a conventional color code. 

orbitals of hydrogen in methane, CH4 (Figure 1.10). In methane, four bond¬ 

ing orbitals are formed by the overlap of four sp3-hybrid orbitals of carbon 

with four 1 s orbitals of four hydrogen atoms. 
The four bonding orbitals in methane accommodate 8 electrons: 4 from 

carbon and 1 from each of the four hydrogen atoms. Because of the local¬ 

ization of the bonding electrons, the valence requirements of all the atoms 

are fulfilled (8 electrons for carbon, 2 in each of four bonds; 2 electrons for 

each hydrogen, both in one a bond). 

Characteristics of Hybrid Orbitals. The spatial characteristics of hy¬ 

brid orbitals are based on those of the orbitals from which they were de¬ 

rived. For sp3-hybrid orbitals, the substantial contribution of p orbitals 

(three parts in four) means that the orbitals are elongated compared with 

s orbitals, and the fractional s contribution (one part in four) fattens them 

compared with p orbitals. Each sp3-hybrid orbital has two distinct parts, 

known as lobes, with a region of zero electron density, a nodal surface, in 
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between. In the picture below, the lobes of these hybrid orbitals have been 
moved away from the nucleus to show their shapes better. Note that in re¬ 
ality the smaller back lobe of each orbital becomes buried underneath the 
larger lobes (at the right in Figure 1.9) and thus does not participate sig¬ 
nificantly in bonding to other atoms. 

Lobes of sp3 orbitals 

EXERCISE 1.4 

The H—N—H bond angles in ammonia are 107°, and the H—O—H bond angle 
in water is 105°. 

(a) Why is ammonia not planar, and why is water not linear? 

(b) Why are their bond angles near the tetrahedral bond angle of 109.5°? (Hint: 
Consider the electronic configuration of the nitrogen atom in NH3 and the 
oxygen atom in H20.) 

(c) Explain why the bond angles in ammonia and water are less than 109.5°. 

N 0 F 

3.1 3.5 4.1 

P S Cl 

2.1 2.4 2.8 

Br 

2.7 

FIGURE 1.11 

The most electronegative ele¬ 
ments. 

Electronegativity. Electronegativity is a measure of the tendency of a 
particular atom to attract electrons. The most electronegative atoms are to¬ 
ward the top right of the periodic table, and these, along with hydrogen, 
are the most common bonding partners of carbon (Figure 1.11). (The elec¬ 
tronegativities for all elements appear in the periodic table inside the back 
cover of this book.) Electronegativity increases from left to right across 
a row of the periodic table. For example, the electronegativity order for 
second-row elements is C < N < O < F. Electronegativity also increases 
from the bottom to the top of a column. Thus, among the halogens, the or¬ 
der is I < Br < Cl < F. For organic chemists, electronegativity is important 
primarily because it allows prediction of bond polarities. 

Polar and Nonpolar Bonds. Up to this point we have assumed that, 
when bonding occurs between atoms, the electrons in the bond are shared 
equally. This is largely true for bonds between atoms like carbon and hy¬ 
drogen that have similar electronegativities (2.5 and 2.2, respectively). The 
C—H bonds in methane and other hydrocarbons are described as nonpo¬ 
lar; there is little charge polarization associated with them. However, when 
a highly electronegative atom such as fluorine is attached to carbon, the 
electrons in the C—F bond are not shared equally. Instead, a shift of elec¬ 
trons occurs, placing a partial negative charge on fluorine and a partial pos- 



17 itive charge on carbon. Knowledge of electronegativity trends in the peri¬ 
odic table can be used to predict the likelihood of polar covalent bonding 
(unequal sharing of the electrons in a covalent bond connecting two atoms), 
as well as the direction of polarization. We will consider the chemical and 
physical consequences of bond polarization in more detail in Chapter 3. 

1.2 The Formation of Molecules 

EXERCISE 1.5 

Based on the relative electronegativities of the atoms, choose the more polar bond 

in each pair of compounds: 

(a) HO—HorH2N—H (d) H3C—OH or H3C—SH 

(b) CH3—H or CH3—F (e) H3C—OH or H3C—Br 

(c) H3C—OH or H3C—NH2 ■ 

Lewis Dot Structures. Lewis dot structures are a useful way to sum¬ 
marize certain information about bonding and may be thought of as “elec¬ 
tron bookkeeping.” In Lewis dot structures, each dot represents an electron. 
A pair of dots between chemical symbols for atoms represents a bond. In 
the following Lewis dot structure of methane, four of the electrons are 
shown in blue to emphasize the fact that methane’s covalent bonds are 
formed by the sharing of one of the four electrons of carbon with a valence 
electron of one of four hydrogen atoms. Note that no geometry is implied 
by a Lewis dot structure. 

H 

H:C:H 

ii 

Lewis dot structure of methane 

Here are Lewis structures for some other simple compounds: 

H:6:H 6::C::6 H:C:::N: 
• 0 • • • • 

Water Carbon dioxide Hydrogen cyanide 

Note that each hydrogen atom has 2 electrons associated with it, and the 
atoms of the second-row elements each have 8 electrons. Nonbonding elec¬ 
trons (lone pairs) are easily identified in Lewis dot structures, as shown for 
oxygen and nitrogen atoms in the examples above. Usually bonding pairs 
of electrons are represented by a bond line, allowing an abbreviated form: 

H 

H—6—H H—C—H 0=C=6 H—C=N: 
• • | • • * *" 

H 

Water Methane Carbon dioxide Hydrogen cyanide 

In a correct Lewis dot structure: (1) the total number of electrons should 
equal the sum of the valence electrons of all the atoms; (2) each atom should 
attain a filled valence shell (2 electrons for hydrogen, 8 electrons for sec¬ 

ond- and third-row elements). 
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EXERCISE 1.6_ 

Draw a Lewis dot structure for each of the following molecules. Be sure to include 

all valence electrons. 

(a) H3CCH3 (b) H3COH (c) H2C=CH2 (d) HC=CH 

Formal Charges. The formal charge (FC) of an atom in a molecule 

is the charge calculated by assuming that electrons in covalent bonds are 

shared equally between the partners. Calculating the formal charge reveals 

where positive and negative charges end up in the molecule. The formal 

charge is calculated by noting the number of valence electrons in the free, 

or neutral, atom and then subtracting the number of unshared (nonbond¬ 

ing) electrons in the bonded atom and half the number of electrons shared 

by that atom. The numbers of shared and unshared electrons are derived 

from the Lewis dot structure. 

FC = number of valence electrons in free atom 

— number of unshared electrons in bonded atom 

— V2 number of shared electrons in bonded atom 

The formal charge of carbon in CH4 is 

FC = 4 valence electrons — 0 unshared electrons — V2(8) shared electrons 

= 0 

The formal charge of oxygen in H—6: is 

FC = 6 valence electrons — 6 unshared electrons — %(2) shared electrons 

= -1 

EXERCISE 1.7 

Calculate the formal charge of each second-row atom in the following Lewis dot 

structures: 

H . H H 

(a) H:C:C:::N: (c) 0::6:6: (e) H:N:C:H 
•• •• •• •••• 

H H H 

'/9:: h:9:h 

(b) :0:C:0: (d) H:C:C:C:H 

H H 

Ionic Bonding 

So far we have considered covalent bonds, in which both atoms share 

the bonding electrons equally, and polar covalent bonds, in which the elec¬ 

trons are polarized toward the more electronegative atom. Advancing along 

this continuum, through compounds in which the atoms differ more and 

more in electronegativity, we reach a point at which the covalent bond is 

no longer a good representation of the atomic interaction, and molecular 

structure can be described more accurately by the ionic bonding model. 
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FIGURE 1.12 

Crystal structure of sodium chloride. 

An ionic compound such as sodium chloride is formed of sodium ions 
and chloride ions. In the solid state, sodium chloride consists of a crystal 
lattice held together by electrostatic attraction between the positive and neg¬ 
ative ions. A sodium ion is attracted to its nearest neighbors (6 chloride 
ions) and to a lesser extent to all the chloride ions in the lattice. A similar 
situation exists for the chloride ions, each of which is surrounded by 6 
sodium ions (Figure 1.12). In contrast, nonionic organic molecules are held 
together in molecular crystals by much weaker van der Waals attractions, 
which result from the attraction of the bonded electrons of one molecule 
for the nuclei of another. The amount of energy required to disrupt the 
strong electrostatic forces in an ionic crystal is much greater than that 
needed to interfere with van der Waals forces in an organic molecular solid. 
The melting points of (ionic) salts are thus often very high (for example, 
NaCl, mp 801 °C), whereas many organic compounds have such low melt¬ 
ing points that they exist as liquids or even gases at room temperature. 

Because of carbon’s position near the center of its row in the periodic 
table and because of its relatively low electronegativity, ionic bonds to car¬ 
bon are rare. Covalent bonding is the norm, and polar covalent bonds oc¬ 
cur when hydrogen is replaced by a more (or sometimes less) electronega¬ 
tive atom, as we shall see later in more complex structures. 

Representing Molecules 

You have already seen several ways in which chemists represent organic 
molecules. It is important that you understand that none of these repre¬ 
sentations actually looks like a molecule. Indeed, molecules are too small 
to ever be “seen” because the wavelength of visible light is too large to dif¬ 
ferentiate among molecular features. Despite the fact that some modern 
techniques (AFM, atomic force microscopy, and STM, scanning tunneling 
microscopy) are coming close to atomic scale resolution—meaning that im¬ 
ages can be generated that show the relative position of atoms—molecules 

can not yet be seen in the usual sense. 
This fact creates a dilemma. How should molecules be represented vi¬ 

sually in a book? The answer depends on the information that needs to be 
conveyed. If all we are concerned with is the number of atoms present, we 
can use a molecular formula, CH4 for methane, for example. From this for¬ 
mula and a knowledge of valency, you might deduce that the carbon is at 

EM TV® I 
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FIGURE 1.13 

Three representations of a 

methane molecule. 

the center with four hydrogen atoms surrounding it. But you could arrive 
at this conclusion more quickly from a stick representation (Figure 1.13, 
center). (Note that this stick figure could be converted to the Lewis dot 
structure by replacing each “stick” with a pair of dots.) From this stick fig¬ 
ure, you know that carbon is bonded to four hydrogen atoms because the 
lines represent pairs of bonding electrons between the atoms. From this 
simple stick figure and your knowledge that the hydrogens are arranged in 
a tetrahedral fashion about the carbon atom, you might be able to “picture” 
their three-dimensional arrangement. The representation with wedges and 
dashed lines (Figure 1.13, bottom) helps you arrive at an accurate three- 
dimensional image once you know that the hydrogen connected to the car¬ 
bon with a solid wedge is intended to be in front of the plane containing 
the other atoms and the hydrogen connected with hatched lines is behind it. 

Artists have known for centuries that two “tricks” help people perceive 
a three-dimensional image from a two-dimensional picture: Your mind 
thinks smaller objects are farther away than larger ones (so long as you think 
that the objects are in reality the same size), and objects partially covered 
by others are perceived as more remote. Compare the representations of 
methane in Figure 1.14. The first three are called ball-and-stick models, 
and your model kit can be used to construct similar representations. In the 
model on the far left, all four hydrogen atoms are the same size (and smaller, 
of course, than the carbon atom). In the middle ball-and-stick model, one 
hydrogen “ball” is larger and one is smaller than the other two. The size is 
varied in this picture so that the larger hydrogen atom appears closest to 
you and the smaller appears farthest away. This helps you visualize one hy¬ 
drogen atom as pointing toward you and one away from you. The ball-and- 
stick representation on the right is slightly rotated so that the foremost hy¬ 
drogen partially covers the one in the rear, giving a truer three-dimensional 
picture. The representation on the far right is called a space-filling model, 
and the relative size of each atom as shown is based on its van der Waals 
radius. Note how large the space-filling model appears relative to the other 
models (this is not a mistake!). This representation conveys an idea of the 
size and shape of a methane molecule, especially as it might be “perceived” 
when bumping into other molecules. 

Which representation of methane in Figures 1.13 and 1.14 is most use¬ 
ful? In part, it depends on what information is to be conveyed. If the idea 
is to understand the ratio of hydrogen to carbon (as in a discussion of va- 

FIGURE 1.14 

Four “pictures” of methane, depicting the hydrogen atoms as off-white spheres 

20 and the carbon atom as a gray sphere. 



lency), then either the top or middle representation in Figure 1.13 is suffi¬ 
cient. If the three-dimensional structure of methane is the issue, the repre¬ 
sentation at the bottom in Figure 1.13 or any of those in Figure 1.14 are 
preferred. Note that as the information content of the representations of 
methane increases, so does the complexity of the drawing, and this factor 
often dictates which representation is chosen: the simplest one that conveys 
the needed information. 
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1.2 The Formation of Molecules 

EXERCISE 1.8 

Use your model set to construct methane and ethane. Hold one end of the ethane 

molecule (a methyl group), and rotate the other end about the bond between the 

carbon atoms. Note the changes that take place in the relative positions of the hy¬ 

drogen atoms on the two methyl groups. Are similar changes possible for methane? 

Drawing Three-Dimensional Structures 

The three-dimensional character of alkanes is easily depicted by using 
single solid lines to represent a bonds lying in the plane of the page, solid 
wedges to indicate those coming toward the observer, and hatched lines to 
indicate those going away from the observer. One of many possible arrange¬ 
ments of the hydrogen atoms in ethane is shown in Figure 1.15. 

FIGURE 1.15 

Representations of ethane: three-dimensional sawhorse (left), ball-and-stick (cen¬ 

ter), and space-filling (right). 

The representation with wedges and hatched lines resembles that of the 
legs of a sawhorse. This method for depicting three-dimensional structures 
is therefore called a sawhorse representation. At this point, you should con¬ 
struct a three-dimensional model of the structure of ethane and correlate 
it with the representations in Figure 1.15. This is also an opportune time 
to use the model to assure yourself that a tetrahedral geometry can be main¬ 
tained at both carbon atoms even though there is free rotation about the 
C—C bond. You will often find that making a three-dimensional model 
helps you to visualize a molecule’s structure much more clearly than sim¬ 
ply reading the text. You are encouraged to make such a model whenever a 
new type of molecule is described. 



H H 

H—C—C—H = — 

H H 

FIGURE 1.16 

The line notation at the right 

is a shorthand method for 

representing the carbon 

skeleton of ethane. 

Hydrocarbon skeletons can also be represented by a line notation in 
which each line segment represents a carbon-carbon bond, as shown for 
ethane in Figure 1.16. No C—H bonds are shown; their presence is inferred 
as needed to meet the valence requirement of carbon. Other atoms besides 
carbon and hydrogen in a molecule are drawn in specifically. This conven¬ 
tion does not show three-dimensional structure; it is merely a useful way 
to depict structural isomers, the subject of the next section. Although this 
is a convenient shorthand, it conveys less structural information about 
ethane than do the three-dimensional representations of Figure 1.15. On 
the other hand, the line notation does clearly indicate the attachment of 
one atom to another in the molecule, which is called the connectivity of 
the molecule. As the number of atoms in a molecule increases, so does the 
complexity of bonding, and the simplicity of line notations becomes in¬ 
creasingly valuable. 

With the three-dimensional structure of ethane in mind, replace each of the six hy¬ 

drogen atoms in turn with a chlorine atom. Draw a sawhorse representation of the 

structure for each product. With a molecular model in hand, orient the molecule 

to correspond to the sawhorse representations you have drawn. Note that all six 

representations are pictures of the same molecule. 

Simple Hydrocarbons 

Hydrocarbons are familiar in everyday life. The natural gas we use to cook 
our food, the liquid gasoline that powers our vehicles, and the bottles for 
soft drinks, cooking oils, and shampoo—all consist of hydrocarbons. 
Different hydrocarbons exist at room temperature as gases, liquids, or solids. 
Hydrocarbon molecules contain only carbon and hydrogen atoms; they are 
the most fundamental group of organic compounds. Flydrocarbons can be 
divided into several classes: alkanes, alkenes, alkynes, and arenes. We will 
begin by examining the simplest of these classes, the alkanes. Even this class, 
however, exhibits amazing structural diversity. 

Properties of Hydrocarbons 

Because carbon and hydrogen atoms have similar electronegativities, 
there is minimal charge polarization in the bonds of hydrocarbons, and po¬ 
lar interaction between these molecules is weak. Hydrocarbons are conse¬ 
quently described as nonpolar. The lack of polarity results in hydrocarbons 
being relatively chemically inert; they do not readily undergo chemical re¬ 
actions. Also, hydrocarbons are relatively insoluble in polar liquids, such as 
water. Because highly polar molecules interact strongly with one another, 
the positive portion of one molecule being attracted to the negative por¬ 
tion of another, the molecules of polar liquids interact more strongly with 
one another than with hydrocarbon molecules. 22 



TABLE 1.1 

Physical Properties of Alkanes 

Name Formula Boiling Point (°C) Melting Point 

Methane ch4 -164 -182 

Ethane c2h6 -89 -183 

Propane c3h8 -42 -190 

Butane c4h10 -0.5 -138 

2-Methylpropane (isobutane) C4H10 -12 -159 

Hexane c6H14 69 -95 

Cyclohexane C6H12 81 6 

Octane c8h18 126 -57 

2,2,4-Trimethylpentane (isooctane) c8h18 99 -107 

The major molecular interaction of hydrocarbons is van der Waals at¬ 
traction, in which the electrons of one molecule are attracted to the nuclei 
of another. These attractions are relatively weak and are easily disrupted. 
This accounts for the fact that the lower-molecular-weight hydrocarbons 
are gases at room temperature. The more atoms in a given molecule (the 
higher the molecular weight), the greater is the sum of the van der Waals 
attractions for another molecule of its kind. Thus, as molecular weight in¬ 
creases, van der Waals attractions generally increase, producing stronger 
molecular interactions and higher boiling and melting points. These trends 
are apparent in Table 1.1. 

Alkanes (Saturated Hydrocarbons) 

The simplest member of the alkane family is methane, CH4; the next 
member is ethane, C2H6. What happens when an alkane molecule has two 
carbon atoms? The two atoms can form a single bond between them by 
overlap of the sp3-hybrid orbitals, and each carbon atom then has three ad¬ 
ditional bonding sites (Figure 1.17). 

A C—C covalent bond formed by overlap of sp3-hybridized orbitals. (For clarity, 
only the overlapping orbitals are shown. Note the position of the carbon nuclei, 
the two small black spheres, buried in the back lobe of the sp3 orbitals.) 23 
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1 Structure and Bonding 
in Alkanes 

H H 

H:C:C:H 

H H 

FIGURE 1.18 

Covalent bonding in ethane, shown by overlapping orbitals (right), ball-and-stick 
representation (center), and Lewis dot structure (left). 

When hydrogen atoms are covalently bonded to carbon at these sites, 
the stable molecule ethane (H3CCH3) is formed (Figure 1.18). This struc¬ 
ture satisfies the valence shell requirements of each carbon and hydrogen 
atom, as the Lewis dot structure shows. Extending the carbon chain forms 
larger members of the alkane family. Imagine removing a hydrogen atom 
from the end of the chain, say in ethane, and replacing it with a carbon 
atom bearing three hydrogen atoms, for the net addition of one carbon 
atom and two hydrogen atoms. This process can be extended indefinitely. 
The alkanes, also called saturated hydrocarbons, are therefore represented by 
the overall molecular formula CnH2«+2- 

Sigma Bonds in Alkanes. As you learned earlier, a a (sigma) bond 
can be formed from the overlap of two Is orbitals, a Is and an sp3 orbital, 
or two sp3 orbitals. In ethane, the second member of the alkane family, the 
two sp3-hybridized carbon atoms form a cr bond by overlap of sp3 orbitals. 
Because the hybrid orbitals are directional and oriented toward the apices 
of a tetrahedron, only one orbital of each atom can point directly toward 
the other, and the region of 2sp3-2sp3orbital overlap is located along the 
line (axis) that connects the nuclei of the two atoms. The C—C bond length 
is 1.54 A. Ethane also has six C—H bonds formed by 2sp3-ls orbital over¬ 
lap. The C—H bond length is 1.10 A. 

Because the electron density is symmetric about the internuclear axis, 
the extent of orbital overlap is not affected if the atoms rotate about this 
axis. Thus, free rotation can occur about a cr bond without affecting bond 
strength. For example, holding one of the carbons of ethane fixed while ro¬ 
tating the other need not break the C—C or any C—H bond. Because all 
bonds in ethane are cr bonds, the participating atoms can rotate freely about 
each of them, yielding an infinite number of three-dimensional structures 
for this single molecule. Molecules that differ only by rotation about a 
bonds are known as conformational isomers. We will discuss isomers and 
stereoisomerism in detail in Chapter 5. 

Structural Isomers 

Now let’s consider some larger alkanes. Replacing a hydrogen atom of 
ethane with a methyl group (CH3) yields propane, C3H8 (Figure 1.19). (All 
six hydrogen atoms of ethane are identical, so it makes no difference which 
one is replaced.) 
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FIGURE 1.19 

Three representations of the structure of propane. 

The C—C—C bond angle in propane is slightly larger (111.7°) than 
the 109.5° tetrahedral angle. This is not surprising in light of the fact that 
the four substituents bonded to each carbon are not equivalent, so that there 
are slightly different repulsive interactions between the electrons of the var¬ 
ious bonds. The amount of energy required to change the C—C—C bond 
angle from 109.5° to 111.7° is slight, only 0.08 kcal/mole. Indeed, even a 5° 
deviation from the tetrahedral angle raises the energy of propane only 
slightly. However, as the C—C—C bond angle deviates further from 109.5°, 
the energy increases more rapidly (Figure 1.20). 

Bond angle (degrees) 

FIGURE 1.20 

Plot of the calculated change in energy of propane as the C—C—C bond angle 
is varied. Increasing or decreasing the bond angle from the lowest-energy 
arrangement at 111.7° raises the molecule’s energy. The curve is quite shallow 
near the minimum but becomes quite steep as the angle deviation becomes large. 

The structure of butane (C4H10), the next member of the alkane fam¬ 
ily, results when a hydrogen atom in propane is replaced by a methyl group. 
Because there are two different types of hydrogen atoms in propane (the 

1.3 Simple Hydrocarbons 
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1 Structure and Bonding 
in Alkanes 

FIGURE 1.21 

Two possible structures for butane (C4H10) obtained by replacing one of 
propane’s hydrogen atoms with a methyl group. 

six hydrogens of the two methyl groups at the ends of the molecule and the 
two hydrogens on the central carbon atom), two different structures for bu¬ 
tane are obtained (Figure 1.21). The C4H10 isomer at the top (with all the 
carbons in a row) is derived from propane by the addition of a methyl group 
to one end of the skeleton, whereas the isomer at the bottom, also C4H10, is 
obtained by the addition of a methyl group to the central carbon of propane. 

These two butane molecules do not have the same sequence of chem¬ 
ical bonds no matter how they are oriented in space. Note that one of the 
carbon atoms of the structure at the bottom in Figure 1.21 is attached to 
three other carbon atoms, whereas each carbon atom in the structure at the 
top is attached to no more than two other carbon atoms. The normal tetra¬ 
hedral bond angles and bond lengths are maintained in both structures, 
and they have the same molecular formula. Yet these are different mole¬ 
cules: they are structural isomers of the compound butane and differ in 
their carbon backbones. 

The number of possible structural isomers increases as the number of 
carbon atoms in an alkane increases. In the next exercise you will determine 
the number of structural isomers that exist for alkanes with five, six, and 
seven carbons. 

EXERCISE 1.10 

Draw all possible isomeric carbon skeletons with the following overall formulas: 

(a) C5H12 (b) CgHi4 (c) C7H16 

{Hint: It will help greatly if you draw the skeletal structures first. Then add the 
number of hydrogens necessary to complete the valence of each carbon. This is a 



more important exercise than you might think. Its main purpose is to help you 27 
draw chemical structures and to recognize when different drawings represent the 
same structure, as below.) 1.4 Cycloalkanes 

1.4 

Cycloalkanes 

■ Structures and Formulas 

For alkanes with three or more carbon atoms, an alternative type of 
structure is possible. For example, three carbons can bond in such a way TV® I 
that each one is bonded to both of the others. This bonding produces the 
structure shown in Figure 1.22, a cyclic, three-carbon compound called cy- #io Cycloalkanes 

clopropane. (Monocyclic) 

FIGURE 1.22 

Three representations of the structure of cyclopropane: line drawing (left), ball- 
and-stick (center), and space-filling (right). 

Because cyclopropane’s three carbon atoms are constrained in a ring, 
its molecular formula is different from propane’s. The formula for cyclo¬ 
propane is C3H6; that for straight-chain propane is C3Fl8. Each time a ring 
of carbon atoms is formed, two fewer hydrogens are needed to satisfy the 
valence requirements of the carbon atoms. You can imagine that cyclo¬ 
propane might be formed from propane by removing a hydrogen atom from 
each end carbon atom and then linking these end carbons together: 

c3h8 c3h6 
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1 Structure and Bonding 
in Alkanes 

Thus, the formula for cyclopropane should have two hydrogen atoms fewer 
than that for propane. As mentioned in Section 1.3, the overall formula for 
isomeric hydrocarbons composed entirely of sp3-hybridized atoms is 
C„H2„+2- A cycloalkane with one ring has the overall formula C„H2„. For 
molecules containing only a bonds, any deviation from the overall formula 
must be due to the introduction of rings: each time a ring is formed, two 
fewer hydrogens are needed. Thus, you can recognize from the formula of 
an alkane whether it includes one or more rings. To obtain the number of 
rings in an alkane with n carbon atoms, subtract the number of hydrogen 
atoms (m) from 2n + 2 and then divide by 2: 

(2 n + 2) — m 
Number of rings = -- (1) 

(m = number of hydrogen atoms present in 
a hydrocarbon containing n carbon atoms) 

For example, for an alkane with the molecular formula C9Hi6, equation 1 
gives 

Number of rings = 
(2 X 9 + 2) - 16 

2 
= 2 

CHEMICAL PERSPECTIVES 

A CYCLOPROPANE-CONTAINING INSECTICIDE 

Few naturally occurring compounds contain cyclopropane rings. Some com¬ 
pounds that do are the pyrethrins—for example, pyrethrin II. 

Pyrethrin II 

Pyrethrins are potent insecticides. They 
got their name because they are found 
in chrysanthemums, flowers belonging 
to the genus Pyrethrum. Although these 
compounds are isolated from natural 
sources and thus are frequently as¬ 
sumed to be innocuous by many peo¬ 
ple, they cause severe allergic dermati¬ 
tis and systemic allergic reactions in 
some individuals. 



29 EXERCISE 1.11 

Assuming that each of the following formulas represents a hydrocarbon contain¬ 
ing only cr bonds, predict whether the compound has zero, one, or two rings, and 
draw at least three possible carbon skeletons corresponding to your prediction. 

(a) C5H10 (b) C5H8 (c) C6H12 (d) C6H10 (e) C7H14 

(Hint: It will be easiest to start with the largest ring possible and then make the 
ring smaller and smaller.) 

1.4 Cycloalkanes 

EXERCISE 1.12 

Determine the molecular formula for each of the following cyclic compounds. Then 
use the formula and equation 1 to determine the number of rings. (Warning: You 
cannot always determine the number of rings by simply counting those you can 
see.) 

Ring Strain 

Close inspection of the structure of cyclopropane reveals a difficulty. 

Because three points determine a plane, the three carbon nuclei in cyclo¬ 

propane must be coplanar. Simple geometry requires the sum of the 

C—C—C angles within this cyclic structure to be 180°, so each C—C—C 

angle must be 60°. However, all three carbon atoms are formally sp3-hy- 

bridized and would form much stronger bonds if they could assume the 

normal tetrahedral bonding angle of about 109°. This deviation of 49° from 

the normal bonding angle for sp3-hybridized atoms confers appreciable ring 

strain on this molecule and destabilizes it. The ring strain causes cyclo¬ 

propane to have a higher potential energy content than it would otherwise 

have. The “extra” energy released when cyclopropane is burned, called its 

strain energy, is about 28 kcal/mole. 
Let’s now consider ring strain in the cycloalkane with four carbons. 

Planar and nonplanar representations of cyclobutane are shown in Figure 

1.23. With all four carbon atoms of cyclobutane in a plane, the C—C—C 

bond angles have to be 90° (if all C—C bond lengths are equal). Moving 

FIGURE 1.23 

Two conformations of cyclobutane: planar (left) and puckered (right). The non¬ 
planar conformation is lower in energy by a few kilocalories per mole. 
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one carbon atom out of the plane of the other three decreases the C—C—C 
bond angles, increasing the ring strain. However, other unfavorable inter¬ 
actions (discussed in Chapter 5) are reduced when cyclobutane is not pla¬ 
nar. The overall result of these two factors is that the minimum energy 
arrangement of cyclobutane is the one in which the carbon skeleton of the 
ring is puckered. The planar and puckered forms of cyclobutane differ only 
in the relative orientation of atoms about a bonds and are thus conforma¬ 
tional isomers, similar to those presented previously for ethane. 

Cyclopentane (C5H10) can have five, four, or only three of its carbon 
atoms coplanar (Figure 1.24). As with cyclobutane, moving one or two of 
the carbon atoms out of the plane of the others makes the bond angles 
within the cyclopentane ring smaller than those of a regular pentagon (108°) 
but decreases other unfavorable interactions. The energy differences be¬ 
tween the planar and nonplanar arrangements are small, but they favor the 
two nonplanar arrangements. All three conformations of cyclopentane 
shown in Figure 1.24 have significantly less strain energy than either of the 
conformations of cyclobutane shown in Figure 1.23 because the bond an¬ 
gles in cyclopentane are closer to the ideal tetrahedral angle of 109.5°. 

FIGURE 1.24 

Three conformations of cyclopentane. The two nonplanar conformations (center 
and right) are nearly equal in energy, and both are lower in energy than the pla¬ 
nar conformation (left). 

If the carbon skeleton of cyclohexane (C6H12) were planar, the 
C—C—C bond angles would be those of a regular hexagon, 120°. By mov¬ 
ing two of the atoms out of the plane of the other four, the bond angles 
can be reduced to 109.5°. Since this nonplanar conformation of cyclohexane 
(Figure 1.25, right) is free of ring strain, cyclohexane—like other saturated, 
six-member cyclic carbon compounds—has a unique stability. 

FIGURE 1.25 

Planar (left) and nonplanar (right) cyclohexane conformations differ in energy; 
the nonplanar conformation is considerably more stable. 



TABLE 1.2 

Strain Energies of Cyclic Hydrocarbons 

Name Structure 
Strain Energy 
(kcal/mole) 

Cyclopropane A 27.6 

Cyclobutane □ 26.4 

Cyclopentane O 6.5 

Cyclohexane Cj 0 

Cycloheptane 6.3 

Name 

Cyclooctane 

Cyclononane 

Cyclodecane 

Cyclododecane 

Structure 

To summarize, the smallest cycloalkanes have large strain energies. 
Increasing ring size is accompanied by a trend to lower strain energy, reach¬ 
ing a minimum for cyclohexane. Further increases in ring size result in 
increases in ring strain, but the increases do not follow a regular pattern. 
The strain energies of cycloalkanes are listed in Table 1.2. The three-di¬ 
mensional structures of cyclic hydrocarbons are discussed in more detail in 
Chapter 5. 

EXERCISE 1.13 

There is very little difference in strain energy between cyclopropane (27.6 
kcal/mole) and cyclobutane (26.4 kcal/mole) even though the bond angles of cy¬ 
clobutane are considerably closer to the tetrahedral angle (60° versus —90°). Why 
are the strain energies not significantly different? (Hint: The number of carbon 
atoms differs in these two compounds.) M 

L5 

Nomenclature 

■ IUPAC Rules 

Because of the great number of compounds containing carbon and the 
range in complexity of their skeletons, each specific compound requires a 
unique name. The International Union of Pure and Applied Chemistry 

Strain Energy 
(kcal/mole) 

9.6 

12.6 

12.0 

2.4 
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33 (IUPAC) has provided a set of rules for naming organic compounds in an 
exact way. In accord with the IUPAC rules, a hydrocarbon is specifically 
identified by a root, which indicates the number of carbon atoms in the 
longest continuous chain, and a suffix, which describes the kind of bonds 
present in the molecule. Prefixes indicate where side chains of carbons or 
other substituents are attached. 

Straight-Chain Hydrocarbons 

A hydrocarbon in which all carbon atoms are sp3-hybridized is a mem¬ 
ber of the class of alkanes, designated by the suffix -ane. When a double 
bond is present, the suffix is -ene, and the compound is an alkene. When 
a triple bond is present, the suffix is -yne, and the compound is an alkyne. 
The root names indicating the number of carbon atoms in the longest con¬ 
tinuous chain are derived from Greek or Latin, except for the first four 
members of the series. For a cyclic structure, the prefix cyclo- is inserted 
before the root. Table 1.3 gives the skeletons and names of hydrocarbons 
containing up to ten carbon atoms. Comparable names apply to larger sys¬ 
tems. 

Branched Hydrocarbons 

For branched hydrocarbons, IUPAC rules dictate that the longest con¬ 
tinuous carbon chain be identified as the root, with branching groups 
named as alkyl substituents. An alkyl group can be considered as an alkane 
from which one hydrogen has been removed; the name is derived by re¬ 
placing the suffix -ane with -yl. Thus, CH3 is a methyl group, C2H5 an ethyl 
group, and so forth. The position along the main carbon chain where an 
alkyl group is attached is designated by a number. The numbering of car¬ 
bon atoms in the chain starts at the end closest to where the substituent is 
attached so that the lower of two possible numbers can be assigned to that 
position. 

Figure 1.26 presents the names for some six-carbon hydrocarbons. Note 
that the same compound can often be drawn in more than one way, as 
shown for 2-methylpentane. However, whether you number from the right 
or the left along the carbon chain, as long as you assign the carbon to which 
the methyl group is attached the lowest possible number, you obtain the 
same unique name for either representation. The two structures shown for 
2-methylpentane are really the same compound. (Use your molecular model 
set to convince yourself that they are indeed identical.) The presence of 
more than one alkyl group along a carbon chain is indicated by a Greek 
prefix (di-, tri-, tetra-, penta-, etc., for 2, 3, 4, 5 alkyl substituents). In this 

Hexane 2-Methylpentane 3-Methylpentane 2,3-Dimethylbutane 

FIGURE 1.26 

1.5 Nomenclature 

2,2-Dimethylbutane 

The isomeric hexanes (C6Hi4). 
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case, each alkyl group must be assigned a number (as low as possible) to 

indicate its position. Figure 1.26 shows two isomeric dimethylbutanes, as 

well as 3-methylpentane. (The latter is not named 2-ethylbutane. Recall that 

the IUPAC rules stipulate that the longest continuous carbon chain is the 

root in the compound name.) 

TV® | 
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Alkyl Groups 

Alkyl groups with more than two carbons are often designated by com¬ 

mon rather than IUPAC names. The common names designate not only the 

structure of the alkyl group but also the point on the group at which it is 

attached to the main chain. Table 1.4 shows the structures and names of 

some alkyl groups that are encountered frequently and should be memo¬ 

rized. The prefix n- (normal) refers to a straight-chain alkyl group, whose 

point of attachment is at a primary carbon—that is, one bonded to only 

one other carbon. The prefix iso- describes an alkyl group in which the point 

of attachment is at the end of a carbon chain that bears a methyl group at 

the second carbon from the opposite end. (This is easier to picture than to 

describe; look at the isopropyl, isobutyl, and isopentyl groups in Table 1.4.) 

The name 5-butyl designates an alkyl group whose point of attachment is 

at the second carbon of a four-carbon straight chain. Here, s- is short for 

“secondary,” indicating attachment at a secondary carbon—that is, one at¬ 

tached to two other carbons. The name f-butyl indicates attachment at the 

group’s central carbon. Here, f- means “tertiary,” indicating attachment at 

a tertiary carbon—that is, one bonded to three other carbons. The prefixes 

s- and f- are used only for butyl groups because longer alkyl groups often 

contain more than one type of secondary carbon, and so either of these 

designations would not be unique. The prefixes n- and iso- are used for 

longer chains. The prefix neo- is used almost exclusively for the neopentyl 

group,—CH2C(CH3)3. 

TABLE 1.4 

Some Alkyl Groups and Their Common Names 

Name Structure Name Structure Name Structure 

methyl —ch3 isobutyl CH 
(Me) (z-Bu) 

ethyl —ch2ch3 
—CH2CH 

(Et) CH. 
n-propyl 
(zz-Pr) 

—ch2ch2ch3 s-butyl 
(s-Bu) 

CH2CH 

isopropyl ch3 —CH 

O'-Pr) 
—CH ch3 

ch3 
f-butyl 
(t-Bu) 

ch3 

zz-butyl 
(n-Bu) 

—ch2ch2ch2ch3 —C—CH. 

ch3 

n-pentyl — CH2CH2CH2CH2CH3 

(n-Pent) 

isopentyl CH3 
(z-Pent) 

—CH2CH2CH 

ch3 

neopentyl CH3 
(zzeo-Pent) 

—CH2—C—ch3 

ch3 



35 EXERCISE 1.14 

Write a correct name for each of the following hydrocarbons: 

(c) (e 

Cis and Trans Isomers 

Because of the bond angles that result from the sp3-hybridization of 

carbon atoms, alkyl groups attached to the ring carbons in a cycloalkane 

are located either above or below the atoms that form the plane of the ring. 

If only one such group is present, the designations “above” and “below” are 

arbitrary because there is no point of reference. However, if two or more 

groups are present, the relative positions of the groups are fixed: Two groups 

on the same side of the ring are said to be in a cis arrangement; two groups 

on opposite sides of the ring are said to be in a trans arrangement. 

cis trans 

These two arrangements cannot be interconverted by rotation about a 

(J bond and are referred to as cis and trans isomers. Names of compounds 

with two or more substituents on a cycloalkane skeleton must designate the 

substituents as either cis or trans. For example, the structures shown above 

are correctly named cis- and trans- 1,2-dimethylcyclohexane. 

EXERCISE 1.15 

To develop your skills in naming alkanes, assign names to the isomers you drew in 
Exercises 1.9 and 1.10. 

EXERCISE 1.16 

Draw the structure that corresponds to each of the following IUPAC names: 

(a) 3,3,4-trimethyloctane (d) czs-l,2-dimethylcyclopentane 

(b) n-propylcyclopentane (e) trans- 1,4-dimethylcyclohexane 

(c) 3-ethyl-2-methylhexane 

1.5 Nomenclature 
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1.6 

Alkane Stability 

In equilibrium reactions, the more stable compound predominates, and in 

reactions that can yield more than one product, it is generally (but not al¬ 

ways) the more stable product that is formed in the higher yield. Thus, it 

is important to understand the relative stability of organic compounds. 

Heat of Combustion 

FIGURE 1.27 

Schematic diagram of a 
calorimeter. 

Isomeric alkanes usually have slightly different energies (different free- 

energy contents). One method of determining the order of stability of iso¬ 

mers is to measure the heat of combustion (AHe), the amount of heat re¬ 

leased when each isomer is converted into common products. 

Alkanes burn in air, producing water and carbon dioxide. The reaction 

is as follows: 

C„H2„+2 + y-—j 02 -» n C02 + (n + 1) H20 + heat (ATT) 

When an alkane is completely burned to carbon dioxide and water, heat 

is given off; the amount of heat is determined by the carbon and hydrogen 

content of the hydrocarbon. The greater the amount of heat given off (per 

mole of carbon dioxide released), the higher was the alkane’s energy con¬ 

tent and the less stable it was. A calorimeter is an instrument that is used 

to measure precisely the amount of heat released in a reaction. The device 

consists of a small closed vessel containing a measured quantity of the alkane 

to be burned (Figure 1.27). The vessel is immersed in a liquid, typically wa¬ 

ter, and the heat released in the chemical reaction warms the liquid. From 

the resulting change in temperature and the known heat capacity of the liq¬ 

uid, the heat released in the reaction is calculated. This heat is then con¬ 

verted to a molar basis to obtain the heat of combustion. 

CHEMICAL PERSPECTIVES 

HYDROCARBON BRANCHING AFFECTS GASOLINE QUALITY 

The degree of branching of a hydrocarbon affects not only how much heat 
is released when the hydrocarbon undergoes combustion, but also how 
rapidly it reacts. Overly rapid burning of gasoline in an internal combustion 
engine leads to the sound referred to as “knocking”; the fuel burns so rapidly 
that it explodes. Isooctane (the “trivial,” or non-IUPAC, name for 2,2,4- 
trimethylpentane) is used as a standard against which other hydrocarbons 
and mixtures of hydrocarbons are rated. Isooctane is arbitrarily assigned the 
value 100 on the “octane scale,” with n-heptane representing zero octane. 
Measurements of the rate of combustion of gasoline samples are done 
both in the laboratory and in actual engines, and the average from the two 
methods serves as the octane rating. 
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Heats of Combustion of Some Alkanes 

AHC" 

Alkane (kcal/mole)* 
ah; 

Alkane (kcal/mole)+ 

212.9 

373.0 

530.4 

687.8 

845.0 

843.4 

840.0 

A 499.8 (166.6/0+ 

656.3 (164.1/0+ 

o 793.6 (158.7/C)+ 

o 
944.7 (157.4/C)+ 

\ 1108.3 (158.3/0+ 

1.6 Alkane Stability 

AHC is the heat released when 1 mole of compound is completely oxidized to carbon dioxide 
and water under standard conditions (1 atm 02 at 0 °C). 
'Values in parentheses are obtained by dividing AH°c by the number of carbon atoms. 

Table 1.5 presents heats of combustion (on a molar basis) for various 

alkanes. Several trends are clear. The greater the number of carbon atoms 

in an alkane, the greater is its molar heat of combustion, because more mol¬ 

ecules of carbon dioxide and water are produced, releasing energy as they 

are formed. In a series of isomeric hydrocarbons, linear alkanes (for exam¬ 

ple, n-pentane) have higher heats of combustion than do more highly 

branched isomeric alkanes (for example, neopentane, or 2,2-dimethyl- 

propane). A branched alkane is therefore more stable than its straight-chain, 

unbranched isomer. Cyclopropane and cyclobutane have higher heats of 

combustion, per carbon atom, than do larger cycloalkanes because of ring 

strain. 

EXERCISE 1.17 

Calculate the heat of combustion for each of the following compounds. (The heat 
capacity of water is 1.0 cal/g °C. Assume that no heat is lost during the measure¬ 
ment.) 

(a) Combustion of 1.0 g C3H6 produces enough heat to warm 1000 g of water by 

12 °C. 

(b) Combustion of 1.0 g C6H]2 warms 250 g of water by 45 °C. 

Heat of Formation 

A second way to determine the relative stabilities of isomeric alkanes is 

to measure their heats of formation. The heat of formation (AHf) is a the¬ 

oretical number that describes the energy that would be released if a mol- 
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ecule were formed from its component elemental atoms in their standard 

states. 

n C + (n + 1) H2 -» CnU2n+2 + heat (AHf) 

Graphite (Gas) 

Thus, the heat of formation of an alkane represents a measure of the amount 

of heat that would be released if the alkane were formed from elemental 

carbon and hydrogen. Alkanes’ heats of formation are often calculated from 

their heats of combustion by the following sequence. (The heats of forma¬ 

tion of carbon dioxide and water are constant irrespective of the materials 

from which they are formed.) 

n CO, + (n +1) H,0 

Summary 
'• ^ ----------- 

1. Hydrocarbon structures are based on a tetravalent carbon atom: that 

is, the valence requirement of the Group IV element carbon is satisfied by 

forming four bonds with other atoms. That the valence requirement of car¬ 

bon is met can be checked by drawing a Lewis dot structure, which speci¬ 

fies the position of shared electrons between atoms and accounts for non- 

bonded electrons. 

2. In carbon, four equivalent sp* 1 2 3 4 5 6-hybrid orbitals are directed toward 

the apices of a tetrahedron, to minimize electron-electron repulsion. 

Hydrocarbons containing only sp3-hybridized atoms are called alkanes and 

are considered saturated. The bond angles at an sp3-hybridized carbon are 

approximately 109°, and the bond lengths are about 1.54 A for a car¬ 

bon-carbon bond and 1.10 A for a carbon-hydrogen bond. The carbon 

skeleton is held together by sigma (cr) bonds. 

3. Hydrocarbons are nonpolar and, as a group, have relatively low melt¬ 

ing points and boiling points. Hydrocarbons are most soluble in other non¬ 

polar liquids and exhibit only weak intermolecular forces dominated by van 

der Waals attractions. 

4. Alkanes without rings (acyclic alkanes) have the overall formula 

Cn^2n+2' 

5. Monocyclic alkanes have the general formula C„H2„. For each ring 

present, a cycloalkane requires two fewer hydrogen atoms than does a 

straight-chain alkane with the same number of carbons. Except for cyclo¬ 

hexane, cycloalkanes exhibit ring strain. 

6. Alkanes are named by IUPAC rules. Each name combines a root, 

which specifies the number of carbons in the longest continuous chain of 

carbon atoms, with the suffix -ane, which specifies the chemical family of 



39 the compound as an alkane. Branches attached to the longest chain are 
named as alkyl groups, and their positions are indicated by a number that 
specifies the point of attachment along the chain. Alkanes containing rings 
are named by inserting the prefix cyclo- before the root descriptor. 

7. Linear alkanes are less stable (that is, have higher heats of combus¬ 
tion) than their more highly branched isomers. The relative stability of an 
alkane is determined by measuring the amount of heat released when the 
alkane is completely burned to water and carbon dioxide (its heat of com¬ 
bustion) or the amount of heat that would be released if the alkane were 
formed from elemental carbon and hydrogen (its heat of formation). 

Review Problems 

Review Problems 

1.1 Identify the atom or ion represented by each of the following electron con¬ 
figurations: 

(a) a monocation, ls22s22p6 (c) a dianion, ls22s22p43s23p6 

(b) a dication, ls22s22p6 (d) a neutral atom, ls22s22p6 

1.2 Classify the bond shown in red in each of the following structures as polar 
covalent, nonpolar covalent, or ionic. 

H 

(a) H3CCHCH3 

on 

(b) H3CCHCH3 

H 

(c) H3CO—Na (e) H3C- 

OH 

(d) H2CCHCH3 (f) Br3C 

1.3 Calculate the formal charges on each atom in the following compounds and 
ions. 

(a) tetrafluoroborate, BF4e (d) hydronium, H3Oe 

(b) ammonium, NH4® (e) molecular hydrogen, H2 

(c) methane, CH4 

1.4 Draw a Lewis dot structure for each of the following: 

(a) CO (d) carbonate, CO3© 

(b) C02 (e) formaldehyde, H2C=0 

(c) acetylene, HC=CH 

1.5 Draw a Lewis dot structure for each of the following: 

(a) cyclopropane (c) CH3CHCICH3 

(b) propane (d) ammonium cation, NH4® 

1.6 In each of the following compounds or ions, identify the atom that bears 
formal positive charge: 

r -1© 

(a) H:0:H 

H:C:S:C:H 

H:6:H 

(b) 
H:0 

. H 
c’ 

’’h 
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1 Structure and Bonding H:0:C:H H:0:C:C:N:H 
in Alkanes H H H H H 

1.7 Draw a structure that corresponds to each of the following names: 

(a) 5-s-butylnonane (c) 4-isopropyloctane 

(b) trans-l,3-diethylcycloheptane (d) cis-1 -f-butyl-3-methylcyclopentane 

1.8 Draw the structure of each of the following alkyl groups: 

(a) t-butyl (b) isopropyl (c) s-butyl (d) ethyl 

1.9 Provide the IUPAC name for each of the following structures: 

1.10 It is possible to replace individual hydrogen atoms in an alkane with halo¬ 

gen atoms. If nonequivalent hydrogens are substituted in this way, isomers are 

formed. The equivalence or nonequivalence of various hydrogens in an alkane 

can be assessed by considering whether their substitution by halogen atoms re¬ 

sults in the formation of isomers. Draw the three possible isomeric structures for 

C5H12, and determine which of the skeletons has exactly one monofluoro deriva¬ 

tive, three different monofluoro derivatives, and four different monofluoro deriv¬ 

atives. 

1.11 Which isomer of the following pairs has the higher heat of combustion? 

(a) 2-methylhexane or heptane 

(b) 2,2-dimethylpropane or 2-methylbutane 

(c) octane or ds-l,2-dimethylcyclohexane 



1.12 Compare the following structure with each of compounds A—D: 

Are they isomers? The same compound (differing only by rotation about a single 
bond)? Or compositionally different compounds? 

BC D 

Supplementary Problems 

1.13 Suggest acceptable names for each of the following compounds: 

1.14 Draw a structure correctly representing each of the following: 

(a) 3-methylpentane 

(b) 3-ethyloctane 

(c) 1,1-dimethyl cyclopropane 

(d) isopropylcyclooctane 

1.15 Suggest an alkane that has: 

(a) a lower heat of combustion than butane 

(b) a higher heat of formation than butane 

(c) a lower boiling point than butane 

1.16 Give the molecular formula for each of the following: 

(a) an acyclic alkane with eight carbon atoms 

(b) a cyclic alkane (one ring) with six carbon atoms 

(c) an alkane with four carbons and no rings 

(d) an alkane with twelve carbons arranged into three rings 

1.17 Each of the following incorrect names provides sufficient information to 

draw a unique structure. Draw each compound, and then determine why the 

name is incorrect according to IUPAC rules. Name the compound correctly. 

(a) 1,1,1 -trimethylbutane (c) 3-n-propylpentane 

(b) 3-dimethylbutane (d) 2-isopropylheptane 

41 
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1.18 Is each of the following structures the same as 2,4-dimethyioctane or an 

isomer? 

(b) ch3 ch3 
I I 

h3c—ch—ch—ch2—ch2—ch2 

ch3 

(c) H2C—CH2—CH2—CH—CH2—CH—CH3 

ch3 ch3 ch3 

1.19 If gasoline is spilled into a lake, an oil slick floating on the surface forms 
rapidly. What properties of alkanes are responsible for such oil slicks? 

1.20 Assign the relative stabilities of the C5H12 isomers shown. The heat of com¬ 
bustion of pentane is 845.0 kcal/mole, that of 2-methylbutane is 843.4 kcal/mole, 
and that of 2,2-dimethylpropane is 840.0 kcal/mole. 

1.21 All of the hydrogens of a C5H12 isomer are known to be equivalent. Which 
isomer is it? 

1.22 Differentiate a covalent from an ionic bond using an explanation that 
would be appropriate for someone who had some science background. 

1.23 Can the relative strengths of the covalent bonds in 02 and Cl2 be deter¬ 
mined solely from the melting points? The boiling points? 

1.24 The structures of diamond, graphite, and C6o (a fullerene) are shown in 
Figure 1.1. Predict which of these carbon allotropes has the lowest boiling point. 

1.25 Hydrogen forms a stable compound with each of the atoms in the second 
row of the periodic table except neon. Based on the positions of these elements 
in the periodic table, provide formulas for the hydrides of beryllium, boron, car¬ 
bon, nitrogen, oxygen, and fluorine, and explain why no stable compound HxNe 
has yet been prepared. 

1.26 Write a line structure to represent each of the following alkanes, omitting 
any C—H bonds present: 

(a) 2-methylpentane (b) CH3CH2CH(CH3)CH2CH2CH(CH3)2 

1.27 Define an alkyl group. 



Alkenes, Aromatic 
Hydrocarbons, and Alkynes 

A three-dimensional represen- __ 
tation of benzene showing 

atoms, bonds, and orbital 

overlap. 



* Zflkanes, discussed in Chapter 1, are hydrocarbons in which all carbon 

y JL atoms are sp3-hybridized. Because the carbon and hydrogen atoms in 

an alkane are connected only by sigma (a) bonds, the alkanes constitute 

the simplest class of organic compounds. To understand the chemical and 

physical properties of other classes of organic compounds, you must study 

those of carbon atoms that are not sp3-hybridized and, later, those of ele¬ 

ments other than carbon and hydrogen attached to the carbon backbone. 

In this chapter, you will study the structures of hydrocarbons that have 

double bonds (alkenes) or triple bonds (alkynes) between carbon atoms, as 

well as those that have several such multiple bonds (dienes and aromatic 

compounds). Hydrocarbons with multiple bonds are said to be unsaturated. 

Double and triple bonds give rise to a characteristic geometry at the atoms 

involved. In addition, a multiple bond constitutes an area of special reac¬ 

tivity in a molecule (a functional group). When there is more than one mul¬ 

tiple bond in a molecule, interactions between groups of multiple bonds 

can occur, giving rise to compounds with unusual stability (conjugated and 

aromatic compounds). 

As is true of alkanes, unsaturated hydrocarbons (alkenes, dienes, aro¬ 

matic hydrocarbons, and alkynes) are relatively nonpolar and interact in- 

termolecularly primarily through van der Waals attractions. Compounds in 

these families thus have relatively low melting points and boiling points 

(Table 2.1) and are soluble in nonpolar solvents. As with alkanes, melting 

points and boiling points of unsaturated hydrocarbons increase with in¬ 

creasing molecular weight. 

Alkenes 

In alkanes, the valence requirements of each carbon atom are satisfied by 

the formation of four a bonds. In alkenes, the valence requirements of at 

least two adjacent carbon atoms are satisfied by the formation of three a 

bonds and one it bond between these neighboring atoms. Taken together, 

a a bond plus a 77 bond constitutes a double bond. The high electron den¬ 

sity associated with the double bond confers special reactivity on this part 

of the molecule; such a group of atoms that undergoes characteristic and 

selective reactions is called a functional group. The geometry and chemi¬ 

cal characteristics of the double bond can be explained in terms of hy¬ 

bridization at carbon. Unlike the sp3-hybridized carbon atoms found in 

alkanes, the carbon atoms of the double bond in alkenes are sp2-hybridized 
and participate in 77 bonding. 

Hybridization 

In discussing alkanes, we considered hybridization in which the 2s or¬ 

bital is mixed with all three 2p orbitals of carbon to form four sp3-hybrid 

orbitals. For alkenes, the geometry and chemical characteristics can be ex¬ 

plained on the basis of sp2 hybridization, in which the s orbital is mixed 

with only two p orbitals. The doubly bonded carbon atoms thus have three 

equivalent sp2-hybrid orbitals and one unchanged p orbital. 44 



TABLE 2.1 45 

Physical Properties of Some Unsaturated Hydrocarbons 2A Mkenes 

Name Formula Boiling Point (°C) Melting Point (°C) 

Ethene C2H4 -104 -169 

Ethyne C2H2 -84 -81 

Propene c3H6 -48 -185 

Propyne c3h4 -23 -102 

1-Butene c4h8 -6 -185 

frarcs-2-Butene c4h8 1 -105 

n’s-2-Butene c4h8 4 -139 

1-Butyne c4h6 8 -126 

2-Butyne c4h6 27 -32 

Benzene c6h6 80 5.5 

C: Is 2s 2px 2pz 2py 

W V 

Three One p 
sp2-hybrid orbital 

orbitals 

Like 5p3-hybrid orbitals, the sp2-hybrid orbitals are directed as far away as 

possible both from each other and from the remaining p orbital, which does 

not take part in the hybridization. In this arrangement, the three sp2- 

hybrid orbitals lie in one plane and are directed toward the vertices of a 

regular triangle (at 120° angles). The remaining p orbital is perpendicular 

to this plane, as shown in Figure 2.1. 

The electron density distribution for an sp2-hybridized carbon atom 

differs significantly from that for an sp3-hybridized carbon. Because an sp2- 

hybrid orbital has a larger fraction of s character, it has greater electron den¬ 

sity near the nucleus. As a consequence, the electrons in an sp2 orbital are 

held more tightly by the nucleus than are electrons near an sp3 orbital. When 

forming a bond, an sp2-hybridized carbon atom behaves as if it were more 

Side view Top view 

(three sp2 ) + 

FIGURE 2.1 
MAMmMmw"*****_—- 

Combination of the 2s and the 2px and 2pz orbitals produces three hybrid or¬ 
bitals referred to as sp2 orbitals. The 2py orbital not involved in hybridization is 

shown in gray. 



FIGURE 2.2 
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Sigma and pi overlap be¬ 
tween sp2-hybridized carbon 
atoms. For clarity, the sp2- 
hybrid orbitals are shown in 
blue; the p orbitals partici¬ 
pating in 77 bonding are gray. 
(Each carbon has two addi¬ 
tional sp2-hybrid orbitals in¬ 
volved in additional cr 
bonds.) 
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electronegative than an sp3-hybridized carbon atom. We will see in later 

chapters how this difference influences the relative stability of anions formed 

at carbons of different hybridization. 

Sigma Bonding 

A carbon-carbon a bond can be formed by the overlap of two sp2- 
hybrid orbitals, one from each of two adjacent carbon atoms, pointed to¬ 

ward each other (Figure 2.2). Although an sp2-hybrid orbital has less p char¬ 

acter than does the sp3-hybrid orbital used for cr bonding in alkanes, the 

sp2-sp2 cr bond in alkenes exhibits many characteristics similar to those of 

sp3-sp3 cr bonds. 

Pi Bonding 

In the three-dimensional arrangement shown in Figure 2.2, the p or¬ 

bitals on adjacent sp2-hybridized carbon atoms are coplanar. In this orien¬ 

tation, they interact above and below the molecular plane, thus forming a 

second bond in addition to the a bond formed by overlap of sp2-hybrid or¬ 

bitals. In this pi (77) bond, there are two regions of maximum density, one 

above and the other below a plane containing the two carbon atoms. (Recall 

that the electron density in a bonds appears as a cylinder along the axis 

connecting the two carbon atoms.) Overlap of two p orbitals on adjacent 

carbon atoms in this fashion cannot be accomplished without simultane¬ 

ous overlap of sp2 orbitals. Thus, a 77 bond between two atoms is always ac¬ 

companied by a cr bond. 

Molecular Orbitals 

Bonds between atoms result from the overlap of atomic orbitals. These 

bonds may be cr or 77. Sigma bonds result from direct overlap of hybrid or¬ 

bitals having some s character, and 77 bonds result from edge-to-edge over¬ 

lap of p orbitals. It is useful to view bonds as orbitals themselves, referred 

to as molecular orbitals to differentiate them from simple and hybrid 
atomic orbitals. 

Orbital Phasing: The Wave Nature of the Electron. An electron has 

properties that are characteristic of both a particle and a wave. In the re¬ 

stricted environment of the molecular orbital, the electron behaves more 

like a wave than a particle. For any standing wave that has a node, the phase 

of the wave is opposite from one side of the node to the other. Waves with 

nodes are found in a vibrating string of fixed length, such as a vibrating 

guitar string. The string has its lowest energy of vibration (the fundamen¬ 
tal frequency) when there are no nodes between the two fixed end points. 

The motion of all parts of the string at any point in time is uniform in di¬ 

rection (but not in magnitude). When the middle of the string is moving 

up, all other parts are also moving up, and all parts of the string are in 
phase. 

The string can also vibrate at a higher frequency (and energy), known 

as the first harmonic, which has a single node in the middle. In this case, all 

elements on one side of the node move in unison, but in the direction op¬ 

posite to that of all elements on the other side of the node. Thus, if the left 

side of the string is moving up, the right side is moving down. Note that 

we do not know which way a part of the string is moving at any particular 



time, only that the two ends are doing opposite things. The next higher en- 

ergy of vibration, the second harmonic, has two nodes separating three in¬ 

dividual segments of the string. As the middle moves in one direction, the 

two outside portions move in the opposite direction (both outside segments 

thus always move in the same direction). 

When two strings are vibrating at the same frequency, what we hear de¬ 

pends on whether they are in phase or out of phase with each other. If both 

strings are moving up, for example, they are moving the air in the same di¬ 

rection, and the combined sound is louder than one string alone. On the 

other hand, if they are moving in opposite directions, and are thus out of 

phase, they tend to cancel each other and the sound produced is muted. 

(You may have experienced this yourself if you have ever connected the 

speakers of a stereo system “out of phase.” The result is not total silence, be¬ 

cause the signal from each speaker arrives at your ears not only directly but 

also by reflection from the walls and ceiling.) Similarly, when orbitals over¬ 

lap in phase, electron density increases in the region of overlap. Conversely, 

when orbitals are combined out of phase, the result is diminished electron 

density in the region of overlap. Further, there are regions where the elec¬ 

tron densities of the two combining orbitals are equal in magnitude but op¬ 

posite in phase. The resulting molecular orbital will have no electron den¬ 

sity in this region, known as a node. 

Sigma Molecular Orbitals for Hydrogen. As a simple example, let’s 

consider the overlap of two hydrogen 1 s orbitals, each containing one elec¬ 

tron, to form the a bond of molecular hydrogen, H2. Combining two hy¬ 

drogen Is orbitals that are in phase (Figure 2.3) results in an increase of 

electron density between the hydrogen atoms. When the orbitals are com¬ 

bined out of phase, as at the top of the figure, the points that are at equal 

distance from each hydrogen atom (a plane) have a density in each orbital 

that is equal but opposite in phase. The result is total cancellation, and no 

electron density exists in this plane, which is thus a node. 

Combining atomic orbitals results in the formation of molecular or¬ 

bitals, a process similar to the formation of hybrid atomic orbitals. 

Molecular orbitals formed from atomic s orbitals or hybrid orbitals with s 

character are referred to as sigma (or) molecular orbitals. 

) 
I- A- 

9 
FIGURE 2.3 

In-phase overlap of Is atomic orbitals of hydrogen produces a bonding u molec¬ 
ular orbital. Out-of-phase overlap of the same orbitals produces an antibonding 
a molecular orbital. (Here and in other figures an orbital that is blue is in phase 
with another blue orbital and out of phase with one that is green.) 
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Recall that molecules are more stable than separated atoms only to the 

extent that the attraction between particles of opposite charge exceeds the 

repulsion between like-charged particles. This is best accomplished when 

the electrons are between the nuclei. In-phase overlap of atomic orbitals ac¬ 

complishes this objective, whereas out-of-phase overlap results in a nodal 

surface just where electron density should be maximal for bonding to oc¬ 

cur. In-phase overlap of atomic orbitals generates bonding molecular or¬ 

bitals; out-of-phase overlap forms antibonding molecular orbitals. 

Bonding and antibonding a molecular orbitals are symbolized by cr and 

cr*, respectively. Electrons in bonding orbitals lower a molecule’s energy, 

whereas electrons in antibonding orbitals increase the molecule’s energy 

compared with the separated atoms. For the hydrogen molecule, the two 

electrons of the individual atoms can both be placed in the bonding a mo¬ 

lecular orbital, resulting in a stable molecule. 

The orbital picture in Figure 2.3 is often represented schematically as 

shown in Figure 2.4. In this diagram, the separate atomic s orbitals are rep¬ 

resented at the left and right, with the hydrogen atoms sufficiently far apart 

that there is no interaction. As the atoms come together, the in-phase over¬ 

lap decreases in energy while the out-of-phase overlap increases. 

FIGURE 2.4 
____ 

Schematic representation of the orbital picture shown in Figure 2.3. The bonding 
molecular orbital that results from the in-phase overlap of the Is atomic orbitals 
of the hydrogens contains the two spin-paired electrons (shown as blue arrows). 

Sigma Molecular Orbitals for a Carbon-Carbon Bond. Fet’s con¬ 

sider the formation of a cr bond using sp2-hybrid orbitals. At the start, the 

two carbon atoms are separated so that there is no interaction between them 

(Figure 2.5). Then these atoms move closer together until they are sepa¬ 

rated by the bonding distance. As these carbons and their orbitals approach 

each other, phasing becomes important. The in-phase combination de¬ 

creases in energy, while the energy of the out-of-phase combination in¬ 

creases by an equal amount. The two available electrons, one from each 

carbon atom, naturally occupy the lower-lying, bonding a molecular or¬ 

bital, resulting in a molecule that is more stable than the separated atoms. 

The higher-energy a* molecular orbital is normally not populated because 

all of the valence electrons of the two atoms, which completely fulfill those 

atoms’ valence requirement, are accommodated in the o molecular orbital. 
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FIGURE 2.5 

Overlap of two sp2-hybrid atomic orbitals to form a cr molecular orbital. Both 
in-phase and out-of-phase combinations are possible. The former results in a 
bonding molecular orbital, and the latter in an antibonding molecular orbital. 

These molecular orbitals, like the atomic orbitals from which they are 

constructed, are mathematical surfaces that describe the likely positions of 

electron density. That two molecular orbitals (cr and <x*) result from the 

overlap of the two atomic hybrid orbitals should not surprise you: you have 

already seen that when atomic orbitals combine in the process of hy¬ 

bridization, the number of hybrid orbitals that results is exactly the same 

as the number of atomic orbitals from which they were formed. 

Pi Molecular Orbitals for a Carbon-Carbon Bond. Overlap of p 

atomic orbitals of two carbon atoms leads to the formation of bonding and 

antibonding pi (tt) molecular orbitals (Figure 2.6). Two electrons are avail- 

n* molecular orbital 

FIGURE 2.6 
n iiiniiniMiir irm rr-- 

Interaction of p orbitals to form it bonding and tt* antibonding molecular or¬ 
bitals in ethylene. The two noninteracting p orbitals are shown in gray because 
phasing is of no consequence in isolated orbitals. An in-phase combination of 
p orbitals produces the tt bonding molecular orbital, and an out-of-phase com¬ 
bination produces the tt* antibonding orbital. The bonding orbital has one node 
(the plane containing the carbon and hydrogen atoms). The antibonding orbital 
has an additional node, a plane between the carbon atoms and perpendicular to 

the C—C bond. 
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molecular 71* 

FIGURE 2.7 
_ 

The 77 bonding molecular orbital that results from the in-phase combination of 
p atomic orbitals holds the two spin-paired electrons in the most stable situation. 

able to fill these orbitals, one from each carbon atom. The molecule is most 

stable when both electrons occupy the bonding 77 molecular orbital (Figure 

2.7). 

The electron density of hybrid orbitals with s atomic orbital contribu¬ 

tion is located primarily on one side of the nucleus, whereas only half of 

the electron density of a p atomic orbital is found on one side of the nu¬ 

cleus (in any direction). Thus, overlap of hybrid atomic orbitals to form <x 

bonds is greater than overlap of p atomic orbitals to form 77 bonds. 

Bonding and antibonding orbitals are equidistant from the zero point 

of energy, where the atomic orbitals do not interact at all. Indeed, as we 

will explore in Chapter 3, placing one electron in the 77 molecular orbital 

and one in the 77* molecular orbital results in no net 77 bond, and free ro¬ 

tation about the underlying <x bond between the two carbons becomes pos¬ 

sible. 

Structures of Alkenes 

The structures of alkenes differ from those of alkanes in three impor¬ 

tant respects: bond angle, bond length, and hindered rotation about the 
double bond. 

Bond Angle. Let’s consider a two-carbon molecule containing a 

double bond. Each sp2-hybridized carbon atom participating in a and 77 

bonding with a neighboring carbon atom requires two additional a bonds 

to satisfy its valence electron requirement. For each carbon atom, two 

carbon-hydrogen bonds can be formed: two hydrogen 1 s orbitals overlap 

with two carbon sp2-hybrid orbitals. The molecule constructed in this way, 

ethene (also called ethylene), can be represented by the Lewis dot struc¬ 

ture and line structure shown. The a bonds of a doubly bonded carbon 

atom form a plane with bond angles of 120°. 

H . . H 
;c::c; 

H’ ‘ H 

H\ /H 

/c=c\ 
H H 

Ethene (or ethylene) 
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two bonds (rather than one) between atoms is that the atoms are held more 

closely to each other. The distance between carbons connected by a single 

bond (two sp3-hybridized carbons) is typically 1.54 A, whereas that between 

carbons joined by a double bond (two sp2-hybridized carbons) is 1.34 A. 
The length of the bond between an sp3 carbon and an sp2 carbon is inter¬ 

mediate between these two values (see the discussion of higher alkenes). 

Hindered Rotation. The existence of a tt bond between carbon atoms 

in ethene requires the overlapping p orbitals to be coplanar. This makes ro¬ 

tation about the carbon—carbon cr bond impossible without disruption of 

the 7T bond. For example, if the aligned geometry shown in Figure 2.2 were 

altered by a 90° rotation about the carbon—carbon bond, to a geometry in 

which the p orbitals were perpendicular, as in Figure 2.8, overlap between 

the p orbitals would be reduced to zero. Because overlap is necessary for 

bonding, this rotation effectively breaks the tt bond and makes it impossi¬ 

ble for the two tt electrons to be shared between the two atoms. The struc¬ 

ture at the left in Figure 2.8 can be represented by a Lewis dot structure in 

which four electrons are shared between the carbon atoms; the structure at 

the right has only two electrons shared in the a bond between carbons, with 
a single electron localized on each carbon. 

H . . H 

’c ::c[ 
H "* *’ H 

FIGURE 2.8 

,C:C. 

H ** H 

Twisting about a carbon-carbon tt bond in ethylene. At the left, the p orbitals 

overlap and the two electrons are shared between the two carbon atoms. When 

the p orbitals are perpendicular, as at the right, they can no longer overlap, and 

each electron in a p orbital is held by only one nucleus. Thus, this rotation de¬ 

stroys the tt bond. 

A structure bearing a single unpaired electron is called a radical. 
Because the structure on the right in Figure 2.8 has two noninteracting rad¬ 

ical centers, it is called a biradical. In the biradical, the valence requirement 

of neither carbon atom is satisfied, and the orthogonal (perpendicular) 

geometry is expected to be unstable compared with that of the isomeric 

structure at the left. Breaking the tt bond through rotation costs energy, 

and thus free rotation (like that in molecules containing only cr bonds) is 

not possible about a carbon-carbon tt bond. 

Higher Alkenes. The sp2-hybridized carbon atoms of an alkene can be 

substituted with hydrogen atoms, as in ethene, or with additional carbon 

atoms. For example, replacing a hydrogen of ethene with a methyl group 

results in propene. 
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H, 

H 

,c=c 
H 

CH, 

Propene 

The angle defined by the two a bonds connecting the sp2-hybridized cen¬ 

tral carbon atom to the other sp2-hybridized carbon atom and to the sp3- 

hybridized carbon (C-l—C-2—C-3) is 120°, as is consistent with the hy¬ 

bridization of the central atom. The bond angle at C-3 (C-2—C-3—H-3) 

is 109°, owing to the sp3-hybridization of C-3. The length of the cr bond 

between C-2 and C-3 (between sp2- and sp3-hybridized carbons) is only 

slightly shorter (1.50 A) than that of a typical sp3-sp3 carbon-carbon (rbond 

(1.54 A) but longer than that of the carbon-carbon double bond (1.34 A). 
Ball-and-stick and space-filling models of propene are shown. 

Propene 

Degree of Unsaturation. A hydrocarbon with a single 7rbond has two 

fewer hydrogen atoms than does one in which all carbon atoms are sp3- 

hybridized. An alkene can be thought of as being formed from an alkane 

by the removal of two hydrogen atoms from adjacent carbon atoms and 

then linking the two carbon atoms together with the remaining electrons. 

(Indeed, it is possible to prepare an alkene from an alkane, although not by 

the formalism shown here.) 

An alkane An alkene 

By comparison with the corresponding alkane having the same number of 

carbon atoms, an alkene has two fewer hydrogen atoms and is said to be 

unsaturated. An alkane, which has no tt bonds, is referred to as saturated. 
For each double bond present in a hydrocarbon (as for each ring), the mo¬ 

lecular formula will have two fewer hydrogen atoms than that required for 

a saturated, acyclic hydrocarbon, C„H2„+2; that is, simple alkenes have the 

overall formula C„Fl2n- The molecular formula of a hydrocarbon can be 

used to determine the total of double bonds and rings present, although 

the formula alone will not tell the number of each. 

Earlier it was pointed out that the number of rings in a hydrocarbon 

can be determined from the formula {In + 2 — m)l2, where n is the num- 
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mation of a double bond and formation of a ring both require the formal 

loss of two hydrogen atoms, this formula enables us to determine, from the 

molecular formula, the number of double bonds plus the number of rings 

present. J his value is called the index of hydrogen deficiency, or the de¬ 
gree of unsaturation. 

EXERCISE 2.1 

For each molecule, determine the number of double bonds and/or rings that are 
present. In each case, draw three carbon skeletons that correspond with your pre¬ 
diction. 

(a) C5H,0 (b) C5H« (c) C6H|2 ■ 

Isomerism in Alkenes 

In a four-carbon straight-chain hydrocarbon containing a double bond, 

there are two options for isomerism: constitutional and geometric. In con¬ 

stitutional isomers of alkenes, the position of the double bond differs. (The 

term structural isomers was formerly used for these isomers./ In geometric 

isomers of alkenes, the molecules differ in the relative disposition of one 

or more groups about the double bond. 

For butene, two constitutional isomers are possible since the double 

bond can be located between the first and second atoms of the chain (1- 

butene) or between the second and third (2-butene). Furthermore, because 

there is restricted rotation about the carbon-carbon double bond, there are 

two possible geometric isomers for 2-butene: one in which the two hydro¬ 

gen atoms are on the same side of the double bond, and another in which 

they are on opposite sides. If the same groups are on one side, the mole¬ 

cule is referred to as a cis isomer; if they are on opposite sides, it is called 

a trans isomer. 

1-Butene cis-2-Butene trans-2-Butene 

The barrier for interconversion of cis- and frans-2-butene, which requires 

a rotation that breaks the it bond, can be used as a measure of the energy 

of the 7rbond. An average value for the energy of a carbon-carbon vrbond 

is about 63 kcal/mole. This is well above the energy available to molecules 

at room temperature; therefore, at room temperature cis- and trans-2- 
butene exist as distinct chemical entities. 

Nomenclature for Alkenes 

In the name of an alkene, the position of the functional group (the dou¬ 

ble bond) is indicated by a number immediately before the root name and 

its designated ending i-ene). Numbering of the longest carbon chain con¬ 

taining the double bond starts at the end closest to that functional group, 

allowing it to have the lowest possible number. 
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1-Hexene 

trans-3-Hexene cis-3-Hexene 4-Methyl-1-pentene 

Note that for 4-methyl-1-pentene, the lower of the two possible numbers 
is assigned to the functional group (the double bond), not to the substituent 
methyl group. The numbering sequence along the longest chain starts at 
the end nearest the double bond; that is, the position of the functional group 
takes precedence over that of the alkyl group. 

In summary, use the following steps to apply the IUPAC rules for nam¬ 

ing simple alkenes: 

1. Determine the longest continuous carbon chain that contains the 

double bond, and name it with the appropriate root and the suffix -ene. 

2. Assign the first carbon atom of the double bond the lowest possible 

number. 

3. Name substituent branches as alkyl groups with their positions in¬ 

dicated by numbers. 

4. Indicate multiple substituents with the appropriate Greek prefix. 

EXERCISE 2.2 

Write the IUPAC name for each of these alkenes: 

EXERCISE 2.3 

Draw a structure that corresponds to each of the following IUPAC names: 

(a) 2-cyclopropyl-1-hexene (c) 2-isobutyl-1-heptene 

(b) 3-ethyl-1-octene 

Naming Geometric Isomers of Alkenes: E and Z Designations. The 

cis and trans designations for isomeric structures of alkenes are clear in sim¬ 

ple cases such as 2-butene, in which there are two identical substituents at 



each end of the double bond. The cis and trans designations become am¬ 

biguous, however, if the substituents are different, as, for example, for these 
isomeric alkenes: 

Which one is cis and which trans? To resolve such ambiguity, IUPAC has 

adopted a way to specify such isomers uniquely. The method consists of es¬ 

tablishing group priorities at each end of the double bond and then spec¬ 

ifying whether the groups of higher priority at each end are on the same or 
opposite sides of the double bond. 

At each carbon participating in a double bond, assign priorities to the 

two attached groups according to the atomic number of the attached atom. 

For example, in 3-methyl-2-pentene, a hydrogen atom and a carbon atom 

are attached to C-2. Carbon, being of higher atomic number, has priority 

over hydrogen, and therefore the methyl group has priority at C-2. A methyl 

and an ethyl group are attached to C-3; there is no atomic number differ¬ 

ence of the attached atom. Next, move out along each chain until the point 

at which an atomic number difference occurs. In both the methyl and the 

ethyl groups, a CH2 (methylene) group is attached to C-3; however, the 

methyl then has a hydrogen, whereas the ethyl has a carbon substituent. 

Because carbon has a higher atomic number than hydrogen, ethyl takes pri¬ 

ority over methyl at C-3. 

Next, the spatial relation between the groups having priority is indi¬ 

cated by using the designations E (from entgegen, German for “opposite”) 

and Z (from zusammen, “together”). In (£)-3-methyl-2-pentene, the ethyl 

group at C-3 is on the opposite side of the double bond from the methyl 

group at C-2. In the Z isomer, the ethyl and methyl groups are on the same 
side. 

(£)-3-Methyl-2-pentene (Z)-3-Methyl-2-pentene 

Some alkenes need no stereochemical designator: 2-methyl-2-butene 

has no cis or trans isomers because it has two identical groups on one of 

the doubly bonded carbon atoms. 
For more practice, you may return to Exercise 2.1 and name the iso¬ 

meric hydrocarbons you drew. 
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2-Methyl-2-butene 

EXERCISE 2.4 

Write a IUPAC name for each of the following hydrocarbons: 
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EXERCISE 2.5 

Draw the structure that corresponds to each of the following IUPAC names: 

(a) (£)-2-octene (c) ds-2-octene 

(b) (Z)-3-octene (d) frans-3-octene 

Alkene Stability 

Like isomeric alkanes, isomeric alkenes usually have slightly different 

energies. And as for the alkanes, the order of stability of alkene isomers can 

be determined by measuring the heat released upon conversion of each iso¬ 

mer into a common product. 

Heats of Combustion. Both alkanes and alkenes burn in air. Only the 

reaction stoichiometry differs: 

C„H2„+2 + ^~—j O2 -■» n CO2 + (n + 1) H2O + heat (AH^) 

Alkane 

C„H2„+(f)o2-^,,C02 + n H20 + heat (AfO 

Alkene 

The heats of combustion of various alkenes have been measured (Table 

2.2). As in alkanes, the greater the number of carbon atoms in an alkene, 

the greater is its molar heat of combustion. Within a series of alkenes, the 

cis isomer has a higher heat of combustion and is thus less stable than the 

trans isomer. For the butenes, for example, ds-2-butene has a higher heat 

of combustion than does frans-2-butene, and that of 1-butene is higher still. 

Thus, the order of stability of isomeric butenes is fran5-2-butene > cis-2- 

butene > 1-butene. The cis isomer is generally less stable than the trans iso¬ 

mer because if the two substituents were on the same side of the double 

bond they would “bump” into each other if the bond angles were the ideal 

120°: 

To avoid this interaction, the groups move away from each other, resulting 

in bond angle distortion that raises the alkene’s energy. 



TABLE 2.2 

Heats of Combustion (AH^) and Hydrogenationt (AH^) of Several Alkenes 

AH° A 
Hydrocarbon (kcal/mole) (kcal/mole) Hydrocarbon 

h2c=ch2 -32.8 

-30.1 

-649.5 -30.3 

-805.2 -30.3 

-30.3 

-647.8 -28.6 

-646.8 -27.6 

-645.4 -28.4 

-803.4 -28.5 

-801.8 -26.9 

\H° 
(kcal/mole) 

-607.4 

-761.7 

-768.8 

AH°h 
(kcal/mole) 

-28.6 

-20.7 

-24.0 

-57.1 

-54.1 

-60.8 

-60.5 

-26.6 

*Ais the heat released when 1 mole of the alkene is completely oxidized to carbon dioxide and water under standard conditions 
(1 atm C>2 at 0 °C). 

+AHh is the heat released when 1 mole of the alkene is completely hydrogenated under standard conditions (1 atm H2 at 0 °C). 

EXERCISE 2.6 

Based on the generalizations outlined in this section, predict which member of the 

following isomeric pairs has the higher heat of combustion. 

(a) 1-hexene or (£)-2-hexene (c) octane or 2,5-dimethylhexane 

(b) (£)-2-hexene or 2-methyl-2-pentene (d) (Z)-2-pentene or (£)-2-pentene 
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Heats of Hydrogenation. Isomeric alkenes can also be ranked in or¬ 

der of stability by measuring the heat released upon the addition of hy¬ 

drogen to generate a common alkane. For example, as shown in Figure 2.9, 

1-butene and cis- and trans-2-butene all produce butane when hydrogen is 

added across the double bond. As was true of heats of combustion, a lower 

heat of hydrogenation indicates a more stable isomer. 

§0 U 
0> 
C 

W 

Pt (cat.) 

— 30.3 kcal/mole 

+ h2 

+ H, 

Pt (cat.) 

—28.6 kcal/mole 
Pt (cat.) 

—27.6 kcal/mole 

FIGURE 2.9 

Heats of hydrogenation for the three isomeric butenes 1-butene, cz's-2-butene, 

and trans-2-butene. 

Addition of hydrogen to an alkene requires the presence of a catalyst, 

a compound that is not directly involved in the stoichiometry of the reac¬ 

tion but is necessary for the reaction to proceed at a reasonable rate. 

Platinum is often used as the catalyst for the addition of hydrogen, and the 

general reaction is referred to as catalytic hydrogenation. 

Catalytic Hydrogenation 

This type of reaction is also called an addition reaction, because two sim¬ 

ple molecules combine to form a product of higher molecular weight. The 

product of hydrogenation of an alkene is an alkane lacking carbon-carbon 

7t bonds. The letter R is used to represent a hydrogen atom or a general 

carbon substituent of unspecified nature. When more than one R group is 

present in a structure, they may be the same or different. 

Hydrogenation specifically affects the double bond. The heat of hy¬ 

drogenation therefore describes not the overall stability of the molecule, 

but rather the relative stability of the reactive part of the molecule, the car¬ 

bon-carbon double bond. (Recall that the it bond of an alkene constitutes 

its functional group.) Thus, the heats of hydrogenation of the three iso¬ 

meric butenes given in Figure 2.9 show that frans-2-butene is 1.0 kcal/mole 

more stable than ds-2-butene and 2.7 kcal/mole more stable than 1-butene. 
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CHEMICAL PERSPECTIVES 

ALKENES AS HIGH-QUALITY GASOLINE COMPONENTS 

2.1 Alkenes 

Alkenes have a higher octane rating than do the corresponding alkanes. It is 

common practice in petroleum refineries to treat petroleum mixtures with 

catalysts at high temperatures, at which the equilibrium between alkane and 

alkene plus hydrogen favors the latter mixture. The hydrogen produced is a 

valuable by-product that can be used in other processes. 

Heats of hydrogenation for several alkenes are given in Table 2.2. Many 

of the same trends that emerge from combustion analysis are also appar¬ 

ent from calorimetric measurements of hydrogenation, as is seen, for ex¬ 

ample, in the stability of the various butenes. Heats of hydrogenation of 

alkenes can be grouped according to the number of alkyl substituents at the 

double bond. In the isomeric hexenes (C6H12), for example, 2,3-di- 

methyl-2-butene has four alkyl groups attached to the doubly bonded car¬ 

bons, 3-methyl-2-pentene has three such alkyl groups, 2-hexene has two, 

and 1-hexene has only one. 

H 
2,3-Dimethyl-2-butene 3-Methyl-2-pentene 

A tetra-substituted alkene A tri-substituted alkene 

The more stable alkene has the more highly substituted double bond. This 

is revealed by a lower heat of hydrogenation. 
The electron density of an sp2-hybridized atom is held closer to the nu¬ 

cleus than that of an sp3-hybridized atom. Because alkyl groups are more 

polarizable than hydrogen atoms, they more readily satisfy the electron de¬ 

mand of the sp2-hybridized carbons of a tt bond. Therefore, the replace¬ 

ment of hydrogen atoms on a double bond by alkyl groups stabilizes the 

alkene and accounts for the observed order of stability. 

trans- 2-Hexene 1-Hexene 

A di-substituted alkene A mono-substituted alkene 

EXERCISE 2.7 

Rank the following groups of compounds in order of decreasing heats of hydro¬ 

genation (that is, by increasing stability): 

(a) 1-heptene, 3-heptene, 2-methyl-2-hexene 

(b) 1 -methylcyclooctene, 3-methylcyclooctene, 1,2-dimethylcyclooctene 

(c) 3-ethyl-1-octene, 2-ethyl-1-octene, 3-ethyl-2-octene 
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Exhaustive Hydrogenation. Hydrogenation also allows chemists to 

determine the relative contribution of double bonds and rings to the index 

of hydrogen deficiency. Through exhaustive hydrogenation, hydrogen is 

added to each double bond until no further unsaturation remains. Rings 

are generally not affected by catalytic hydrogenation. (However, the strained 

cyclopropanes will undergo reduction with cleavage of a a bond, although 

conditions more vigorous than those required for reduction of an alkene 

are required.) Any hydrogen deficiency remaining after catalytic hydro¬ 

genation is taken to completion must be due to the presence of rings rather 

than multiple bonds. 

H2/Pt 

--X-* No reaction 

Hyperconjugation. The stabilizing effect of alkyl groups on adjacent 

7T bonds can be explained in terms of hyperconjugation. Hyperconjugation 
results from interaction of the 7r molecular orbital system with adjacent 

<T bonds (illustrated for propene in Figure 2.10). Thus, hyperconjugation 

occurs when there is net overlap between the p molecular orbitals and the 

sp3-hybrid orbitals on the adjacent carbon. Because a nodal plane separates 

the two lobes of the p orbitals of the doubly bonded carbons, overlap with an 

adjacent hybrid orbital is maximal when the interacting a orbital is per¬ 

pendicular to the nodal plane of the tt system and zero when it is in this 

plane. When there are three identical substituents on the adjacent carbon 

atom (the three hydrogen atoms of the methyl group in the case of 

1-propene), the total hyperconjugative interaction of all three substituents 

with the 7t system is the same regardless of rotation about the sp2-sp3 cr 

bond. 

Overlap of C—H bonds of an adjacent carbon with the 7r molecular orbital sys¬ 
tem results in net stabilization. The sp3-hybrid orbitals are shown in gray, and 
the p orbitals comprising the 7r bond in blue. Such overlap requires that the hy¬ 
brid orbital (and therefore the C—H bond) not lie in the nodal plane of the tt 

system. 

Each time an alkyl group replaces a hydrogen atom on a carbon-car¬ 

bon double bond, the number of possible hyperconjugative interactions in¬ 

creases. For example, in frans-2-butene (Figure 2.11), two methyl groups 

with a total of six a bonds can have hyperconjugative interactions with the 

tt system, whereas in the isomeric 1-butene, there are only three such bonds 
(one C-—C and two C—H). 

It is primarily through hyperconjugation that alkyl groups donate elec¬ 

tron density to, and therefore stabilize, double bonds. The greater stability 
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FIGURE 2.11 

2.1 Alkenes 

Hyperconjugative interactions in frans-2-butene. 

of trans-2-butene relative to 1-butene (2.7 kcal/mole) can be attributed to 

the difference in hyperconjugative stabilization from two methyl groups in 

frans-2-butene versus that from one methyl group in 1-butene. The more 

alkyl groups on the double bond, the greater is the number of atoms that 

can hyperconjugate and the more stable is the double bond. This stability 

reveals itself in a lower heat of hydrogenation for the more highly substi¬ 

tuted double bond (Table 2.2). 

EXERCISE 2.8 

Draw a three-dimensional representation of each of the following compounds that 
illustrates hyperconjugative stabilization of the double bond. 

(a) 1-butene (b) trans-2-butene (c) 2,3-dimethyl-2-butene 

Heats of Formation. The relative stabilities of isomeric alkenes can 

also be ranked according to their heats of formation. As defined in Chapter 

1, the heat of formation is a theoretical number that describes the energy 

that would be released if a molecule were formed from its component ele¬ 

mental atoms in their standard states. 

n C + n H2 -> C„H2„ + heat (AHf) 

Graphite (Gas) 

As a means of ordering alkene stability, heats of formation provide the same 

information as do heats of combustion. As we saw in Chapter 1, heats of 

formation can be obtained indirectly from measured heats of combustion 

and the heats of formation of water and carbon dioxide. In any case, 

chemists are most interested in the differences between the heats of com¬ 

bustion (or hydrogenation or formation) of isomers and not in the absolute 

values. 

EXERCISE 2.9 _ 

Describe how a measured heat of hydrogenation of an alkene, together with the 
heat of combustion of hydrogen and the heat of combustion of the alkene’s hy¬ 
drogenation product, can give the heat of combustion of the alkene. 
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EM TV® II 

#01 Conjugated Pi Systems 

J2| 

Dienes and Polyenes 

Compounds having two double bonds are called dienes. As in simple alkenes, 

the position of each double bond in a diene is indicated by a number. 

The reactivity of dienes varies with the positional relationship of the 

double bonds—conjugated, isolated, or cumulated. In 1,3-butadiene (Fig¬ 

ure 2.12), there are p orbitals on four adjacent atoms, so that the double 

bonds interact directly. Such a diene is referred to as conjugated. In 

1,4-pentadiene the array of p orbitals is interrupted by an sp3-hybridized 

carbon atom at C-3, so that the two double bonds do not interact directly. 

The diene is referred to as isolated. In 2,3-pentadiene, the two double bonds 

are abutting, and the diene is referred to as cumulated. Note that the two 

double bonds in a cumulated diene are not aligned as in a conjugated di¬ 

ene, and, in fact, C-3 is not sp2-hybridized but sp-hybridized (see the dis¬ 

cussion of sp hybridization later in this chapter). 

FIGURE 2.12 

Butadiene (left) is a conjugated diene, and 1,4-pentadiene (right) is an isolated 

diene. For clarity, these representations show only the underlying carbon atoms 

and cr bonds (as lines). 

The introduction of a second double bond into a molecule to form a 

diene (with the removal of two hydrogen atoms from adjacent carbons) 

changes the overall formula from CnH2n (for alkenes) to C„H2«-2- Thus, 

the following five-carbon dienes all have the molecular formula C5H8: 

5 

1,3-Pentadiene 1,4-Pentadiene 2,3-Pentadiene 

The interaction of the p orbitals differs strikingly in conjugated and iso¬ 

lated diene systems. In the conjugated diene system, 7r orbital overlap be¬ 

tween the aligned double bonds stabilizes the molecule. For example, 1,3- 

pentadiene is more stable than 1,4-pentadiene. The most stable geometry 

is shown in Figure 2.12. Here, all the atoms lie in one plane (and thus all 

the p orbitals are perfectly aligned). This geometry is more stable than one 

in which rotation about the o-bond between C-2 and C-3 puts the 7r bonds 
in perpendicular planes. 

The difference in energy between 1,3- and 1,4-pentadiene can be as¬ 

sessed by comparing their heats of hydrogenation (Figure 2.13). Not all of 
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+ 2H, 
2.2 Dienes and Polyenes 

+ 2H, 
Pt (cat.) 

—60.8 kcal/mole 

Pt (cat.) 

— 54.1 kcal/mole 

FIGURE 2.13 

Hydrogenation of either 1,4- or 1,3-pentadiene produces pentane. The difference 
between the heats of hydrogenation reflects the difference in stability between 
the nonconjugated and conjugated diene. 

the difference (6.7 kcal/mole) can be ascribed to the interaction of the two 

double bonds in 1,3-pentadiene, the conjugated isomer. Also having some 

effect is the fact that 1,4-pentadiene has two monosubstituted double bonds 

(as in 1-butene), whereas 1,3-pentadiene has one mono and one trans di- 

substituted double bond (as in frans-2-butene). The degree of substitution 

of the double bonds in these two isomeric alkenes by itself would stabilize 

the conjugated isomer by 2.7 kcal/mole compared with the isolated isomer. 

Thus, although the difference in the heats of hydrogenation for the two iso¬ 

mers is 6.7 kcal/mole, the stability conferred by the interaction of the p 
bonds is 4.0 (6.7 — 2.7) kcal/mole. 

Many compounds have more extended conjugated systems. For exam¬ 

ple, /3-carotene, the compound responsible for the yellow-orange color of 

carrots, and vitamin A, a compound needed for light sensitivity in human 

vision, contain long conjugated tt systems that make them sensitive to light 

in the visible region (Figure 2.14). These compounds are called polyenes, 
because of the presence of several (poly is Greek for “many”) double bonds. 

The dependence of light absorption on extended conjugation is discussed 

further in Chapter 4. 

Two naturally occurring polyenes. 
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EXERCISE 2.10 

Write an IUPAC name for each of the following hydrocarbons: 

(e) 

EXERCISE 2.11 

Draw a structure that corresponds to each of the following IUPAC names: 

(a) 2-(l-cyclobutenyl)-l-hexene (c) 1,2-pentadiene 

(b) trans- 1,4-heptadiene (d) (E)-3-methyl- 1,3-pentadiene 

2.3 
— 

Aromatic Hydrocarbons 

Planar, conjugated, cyclic, unsaturated molecules constitute another im¬ 
portant class of hydrocarbons with 5p2-hybridized carbon atoms. Some of 
these compounds have unusual stability and are referred to as aromatic hy¬ 
drocarbons, originally because of their characteristic odor. The parent com¬ 
pound of this family is benzene, which is a problematic molecule to depict 
using valence bond representations with pairs of electrons localized between 
adjacent atoms. Benzene, CgH6, consists of an array of six sp2-hybridized 
carbons, each attached by a cr bond to a hydrogen atom. From an orbital 
representation of benzene like that shown at the beginning of this chapter 
(and also in Figure 2.17), it can be seen that each carbon atom contributes 
a p orbital with one electron to a 77 system. But which carbons should be 
joined by double and which by single bonds? 

The formulation of benzene’s structure as a planar cyclic arrangement 
of CH units is one of the classic tales of organic chemistry, the structure 
having been imagined in a daydream in 1865 by the German chemist August 
Kekule as a snake biting its tail. 

Resonance Structures 

Benzene is known to have equivalent carbon-carbon bond lengths at 
each position around the ring; so a description of benzene as cyclohexa- 
triene (with alternating single and double bonds) must be wrong. If ben¬ 
zene existed as cyclohexatriene, the double bonds would be shorter than 
the single bonds, with an alternation in bond length from one atom to the 
next around the ring. 
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Benzene Cyclohexatriene 

The fact that the structure of benzene cannot be represented properly 

with a single structure using only single and double bonds reveals a fun¬ 

damental problem with the system for drawing chemical structures. 

However, the bond alternation implied by the cyclohexatriene structure can 

be avoided by recognizing that there are two possible arrangements for the 

77 bonds in benzene. This is indicated in the two representations in Figure 

2.15, in which a double bond can be placed either between C-l and C-2 or 

between C-l and C-6. There is no reason for an energetic preference for 

one or the other of these representations, which are called Kekule struc¬ 
tures. Benzene is better represented as a combination of both these struc¬ 
tures. 

H 

6T |2 

H H 

H 

FIGURE 2.15 

Kekule structures (resonance contributors) for benzene. 

Although the Kekule structures, which depict benzene as having local¬ 

ized double bonds, are not an accurate representation of the benzene struc¬ 

ture, they serve as a convenient shorthand for counting double bonds and 

electrons. By convention, chemists use a double-headed arrow between such 

structures to indicate that they are resonance contributors, or resonance 
structures, differing only with respect to the formal localization of elec¬ 

trons and not with respect to positions of atoms. 

2.3 Aromatic Hydrocarbons 

Resonance Structures of Benzene 

One resonance structure can therefore always be converted to another by 

moving only electrons. Curved arrows are used to show the motion of elec¬ 

trons. 
Another notation in which a hexagon (representing the ring carbons of 

benzene) encloses a circle (representing the conjugated array of it orbitals) 

is often used to indicate the equal contributions of benzene’s resonance 

structures. This representation avoids the problems of trying to draw de¬ 

scriptive structures with conventional valence bond representations. Alternative notation for benzene 
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EXERCISE 2.12 

Draw an alternative resonance structure for each of the following: 

Many other possible resonance contributors can be drawn to depict 

possible electron distributions in benzene. These resonance structures are 

drawn by keeping the position of each atom fixed while shifting electrons 

within the 7r system. In the drawings shown here, two electrons from a tt 

bond are localized on a single carbon, making that atom negatively charged 

and some other atom of the conjugated system positively charged. 

0 

Kekul6 form Zwitterions 

These structures, which are neutral overall but contain equal numbers of 

locally charged (plus and minus) centers, are called zwitterions. 
These zwitterionic resonance contributors are of higher energy than the 

uncharged Kekule form, shown at the left. Not only does it cost energy to 

create charged centers from a neutral species, but these structures also have 

one fewer covalent bond than do the Kekule contributors. Thus, the im¬ 

portance of zwitterions in describing the electron distribution in benzene 

is minor, and chemists usually ignore such structures in their thinking. 

Much the same can be said about biradical contributors, in which single 

electrons are localized on two of the atoms of the conjugated systems. 

(Recall the twisted structure of ethylene discussed earlier.) Unlike the zwit¬ 

terionic contributors, biradical structures do not have charge-separated 

states. However, a biradical contributor lacks one of the tt bonds that is in¬ 
tact in a Kekule form. 

Electron Pushing. In converting one resonance structure of benzene 

to another, curved arrows show the flow of electrons as some bonds disap- 



pear and others appear. We will make extensive use of these curved arrows 
especially in depicting the conversion of one molecule to another, because 
the arrows help to focus attention on the parts that are changing. These ar¬ 
rows have specific meaning and must be drawn with care. An arrow begins 
at the source of electrons, and the arrowhead points at their destination. 

As a simple example, consider the reaction of hydronium ion (H30®) 
with water. In the course of this reaction, a proton is transferred from one 
oxygen atom to another. The electrons originally localized between the hy¬ 
drogen nucleus and the oxygen of the hydronium ion become a lone pair 
of electrons on oxygen, and a new O—H bond of the product hydronium 
ion is formed from a lone pair of electrons on the original H20 molecule. 

Reaction of Hydronium Ion with Water 

H H 
\ © / 
:o: + H—O: 
/ \ 

H H 

These changes in the location of electrons are clearly represented with two 
curved arrows. One begins at the middle of the O—H bond and points at 
the oxygen atom; the other begins at one of the lone pairs of electrons of 
the water molecule and points at the hydrogen atom that is being trans¬ 
ferred. 

2.3 

Stability 

The unusual stability of benzene (and related structures) is seen in both 
its heat of hydrogenation and its chemical reactivity, which differ apprecia¬ 
bly from those usually observed in conjugated alkenes, dienes, and trienes. 
The differences in reactivity will be discussed further in Chapter 11, but we 
consider the hydrogenation data here. Adding hydrogen catalytically to ben¬ 
zene to generate cyclohexane requires more severe conditions of tempera¬ 
ture and pressure than does adding hydrogen to analogous alkenes. 

Benzene Cyclohexane 

(AH° —49.3 kcal/mole) 

The stoichiometry of the reaction tells us that three moles of hydrogen are 
taken up per mole of benzene. If the double bonds were noninteractive (as 
in a hypothetical cyclohexatriene), the heat of hydrogenation of benzene 
would be approximately three times that of cyclohexene. The difference be¬ 
tween the heat of hydrogenation of benzene (49.3 kcal/mole) and three 
times that of cyclohexene (3 X 28.4 kcal/mole) is 35.9, or approximately 

36 kcal/mole. 

Cyclohexene Cyclohexane 

(AH° —28.4 kcal/mole) 

67 

Aromatic Hydrocarbons 
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This difference cannot be due to a simple conjugation effect because the 

difference between the heat of hydrogenation of 1,3-cyclohexadiene (54.9 

kcal/mole) and twice the heat of hydrogenation of cyclohexene (2 X 28.4 

kcal/mole) is small (approximately 2 kcal/mole). 

1,3-Cyclohexadiene Cyclohexane 

(AH° —54.9 kcal/mole) 

(The various heats of hydrogenation are summarized in Figure 2.16.) The 

larger energy difference seen with benzene must therefore have a different 

origin, and the special stability afforded by a planar cyclic array of p or¬ 

bitals containing six electrons is known as aromaticity. 

& 
u 

Pt (cat.) 
— 54.9 kcal/mole 

—49.3 kcal/mole 

—28.4 kcal/mole 

FIGURE 2.16 

Heats of hydrogenation for the reductions of benzene, 1,3-cyclohexadiene, and 
cyclohexene to cyclohexane. 

Other evidence that aromaticity is not a simple conjugation effect can 

be seen in the differing stabilities of benzene and cyclic hydrocarbons con¬ 

taining four and eight CH units, respectively. Despite the fact that cyclo¬ 

butadiene can be written with two resonance contributors analogous to the 

Kekule structures of benzene, it is an exceedingly unstable molecule that 

can be prepared and studied only at very low temperature under special 

conditions. 

Resonance Contributors 
of Cyclobutadiene 

<-> 
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CHEMICAL PERSPECTIVES 

CYCLOOCTATETRAENE: A NONAROMATIC, 
CONJUGATED, CYCLIC HYDROCARBON 

Cyclooctatetraene was produced in large quantities during World War II by 
German chemists seeking to convert acetylene (ethyne) into benzene. 
Acetylene is a low-boiling hydrocarbon that can explode spontaneously when 
stored under pressure. It can be readily prepared from calcium carbide, 
which, in turn, is prepared by heating CaC03 and coal. Trimerization of 
acetylene yields benzene; the joining of four acetylene molecules yields cy¬ 
clooctatetraene. 

CaC03 + C„ (coal) -> CaC2 

H—==—H  > 

H H 

Cyclooctatetraene 

H 

Benzene 

In fact, cyclobutadiene was not prepared until the late 1960s, whereas ben¬ 

zene was isolated early in the nineteenth century and can be stored easily 

at room temperature. For benzene to react, much more rigorous conditions 

are required than with simple unsaturated hydrocarbons; that is, reactions 

of aromatic compounds are induced only with some difficulty. 

Cyclooctatetraene has been shown to exist not as a planar hydrocarbon 

but rather as a tub-shaped unsaturated molecule. In this geometry, the 

p orbitals are not well aligned for interaction. 

Aromaticity and HiickePs Rule 

Both cyclobutadiene and cyclooctatetraene contain multiples of four Cj 

electrons—that is, four and eight electrons, respectively. Benzene, on the 

other hand, contains two electrons more than a multiple of four (that is, #02 

6 = An + 2, in which n is an integer—in the case of benzene, n = 1). This 

2.3 Aromatic Hydrocarbons 

"fcHEM TV® II 

Benzene and Aromatic 
Compounds 



70 distinction was recognized in 1938 by Erich Hiickel, a German chemist who 

_ A11 . generalized this observation into what has come to be known as HiickePs 

Hydrocarbons, and Alkynes rule: any Planar’ °fdic’ conjugated system containing (An + 2) 77 electrons 
(where n is an integer) experiences unusual aromatic stabilization, whereas 

those containing (An) tt electrons do not. For aromatic molecules to be sta¬ 

bilized by orbital interaction, as predicted by Huckel’s rule, the p orbitals 

(Figure 2.17) must be aligned in a planar geometry. 

FIGURE 2.17 

Benzene shown as a cyclic set of six sp2-hybridized carbon atoms. The unhy¬ 

bridized p orbitals of the six carbons overlap, with each contributing one elec¬ 

tron for a total of six 77 electrons. Benzene is thus a Hiickel aromatic system. 

Larger or smaller cyclic structures that maintain this alignment also are 

subject to Hiickel’s rule. For example, a cyclic, planar, conjugated array con¬ 

taining An + 2 electrons in a smaller ring is found in the cyclopropenyl 

cation (n = 0) and in the cyclopentadienyl anion (n = 1): 

Cyclopropenyl cation Cyclopentadienyl anion 

A Hiickel aromatic (2-electron) system A Hiickel aromatic (6-electron) system 
4n + 2, n = 0 4n + 2, n = 1 

Note that, in the cyclopropenyl cation, one p orbital is vacant and the ion 

bears a formal (+1) charge. We can write three resonance structures for this 

cation (two of which are shown here) by shifting electrons in the 77 bond 

from the position between C-l and C-2 to the position between C-2 and 

C-3. All of the atoms remain in the same position in each resonance struc¬ 

ture; only the position of the electrons is changed. 

In the cyclopentadienyl anion, one p orbital is doubly occupied, and the 

ion bears a formal (— 1) charge. By shifting electrons in the 77 system as we 

did in the cyclopropenyl cation, we can write five equivalent resonance con¬ 
tributors (only two are shown above). 

We can count the number of electrons in such systems by recognizing 

that each p orbital in a formal 77 bond is populated by a single electron. In 



71 the cyclopropenyl cation, two of the p orbitals (those participating in the 77 

bond) contain one electron. The third p orbital is vacant. In the cyclopen- 

tadienyl anion, four of the p orbitals are singly occupied and one is doubly 

occupied. In these analyses, a double bond contributes two electrons to the 

tt system, a center with a vacant p orbital (positively charged atom) con¬ 

tributes zero, and a center with a doubly occupied p orbital (negatively 

charged atom) contributes two, as is consistent with our earlier discussion 

of formal charge calculation. Thus, the cyclopropenyl cation is a two-elec¬ 

tron Hiickel system [(4 X 0) + 2] and the cyclopentadienyl anion is a six- 
electron Hiickel molecule [(4 X 1) + 2]. 

The cyclopropenyl anion and the cyclopentadienyl cation each contain 

four 77 electrons {An, where n = 1) and therefore lack the aromatic stabi¬ 

lization characteristic of a Hiickel system. These structures are known to be 
so unstable that they have in fact been called antiaromatic. 

2.3 Aromatic Hydrocarbons 

Cyclopropenyl anion 
A Hiickel antiaromatic (4-electron) system 

An, n — 1 

Cyclopentadienyl cation 
A Hiickel antiaromatic (4-electron) system 

4 n, n — 1 

EXERCISE 2.13 

Using HuckeFs rule, predict which of the following hydrocarbons will exhibit aro¬ 
matic stabilization. (One resonance contributor for each is shown.) 

EXERCISE 2.14 

Use curved arrows to show the electron movement necessary to convert one reso¬ 
nance structure of cyclopentadienyl anion to a different one. Do the same for the 
cyclopentadienyl cation. K 

Arenes 

Derivatives of benzene obtained by the replacement of hydrogen by 

other groups or by the fusion of additional rings are called arenes. The de¬ 

localized p orbitals of benzene shown in Figure 2.17 are perpendicular to 

the cr bonds by which the six hydrogen atoms are attached to the carbon 

atoms. Thus, these cr bonds are orthogonal to the 77 system and do not 

significantly affect aromaticity. The hydrogen atoms of benzene can be 
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Bromobenzene 

replaced by other substituents—for example, by bromine to form bro¬ 

mobenzene. The carbon-bromine bond is also in the plane of the six-mem¬ 

ber ring. Substituted benzenes such as bromobenzene maintain a Hiickel 

number of electrons in the tt system and, to a first approximation, exhibit 

the same aromaticity as the parent benzene. 

Polycyclic Aromatic Hydrocarbons. The particular stability of the 

benzene ring is also found in fused cyclic aromatic hydrocarbons. These 

polycyclic aromatic hydrocarbons exhibit chemical stability similar to that 

of benzene. A representative sample, together with their common names, is 

shown in Figure 2.18. 

Naphthalene 

Anthracene 

Pyrene 

Some fused-ring (polycyclic) aromatic hydrocarbons. 

Like monocyclic aromatic compounds, polycyclic aromatic compounds 

have several important resonance contributors. Bear in mind that each such 

compound can have more than one important contributing resonance 

structure. Benzo[a] pyrene was one of the first clearly identified carcino¬ 
gens, or cancer-inducing agents. This compound, found in soot from the 

partial combustion of wood, was shown in the nineteenth century to be re¬ 

sponsible for inducing scrotal cancer in chimney sweeps in London. 

Nomenclature for Aromatic Hydrocarbons 

The IUPAC system of nomenclature for aromatic hydrocarbons retains 

many of the common names that were in use long before the Union was 

formed. Thus, although each of the following compounds could be named 
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CHEMICAL PERSPECTIVES 

CARCINOGENICITY OF BENZO[a]PYRENE 

A derivative of benzo[ a] pyrene, rather than the hydrocarbon itself, is the real 

culprit in inducing cancer. Because benzo[a]pyrene is a large hydrocarbon 

with a very low solubility in water, it collects in the liver, which is composed 

in part of fats—hydrocarbon-rich molecules that will be discussed in Chapter 

17. There are many enzymes in the liver that carry out oxidation reactions 

on waste products of metabolism, as well as on unneeded materials con¬ 

sumed in the diet. These oxygenated materials have a higher solubility in wa¬ 

ter and can thus be excreted. Unfortunately, the oxidation product of 

benzo [a] pyrene interacts with DNA and results in abnormal cell growth 

(cancer). 

2.3 Aromatic Hydrocarbons 

O 

Oxidation product 
of benzo [a] pyrene 

as a substituted benzene (for example, methylbenzene for toluene), the com¬ 

mon names shown are used almost universally: 

Toluene Styrene Aniline Phenol Anisole 

There are three constitutional isomers of any disubstituted benzene, 

and there are two acceptable methods for describing the relative orienta¬ 

tion of the substituents: using relative position numbers, and using the des¬ 

ignations ortho, meta, and para. {Ortho, mcta, and para are often abbrevi¬ 

ated as o, m, and p, respectively.) The following three dimethylbenzenes are 

also referred to as xylenes: 

1,2-Dimethylbenzene 
ortho-Dimethylbenzene 

ortho-Xylene 

1,3-Dimethylbenzene 
wietn-Dimethylbenzene 

meta-Xylene 

1,4-Dimethylbenzene 
paro-Dimethylbenzene 

para-Xylene 
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(Note that a 1,5 isomer would be identical with a 1,3 isomer, and a 1,6 iso¬ 
mer would be identical with a 1,2 isomer. In all cases, the lowest possible 

number is used.) 
Aromatic compounds with two different substituents are named, if pos¬ 

sible, as a derivative of one of the common monosubstituted aromatics. 

CH2CH3 

ordio-Ethyltoluene meta-Me thylanisole para-Ethylaniline 

With three and more substituents on a benzene ring, numbers are always 
used to indicate the relative positions. The number scheme that gives the 
lowest numbers is always used. 

3,4-Dimethylphenol 3-Chloro-4-methyinitrobenzene 
(not 4-methyl-5-chloronitrobenzene) 

EXERCISE 2.15 

Write an acceptable name for each of the following hydrocarbons: 

EXERCISE 2.16 

Draw a structure that corresponds to each of the following names: 

(a) ortho-diethylbenzene 

(b) meta-diethylbenzene 

(c) para-isopropyltoluene 

EXERCISE 2.17 

Draw all of the possible isomers for a trisubstituted benzene that has one methyl, 

one ethyl, and one n-propyl substituent. H 
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CHEMICAL PERSPECTIVES 

ALLYL: A GROUP FOUND IN GARLIC 

Many common names of organic compounds and groups derive from the 
botanical names of the plants from which they were first isolated. The allyl 
group is present in alliin (a key amino acid) and in allicin (responsible for 
the odor of garlic), both isolated from garlic. The term allyl derives from the 
botanical name for garlic (Allium sativum), which comes from the Latin word 
allium, from a Celtic word meaning “pungent.” 

O O 

Alliin Allicin 

Garlic supposedly protects against stroke, coronary thrombosis, and hard¬ 
ening of the arteries. Its extracts also have antibacterial and antifungal ac¬ 
tivity—and allegedly repel vampires. 

2.3 Aromatic Hydrocarbons 

Unsaturated Substituent Groups. A benzene ring as a substituent on 
a carbon chain is called a phenyl group, and a (generic) arene as a sub¬ 
stituent is called an aryl group. An alkene substituent is called a vinyl group 
when the attachment is to one of the carbons in the double bond. When a 
three-carbon alkenyl chain is attached at the atom adjacent to the double 
bond, the substituent is called an allyl group. 

In the aryl group, X is an undefined substituent for which the point of 
attachment can be at the ortho, meta, or para position. It is common for an 
aromatic ring to have multiple substituents. In each structure, the wavy line 
through the bond at the left indicates that this is the bond that links the 
substituent to some other molecular fragment. 

Phenyl 

Vinyl Allyl 

EXERCISE 2.18 

Write an acceptable name for each of the following hydrocarbons: 



76 

2 Alkenes, Aromatic 
Hydrocarbons, and Alkynes 

EXERCISE 2.19 

Use curved arrows to show how the electrons move in converting one resonance 
structure of naphthalene to the other (Figure 2.18). Do the same for pyrene. 

EM TV® I 

#02 Bonding (Alkynes) 

2A 

Alkynes 

When a carbon atom forms a bonds to two atoms, rather than three or 
four, its valence requirement is satisfied by the formation of two tt bonds. 
When both tt bonds are directed to the same atom, a triple bond (com¬ 
posed of one a and two tt bonds) is formed. In this section, we will discuss 
the geometry and chemical character of triple bonds and how sp hy¬ 
bridization (rather than the sp3 hybridization in alkanes or the sp2 hy¬ 
bridization in alkenes) is required to form triple bonds. 

An sp-hybrid orbital 

sp Hybridization 

In the third fundamental type of carbon hybridization, an s orbital 
mixes with one of the p orbitals to produce two hybrid orbitals. 

C: Is 2s 2px 2pv2pz 
I_ -_J I 7_=_! 

V V 

Two Two p 
sp-hybrid orbitals 
orbitals 

The two hybrid orbitals are directed as far from each other as possible, pro¬ 
ducing a 180° bond angle at the sp-hybridized atom, as shown in Figure 
2.19. The remaining 2p orbitals (which do not participate in hybridization) 
are orthogonal to each other and to the hybrid orbitals. The two sp-hybrid 
orbitals lie along the x-axis, pointing in opposite directions. One of the sp- 
hybrid orbitals is shown by itself in the margin, revealing the “tail” lobe that 
is common to sp-, sp2-, and sp3-hybrid orbitals. 

Combination of the 2s and 2px orbitals produces two sp-hybrid orbitals aligned 
along the x-axis. The 2py and 2pz orbitals not involved in hybridization are 
shown in gray. 



The sp-hybrid orbitals on adjacent carbon atoms can be used to form 
a carbon—carbon cr bond. At the same time, the py and pz orbitals overlap 
to form two 7r bonds (Figure 2.20). The remaining sp-hybrid orbitals over¬ 
lap with orbitals from substituents to form a second cr bond to each car¬ 
bon atom. The two carbon atoms and the substituents at either end are all 
colinear. This geometry also allows for optimal overlap between the aligned 
py and pz orbitals on adjacent carbons, above and below the cr bond and in 
front of and behind it. (The directional subscripts, py and pz, are arbitrary.) 
These overlaps thus form one cr and two tt bonds between the carbons. The 
a bond connecting triply bonded carbons is completely surrounded by a 
cloud of 7T-electron density; its bond length (1.20 A) is less than that of sin¬ 
gle and double bonds. The Lewis dot structure and the line structure for 
the simplest alkyne ethyne (also called acetylene), C2H2, are shown. 

H:C:::C:H H-C=C—H 

Ethyne, or acetylene 

Because the carbon—carbon cr bond at an sp-hybridized atom has less 
p character than those at sp2- or sp3-hybridized atoms, the sp-hybrid or¬ 
bitals are less elongated and the cr bond formed from them is shorter, 
whether the sp-hybridized carbon is bonded to an sp-, sp2-, or sp3-hybridized 
atom. Table 2.3 (on page 78) summarizes the dependence of bond lengths 
and bond angles on hybridization for several hydrocarbons. 

f Higher Alkynes 

A hydrocarbon containing a triple bond is called an alkyne. Having for¬ 
mally lost two hydrogen atoms in forming each tt bond, an alkyne has the 
overall formula CnH2n~2, that is, four fewer hydrogen atoms than the cor¬ 
responding alkane. Thus, the presence of one triple bond is equivalent to 
two units of unsaturation. 

FIGURE 2.20 

A three-dimensional view of 
carbon-carbon a (top) and 
tt bonding (bottom) in an 
alkyne. 

—C—C— ■> — c=c— 

An alkyne 

Like the carbon-carbon double bond, the carbon-carbon triple bond is a 
functional group. Similar to the structures for dienes (presented in Section 
2.2), it is possible to have conjugated diynes, conjugated enynes (enynes are 
hydrocarbons with both a double and a triple carbon-carbon bond), iso¬ 
lated diynes, and isolated enynes. 

H 

1,3-Pentadiyne 
(a conjugated diyne) 

Pent-3-ene-1-yne 
(a conjugated enyne) 

1,4-Pentadiyne 
(an isolated diyne) 

Pent-4-ene-1 -yne 
(an isolated enyne) 77 



TABLE 2.3 

Bond Lengths and Angles in Representative Hydrocarbons 

Bond Type Hybridization Bond Length 

C—H 

C—C 

C=C 

C=C 

sp3—H 

sp2—H 

sp—H 

sp3—sp3 

sp3—sp2 

sp2—sp2 

sp3—sp 

sp2—sp 

sp—sp 

sp2—sp2 

sp2—sp2 

sp^sp 

l.io A 

1.09 A 

1.06 A 

1.54 A 

1.50 A 

1.47 A 

1.46 A 

1.43 A 

1.37 A 

1.40 A 

1.34 A 

1.20 A 

Examples 

1.54 A 
sp3—sp3 

H H l.io A 

H m H !09-5 

sp—H 

H H 
\ / 
C=C 

H / CH3 

sp2-sp3 
1.50 A 

1.34 A 
sp2=sp2 

H 
\ 

H 
A 

C=C ) 

H 122° H 

1.34 A 
sp2=sp2 

117° 

H 
\ 

H '? L x / sp —sp 

/C=C\/ A 
H C Cx 

H H 

1.46 A 
sp3—sp 180° 

H3C—C=C—H 

i \ 
1.20 A 
sp=sp 

1.06 A 
sp—H 

Like alkanes and alkenes, alkynes can be ranked in order of stability by 
determining their heats of combustion or heats of hydrogenation. As we 
observed for substituted alkenes earlier, alkyl substitution stabilizes the mul¬ 
tiple bond, making, for example, 2-butyne more stable than 1-butyne. 
Because of the linearity imposed by the carbon-carbon triple bond, E-Z 
isomerism does not exist for alkynes. 78 



79 -E=- 
CHEMICAL PERSPECTIVES 

PHYSIOLOGICALLY ACTIVE ALKYNES 

Several naturally occurring compounds containing alkynes have been iso¬ 
lated from microbes. Among them are the dynemicins. Dynemicin A con¬ 
tains two triple bonds and one double bond in a conjugated system (shown 
in red) as well as other functional groups. These compounds have potent an¬ 
tibacterial and anticancer activity but, unfortunately, are probably too toxic 
to mammals to be used as effective pharmaceutical agents. 

Dynemicin A 

2.4 Alkynes 

Nomenclature for Alkynes 

Alkynes are named according to the IUPAC rules presented in Section 
2.1 for alkenes, except that the suffix -yne is used to indicate the presence 
of a triple bond: 

1. Find the longest chain that contains the triple bond. 

2. Begin numbering the chain so as to assign the functional group (the 
triple bond) the lowest possible number. 

3. Name branches as alkyl groups. 

4. Use Greek prefixes to indicate multiple substituents. 

EXERCISE 2.20 

Write an IUPAC name for each of the following hydrocarbons: 

(d) -= (a) 

(b) 

\ 
A 
\ 

A 
EXERCISE 2.21 

Draw a structure that corresponds to each of the following IUPAC names: 

(a) 2-heptyne (c) 2-methyl-3-hexyne 

(b) 3-hexyne (d) 1,5-octadiyne H 



FIGURE 2.21 

A three-dimensional view of 

7r bonding in an allene (1,2- 

propadiene). 

■ Allenes 

Although the most common functional group that incorporates sp-hy- 
bridized carbon atoms is the alkyne (a compound with a carbon—carbon 
triple bond), it is possible to have an sp-hybridized atom in a molecule that 
has two double bonds emanating in opposite directions from one carbon 
atom. These compounds are referred to as allenes. The tt bonding in al¬ 
lenes is illustrated in Figure 2.21, where a pair of blue p orbitals form one 
7t bond and a pair of gray p orbitals form the second tt bond at right an¬ 
gles to the first. The central sp-hybridized carbon of an allene has a a bond 
and a tt bond to each of its two neighboring sp2-hybridized carbons. The 
two 7r bonds are orthogonal because the py and pz orbitals of the sp-hy¬ 
bridized atom are at right angles. Thus, the plane containing the carbon 
atom and its two substituents at one end of the system is at right angles to 
the plane containing the carbon atom with its substituents at the other end. 

An allene is also referred to as a cumulated diene because the double 
bonds share a common carbon atom. Because the two tt bonds are or¬ 
thogonal, they cannot interact as they do in a conjugated diene. Therefore, 
a cumulated diene is less stable than a conjugated diene. 

EXERCISE 2.22 

Using sawhorse representations, draw the two possible three-dimensional struc¬ 

tures of 2,3-pentadiene. Translate these two drawings into molecular models, and 

convince yourself that the two isomers are not identical. 

Summary 
-;-L- 

1. In alkenes (hydrocarbons having at least two sp2-hybridized car¬ 
bons), maximum stability is achieved when the bond angles are about 120° 
and the p orbitals are aligned, resulting in a planar structure. The doubly 
bonded carbons are held together by a sigma (a) and a pi (77) bond. A car¬ 
bon-carbon double bond is shorter (1.34 A) than a carbon-carbon single 
bond. 

2. When a molecule contains more than one double bond, these bonds 
can be conjugated, isolated, or cumulated. In conjugated systems, delocal¬ 
ization of electron density stabilizes the molecule. 

3. Molecules composed of sp2-hybridized atoms in planar, cyclic, con¬ 
jugated arrays display aromatic properties if they contain 4n + 2 electrons. 
The unusual stability of aromatic molecules can be predicted empirically 
by Hiickel’s rule. Aromatic systems usually have two or more dominant res¬ 
onance contributors, which together describe the delocalized electron den¬ 
sity of the molecule. 

4. In hydrocarbons having adjacent sp-hybridized carbons (the al- 
kynes), the hybrid orbitals are directed at 180° to minimize electron repul¬ 
sion, with the atoms bonded to the sp-hybridized carbon atoms being co- 
linear. The triple bond, composed of one a bond and two tt bonds 
orthogonal to one another, is approximately 1.20 A in length, shorter than 
either a double or a single bond. 



81 5. Since the bond energy of a cr bond is greater than that of a 7r bond, 

the latter are more reactive and form the basis for localized chemical reac¬ 

tivity. A multiple bond can thus be considered a functional group. 

6. Isomers can be ranked as to their relative stability on the basis of 

heats of combustion, heats of hydrogenation, or heats of formation. A more 

highly substituted alkene is more stable than a less highly substituted iso¬ 

mer because of the higher electronegativity of an sp2-hybridized atom and 
because of hyperconjugation. 

7. The introduction of a double bond into a hydrocarbon backbone 

reduces the number of hydrogen atoms in an acyclic alkane (CnH2n+2) by 

two; so an acyclic alkene has the overall formula C„H2w The introduction 

of each double bond reduces the number of hydrogen atoms by two. The 

presence of a triple bond reduces the number of hydrogen atoms in an 

alkyne by four from the alkane formula. Thus, an acyclic alkyne has the 

overall formula CnH2fl-2° 

8. All hydrocarbons can be named according to IUPAC rules. 

Review Problems 

Review of Reactions 
——- 

Catalytic Hydrogenation 

Hydrocarbon Combustion 

6 CO 2 + 6 H20 

-* 

I«view Problems 
—- 

2.1 Draw structures for each of the following names: 

(a) cis- 1,3-pentadiene (d) m-bromotoluene 

(b) 4-methylcyclopentene (e) oct-1-ene-4-yne 

(c) 3-f-butyl-l-hexene 

2.2 For each of the following pairs, determine whether catalytic hydrogenation 
(with the molar equivalent of hydrogen uptake) can be used to distinguish be¬ 
tween the compounds. 

(a) cyclohexane and 1-hexene (d) cyclohexane and cyclohexene 

(b) 1-hexene and (Z)-2-hexene (e) 1-butene and 1-butyne 

(c) cyclohexane and methylcyclopentane (f) 1-butene and 1-pentene 

2.3 Where possible, assign an E or Z designation to and provide a correct 
IUPAC name for the following alkenes: 

(a) /- (b)\ (c) 
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2 Alkenes, Aromatic 
Hydrocarbons, and Alkynes 

2.4 Calculate the index of hydrogen deficiency for each of the following natu¬ 

rally occurring hydrocarbons. From this value, calculate the number of double 

bonds, given the indicated number of rings for each compound. 

(a) limonene (responsible for “citrus” odor), CioH16, one ring 

(b) acenaphthene (in coal tar and sauna mud), CfyFlio, three rings 

(c) benzo[a]pyrene (a carcinogen in soot), C20FI12, five rings 

(d) /3-pinene (in pine needles and bark), Q0Hi6, two rings 

(e) caryophyllene (oil of cloves), CisFfyj, two rings 

(f) /3-cadinene (produces odor of cedar), Ci5H24, two rings 

2.5 Determine whether cis-trans isomerism is possible for each of the following 

compounds, and draw the structures of the geometric isomers if so. 

(a) 1-hexene 

(b) 2-pentene 

(c) 2-methyl-1-butene 

(d) 2-methyl-2-butene 

2.6 

(e) 2-fluoro-2-butene 

(f) 1,2-dichlorocyclohexane 

(g) 1,2-dimethylcyclobutene 

(h) 3,4-dimethylcyclobutene 

(a) Arrange the following alkenes in order of relative stability: trans-3-hep- 
tene; 1-heptene; 2-methyl-2-hexene; cis-2-heptene; 2,3-dimethyl-2-pentene. 

(b) For which pairs of compounds in part (a) can relative stabilities be deter¬ 

mined by comparing heats of hydrogenation? 

2.7 Which compound would you expect to have the larger heat of hydrogena¬ 

tion? Explain. 

(a) cis-cyclooctene or frans-cyclooctene (b) a’s-2-hexene or frans-2-hexene 

2.8 1-Methylcyclohexene and methylenecyclohexane exist in equilibrium when 

dissolved in strong aqueous acid. Assuming that the stability of the alkene con¬ 

trols the equilibrium, which alkene is present at the higher concentration? 

2.9 a-Phellandrene, C10H16, a naturally occurring product found in wormwood, 

is responsible for the odor of bitter fennel. Upon treatment of a-phellandrene 

with an excess of hydrogen in the presence of a platinum catalyst, a compound 

with the formula QoFDo is produced. 

(a) What is the index of hydrogen deficiency of cr-phellandrene? 

(b) Flow many rings does a-phellandrene have? 

2.10 Draw a structure and identify the hybridization of each carbon in each of 

the following compounds: 

(a) 1,2,6-heptatriene (c) vinylcyclopropane 

(b) 3-phenyl-1-propyne (d) m-xylene 

2.11 Which of the following pairs represent resonance contributors? 

(a) (b) ® (c) 

r) 
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(e) 

2.12 Draw a significant resonance contributor that describes an electron distri¬ 
bution different from that shown in each of the following cases: 

(a) allyl radical (b) a cyclic pentadienyl cation (c) pentadienyl anion 

Review Problems 

Supplementary Problems 

2.13 Predict whether pentalene (C8H6) is stable as a planar hydrocarbon. 
Explain your reasoning. 

Pentalene 

2.14 Unlike most hydrocarbons, azulene (Q0H8) is highly colored (deep blue). 

Although its isomer naphthalene does not have significant zwitterionic character, 

azulene does. For example, azulene dissolves in aqueous acid; naphthalene does 
not. 

(a) Draw a resonance structure of azulene in which the five-member ring is 

anionic and the seven-member ring is cationic. (Hint: Consider resonance 

contributors in which the two electrons of a n bond are moved to a single 

p orbital, producing a formal negative charge in that orbital and a formal pos¬ 

itive charge in another vacant p orbital.) 

(b) Can azulene be considered aromatic? 

(c) The azulene molecule has an appreciable dipole moment. What does this ob¬ 

servation imply about the relative importance of the resonance structure you 

drew in part (a)? 

(d) Can a similar charge-separation argument explain the properties of penta¬ 

lene (see Problem 2.13)? Why or why not? 

2.15 Although cyclopentene is a stable compound with chemical reactivity simi¬ 

lar to that of a typical alkene, cyclopentyne is much less stable than a typical 

acyclic alkyne and cannot be stored at room temperature. Explain this difference 

in stability on the basis of what you know about hybridization and the preferred 

geometries for alkenes and alkynes. 

2.16 Calculate from the formula for each of the following compounds the sum 

of the number of double bonds and rings in each: 

(a) C7H14 (d) C4H10 (b) C8H12 (c) C10H10 
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2 Alkenes, Aromatic 
Hydrocarbons, and Alkynes 

2.17 Draw a structure that corresponds to each of the following names: 

(a) 4-ethyl-(E)-2-octene (g) 1,4-hexadiene 

(h) 3-methyl-ds-cyclododecane 

(i) 2-n-propyl-l,4-pentadiene 

(j) 1 - f-butyl-1,3-cyclohexadiene 

(k) 4-methyl-1,2-hexadiene 

(l) (£)-l-cyclopentylpropene 

2.18 Provide a correct name for each of the following structures: 

(a) / \ (c) (e) 

(b) 2-octyne 

(c) 3-methyl-1-heptyne 

(d) fra ns-3-hexene 

(e) n-propylbenzene 

(f) (Z)-2-hexene 

2.19 Choose the isomer reasonably expected to have the higher heat of combus¬ 

tion: 

2.20 Use a sawhorse representation to draw the three-dimensional arrangement 

in which optimal hyperconjugative stabilization is attained for each compound: 

(a) propene (b) 2-methyl-1-butene (c) 1-pentene 

2.21 In each of the following structures, choose the bond that best matches the 

description: 

(a) shortest carbon-carbon bond in (e) longest carbon-carbon bond in 

(b) longest carbon-carbon bond in 

H—C=C—CH2—CH3 

(c) shortest carbon-carbon bond in 

H3C—C=C—CH=CH: 

(d) shortest carbon-carbon bond in 

(f) longest carbon-hydrogen bond in 

H CH2—H 

(g) shortest carbon-hydrogen bond in 



85 2.22 Provide IUPAC names for the compounds shown in Problem 2.21. 

2.23 Draw valence bond representations of the other resonance contributors for 
each of the following chemical species: 

2.24 On the basis of your knowledge of the relative stabilities of isomeric 

alkenes, predict which compound of the following isomeric pairs has the higher 
heat of hydrogenation. 

2.25 Consider the structure of the cyclic polyene 10-annulene. Its synthesis by 

standard chemical methods has proven difficult. 

10-Annulene 

(a) From HiickePs rule, would you expect 10-annulene to be aromatic? 

(b) If HiickePs rule were the only relevant factor, would 10-annulene be more or 

less stable than the acyclic conjugated polyene 1,3,5,7,9-decapentaene? 

1,3,5,7,9-Decapentaene 

2.26 Draw a structure that corresponds to each of the following names: 

(a) 1-isopropylnaphthalene (f) 3-phenylpropene 

(b) 1-phenylethene 

(also called styrene and vinylbenzene) 

(g) m-bromotoluene 

(c) 1,2-diphenylethane (h) 5-chloro-2-methyltoluene 

(d) phenylethyne (i) (E)-l-phenyl-1 -butene 

(e) 2,6-dimethyl-4-octyne (j) 1,3-hexadiyne 

Review Problems 
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2 Alkenes, Aromatic 
Hydrocarbons, and Alkynes 

2.27 Assign the hybridization of the red atoms (labeled a-g) in dynemicin A. 

Dynemicin A 

2.28 For each of the following structures, draw and name a geometric isomer. 

(a) (c) 

(d) 

2.29 Draw and name the structure that would be obtained from the catalytic hy¬ 
drogenation of each of the following reactants. 

2.30 How many electrons are shared between the carbon atoms in each of the 
following compounds? 

(a) ethane (b) ethene (c) ethyne 

2.31 What is the structural feature that differentiates a saturated and an unsatu¬ 
rated hydrocarbon? 

2.32 Differentiate between cr and 7r bonds with respect to the following features: 

(a) geometry (c) energy 

(b) position of electron density (d) ease of rotation about the bond 



Functional Groups 
Containing Heteroatoms 

A short segment ofDNA consisting of four base 

pairs. The intricate information-encoding system of 

DNA and RNA is built around hydrogen bonding, 

which would not be possible without the presence of 

the heteroatoms oxygen and nitrogen. 
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#04 Functional Groups 

y\/iost of the concepts of bonding developed for hydrocarbons in 

J F JL Chapters 1 and 2 also apply to organic molecules that contain other 

second- and third-row atoms. To differentiate these atoms from carbon, 

which is a constituent atom of all organic compounds, they are designated 

as heteroatoms. The chemical reactivity of an organic compound contain¬ 

ing one or more heteroatoms usually differs significantly from that ot an 

analogous compound that lacks these atoms. Thus, the part of the mole¬ 

cule containing the heteroatom constitutes a functional group. 
In this chapter, we will consider how the presence of elements from the 

second and third rows of the periodic table provides unique properties to 

organic compounds. For example, we will compare the structure of CFty 

(methane) with those of NH3 (ammonia) and FtyO (water), and consider 

how the presence of a heteroatom affects the structures and reactivities of 

the organic derivatives of ammonia and water. We will also discuss some of 

the characteristics of families of organic compounds containing nitrogen, 

oxygen, or a halogen. 

3.1 

Compounds Containing 
sp3-Hybridized Nitrogen 

Ammonia (NH3) is the simplest member of a family of compounds built 

around nitrogen. Derivatives of ammonia in which one or more hydrogen 

atoms are replaced by alkyl or aryl groups are called amines. 

■ Ammonia: Hybridization and Geometry 

Nitrogen has five electrons in its valence shell. Mixing the 2s and 2p 

atomic orbitals results in four sp3-hybrid orbitals, as it did for carbon in 

Chapter 1. 

N: Is 2s 2px 2pr 2pz 

> f 

Four sty-hybrid 
orbitals 

There are seven protons in the nucleus of a nitrogen atom (one more than 

in a carbon nucleus), and a neutral nitrogen atom must have five valence 

electrons in addition to the two Is electrons. Thus, two electrons must be 

accommodated in one of the four sp3-hybrid orbitals. The two electrons ac¬ 

commodated in this filled orbital must have opposite spins. These electrons 

are referred to as a lone pair because they are associated with only one atom 

and do not take part in a covalent bond. The single electron in each of the 

three remaining sp3-hybrid orbitals participates in a covalent bond with an¬ 

other atom. In this way, an octet electron configuration is achieved, satis¬ 

fying nitrogen’s valence requirement. As with an sp3-hybridized carbon, 

each of these hybrid orbitals of nitrogen is directed toward the apex of a 

tetrahedron so as to minimize electron-pair repulsion. Thus, bond angles 

are approximately 109°, and the relative orientation of the three hydrogen 

substituents in ammonia (NH3) is roughly the same as that of any three of 

the four hydrogen atoms in methane. 88 
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CHEMICAL PERSPECTIVES 

INDUSTRIAL SYNTHESIS OF AMMONIA 

3.1 Compounds Containing 
sp3-Hybridized Nitrogen 

More than 30 billion pounds of ammonia are produced industrially each 
year by means of the Haber-Bosch process. In this reaction, hydrogen and 
nitrogen are combined at very high pressures and temperatures (1000 atm, 
or 14,000 psi, and 700 °C). The hydrogen is obtained by passing very hot 
steam over heated coke. As a liquid, 30 billion pounds of ammonia would 
occupy a box measuring 270 meters (approximately three football-field 
lengths) on a side. One important use of ammonia is in fertilizers. 

When each of the partly filled hybrid orbitals of nitrogen overlaps with 
the Is orbital of a hydrogen atom, ammonia is formed. Because the elec¬ 
tron density of the lone pair is closer to nitrogen’s nucleus than is that of a 
nitrogen-hydrogen a bond, the lone pair exerts a somewhat greater repul¬ 
sive force toward the electrons in the a bonds than do those electrons for 
each other. As a result, each H—N—H angle is slightly smaller (107°) than 
the expected tetrahedral bond angle, and the angle formed by a hydrogen, 
the nitrogen, and the lone pair is slightly larger (111°). Ammonia’has three¬ 
fold symmetry because rotation by 120° (360° h- 3) about an axis passing 
through the nitrogen results in no change. 

Deviation of Angles in the Ammonia 
Molecule from Tetrahedral Angles 

Because only three substituents are attached to nitrogen in ammonia and 
similar compounds, this spatial arrangement is referred to as pyramidal 
(rather than tetrahedral) because the four atoms (nitrogen and three hy¬ 
drogens) are located at the corners of a pyramid. TV® || 

Amines 

Methylamine, CH3NH2, has a methyl group (whose carbon is also sp3- 
hybridized) attached to nitrogen by a crbond; this bond replaces one of the 
nitrogen-hydrogen a bonds of ammonia. The geometry at nitrogen is ap¬ 
proximately the same as in ammonia, and the geometry at carbon is simi¬ 
lar to that in an alkane. The lone pair of electrons on the nitrogen atom is 
a site of high chemical reactivity and is therefore the functional group in 

methylamine. 
Alkyl substituents other than a methyl group can be attached to nitro¬ 

gen. The resulting compounds belong to the family referred to as amines. 
An amine can be named either as an alkyl derivative of ammonia (for ex- 

#05 Amines 

Methylamine 



2-Aminohexane 

3-Aminohexane 

FIGURE 3.1 

Three primary amines. The 
designation primary means 
that only one carbon is 
attached to nitrogen. 

ample, methylamine) or in accord with the IUPAC system as a nitrogen de¬ 

rivative of an alkane—that is, with the amino group (NHi) as a substituent 

of an alkane (for example, aminomethane). The amino group can be placed 

at any position along a hydrocarbon chain. Figure 3.1 shows three amines 

in which the amino group is placed on the first, second, and third carbon 

of a six-carbon chain. These compounds are referred to as 1-aminohexane, 

2-aminohexane, and 3-aminohexane. 

Primary, Secondary, and Tertiary Amines. Methylamine and 1-, 2-, 

and 3-aminohexane are referred to as primary amines because nitrogen is 

connected to only one carbon substituent. Amines are classified by the num¬ 

ber of carbons attached to nitrogen. (Keep in mind that all other functional 

groups are classified by the number of carbon substituents attached to the 

carbon atom bearing the heteroatom of the functional group.) A common 

convention (to emphasize the functional group, rather than the alkyl chain) 

is to designate a primary amine as RNFU, where R represents any alkyl 

group. 

Secondary amines such as dimethylamine have two carbon substituents 

on nitrogen, R2NH. Tertiary amines such as trimethylamine have three car¬ 

bon substituents on nitrogen, R3N. (See Figure 3.2.) A fourth alkyl group 

can be attached to nitrogen, but doing so requires that both electrons of the 

lone pair be used to form a covalent bond. As a result, the nitrogen becomes 

positively charged. Such cations are referred to as quaternary ammonium 

ions; an example is the tetramethvlammonium cation (also shown in Figure 

3.2). 

Note that the designation primary, secondary, or tertiary for an amine 

characterizes the degree of substitution at nitrogen, not carbon. Thus, both 

1-aminohexane and 2-aminohexane are primary amines, despite the fact 

that the amino group is attached to a primary carbon in the first compound 

and to a secondary carbon in the second compound (refer to Figure 3.1). 

H3C 

N,„ 
V "ch3 
H 

H3C 

N 
V ch3 
ch3 

Dimethylamine 

(a secondary amine) 
Trimethylamine 

(a tertiarv amine) 

H,C 

CH 

N 

3 

V CH3 
ch3 

Tetramethvlammonium cation 

(a quaternary ammonium ion1 

FIGURE 3.2 

A secondary amine, a tertiary amine, and a quaternary ammonium ion. 



91 EXERCISE 3.1 

Classify each of the following as a primary, secondary, or tertiary amine or a qua¬ 
ternary ammonium salt: 

3.1 Compounds Containing 
jp'-Hybridized Nitrogen 

Formal Charges, 'frimethylamine and the tetramethylammonium ion 
can be represented by Lewis dot structures: 

H H 

H-C- H H-'C'-H 

H H * H 

H-C; N : H-C* N :C-*H 

H H H 

H"-C- H H'-C-'H 

H H 

Trirnethydamine Tetramethydammonium ion 

Formal charge on N: 5 — (% + 2) = 0 5 - (% + 0) = +1 

As we did for carbon in Chapter 1, we calculate the formal charge on ni¬ 

trogen in trimethylamine by comparing the number of valence electrons 

(5) with the sum of half the number of shared electrons (% = 3J plus the 

number of unshared electrons (2): thus, the nitrogen atom in trimethyl¬ 

amine bears a formal charge of zero [5 — f3 + 2) = 0]. In tetramethyl¬ 

ammonium ion, the formal charge on nitrogen can be similarly calculated: 

here nitrogen bears a formal charge of — 1. 

EXERCISE 3.2 

Determine the formal charge on carbon, nitrogen, and oxygen in each structure. 
Assume that each atom has a filled valence shelL 

(a) HjC—N*—O (b) H3C-C=N-0 

CH3 ■ 



CHEMICAL PERSPECTIVES 

SOME SIMPLE, NATURALLY OCCURRING AMINES 

Compounds that contain nitrogen are pervasive in 
nature. Many of them have well-defined biological 
functions that are important—even essential—to 
life. As living materials decompose, many of these 
complex structures decompose to simple amines. For 
example, the odor of rotting fish is due to a mixture 
of amines (primarily trimethylamine). Putrescine, a 
diamine, is produced by bacteria during the decom¬ 
position of animal tissue. Its name provides an ex¬ 
cellent description of its odor. 

Very commonly, people associate bad odors with 
toxicity: things that smell bad are bad for you. In 
some cases, such as rotting flesh, this assessment is 
correct. However, putrescine occurs naturally in all 
cells, and compounds such as spermine are believed 
to be essential to cell division. Spermine, a tetramine 
with its own unique aroma, was first isolated as its 
acid-base salt with phosphoric acid from semen in 
1678 by Anton von Leeuwenhoek, a Dutch chemist. 

H2N—ch2—ch2—ch2—ch2—nh2 

Putrescine 

h2n—ch2—ch2—ch2—NH—ch2—ch2—ch2—CH2—NH—ch2—ch2—ch2—nh2 

Spermine 

3.2 

Polar Covalent Bonding in Amines 

A covalent a bond between carbon and nitrogen is polar because of the 

greater electronegativity of nitrogen (3.1 versus 2.5 for carbon). The un¬ 

even charge distribution between atoms of unlike electronegativity that are 

connected by a polar covalent bond imparts unique properties to com¬ 

pounds containing such bonds. Thus, amines have different physical prop¬ 

erties from alkanes having similar structures and molecular weights. 

Dipole Moments 

Let’s consider the effects of the presence of an amino group in an or¬ 

ganic molecule. Hydrocarbons have only nonpolar covalent bonds, whereas 

the covalent bonding in amines results in regions of partial positive and 

partial negative charge within the molecule. Such separation of charge con¬ 

stitutes a dipole. A molecular dipole moment, /x, exists when the resultant 

(the sum) of the individual dipoles of the bond polarities projected into 
three dimensions is not zero. 

What structural features in amines produce a dipole moment? First, 

amines have a dipole due to the lone pair of nonbonding electrons on ni¬ 

trogen. Furthermore, nitrogen is more electronegative than carbon and, as 

a result, more strongly attracts electrons toward itself and away from 

carbon (and hydrogen). Therefore, the carbon-nitrogen and hydrogen- 

nitrogen bonds in amines are polarized so that electron density in the bonds 

92 is shifted toward nitrogen, further enhancing the molecular dipole. 



This shift of electron density can be indicated in several ways. In one 

method, an arrow pointed toward the center of partial negative charge in¬ 

dicates the direction of the shift in the cr bond. Alternatively, a lowercase 

delta (5) indicates the development of a partial positive or negative charge 

on the atoms involved in polar covalent bonding. Both the carbon-nitro¬ 

gen and hydrogen-nitrogen bond dipoles of methylamine combine with the 

dipole of the lone pair on nitrogen to produce the overall dipole of the mol¬ 
ecule: 
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h2n—ch3 

s- s+ 
h2n—ch3 

<'/CH3 

Bond dipoles of Molecular 

methylamine dipole 

The presence of a dipole moment has important consequences for both 

a molecule’s physical properties and its chemical reactivity. For example, 

because of the significant electron density on nitrogen, the negative end of 

a carbon-nitrogen dipole is attracted to nuclei of hydrogen atoms (the pos¬ 

itive ends of carbon-hydrogen dipoles) on the surface of surrounding mol¬ 

ecules. The influence of dipole-dipole interactions on intermolecular at¬ 

tractive forces is evident from the boiling points of isobutane, (CH3)3CH 

( — 12 °C), and trimethylamine, (CH3)3N (3 °C), a difference of 15 °C (see 

Table 3.1 on page 94). The effect is small, however, because C—H bonds 

are only slightly polarized, and thus the attraction of these hydrogen atoms 

for the lone pair of electrons of nitrogen is small. The electrostatic attrac¬ 

tion between the lone pair of electrons on nitrogen and a hydrogen atom 

nucleus is dramatically increased when the hydrogen is attached to a het¬ 

eroatom. 

Isobutane T rimethylamine 

EXERCISE 3.3  

For each of the following pairs, choose the molecule that is likely to have the larger 

dipole moment. Explain your reasoning. 

(a) NH3 or NF3 

(b) trimethylamine or 2-methylpropane 

(c) triphenylamine or triphenylmethane 



TABLE 3.1 

Boiling Points of Selected Hydrocarbons and Heteroatom-Containing 

Compounds 

Hydrocarbon 
Boiling 

Point (°C) Amine 

Boiling 
Point (°C) Alcohol or Ether 

Boiling 
Point (°C 

ch4 -164 nh3 -33 h2o 100 

CH3CH3 -89 ch3nh2 -6 CH3OH 65 

ch3ch2ch3 -42 CH3NHCH3 7 CH3OCH2CH3 11 

ch3ch2nh2 16 ch3ch2oh 78 

CH3CH2CH2CH3 -0.5 ch3ch2ch2nh2 48 ch3ch2ch2oh 97 

ch3nhch2ch3 37 CH3CH(OH)CH3 82 

CH3CH(NH2)CH3 33 (CH3)3COH 82 

(CH3)3CH -12 (CH3)3N 3 CH3(CH2)3OH 117 

CH3(CH2)3CH3 36 CH3(CH2)3NH2 78 ch3ch2och2ch3 35 

CH3(CH2)4OH 138 

Hydrogen Bonding 

Polar covalent a bonds are formed between hydrogen and highly elec¬ 

tronegative atoms (those in the fifth, sixth, and seventh columns of the pe¬ 

riodic table). The hydrogen of such a polar bond often participates in fur¬ 

ther association by hydrogen bonding. The partially positively charged 

hydrogen atom associates with a partially negatively charged center in an¬ 

other molecule. The weak attraction of a hydrogen atom bonded to an elec¬ 

tronegative atom, X, for a lone pair of electrons on another electronegative 

atom, Y, is a hydrogen bond: 

Hydrogen 

bond 

X—H :Y 

Hydrogen bonding causes a lengthening of the polar covalent bond between 

the heteroatom and hydrogen. 

Let’s consider the interaction between two ammonia molecules. Electro¬ 

static attraction exists between the partial positive charge on a hydrogen of 

one ammonia molecule and the high electron density (partial negative 

charge) of the nitrogen lone pair of the other ammonia molecule (Figure 

3.3). Thus, this hydrogen atom is linked with both the nitrogen to which it 

is covalently bonded and, more weakly, the lone pair on the other ammo¬ 

nia molecule through a hydrogen bond. A network is set up throughout the 

entire volume of a sample of liquid ammonia in which many such hydro¬ 

gen bonds link individual ammonia molecules. When hydrogen bonds con¬ 

nect separate molecules, they are referred to as intermolecular hydrogen 94 
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5+ 5— 5+ 

H2N—H- • • :N—H3 

FIGURE 3.3 

3.2 Polar Covalent 

Bonding in Amines 

Intermolecular hydrogen bonding in ammonia. (The lone pairs of electrons on 
nitrogen are shown as small light blue spheres.) 

bonds; when hydrogen bonds connect groups within the same molecule, 

they are called intramolecular hydrogen bonds. 

Intermolecular hydrogen bonding is important wherever hydrogen is 

covalently bonded to such highly electronegative atoms as nitrogen, oxy¬ 

gen, sulfur, or a halogen. Hydrogen atoms attached to nitrogen, oxygen, or 

fluorine form the strongest hydrogen bonds. The valence requirement of 

the hydrogen atom participating in a hydrogen bond is fulfilled largely 

by the covalent bond. Thus, a hydrogen bond is substantially weaker than 

a typical covalent cr bond. Hydrogen-bond strengths vary from 1 to 

5 kcal/mole. 

In primary and secondary amines, a hydrogen atom in the amino group 

forms a hydrogen bond to the lone pair on nitrogen in other amine mole¬ 

cules. The presence of hydrogen bonds between molecules of 1-amino- 

propane (CH3CH2CH2NH2) results in a boiling point 48 °C higher than 

that of the analogous hydrocarbon, butane (CH3CH2CH2CH3). Hydrogen 

bonding has even stronger effects on the physical properties of alcohols (dis¬ 

cussed later in this chapter) because of the greater polarization of O—H 

bonds compared with N—H (and C—H) bonds. Boiling points increase 

uniformly from hydrocarbon to amine to alcohol, as, for example, in the 

series propane, ethylamine, and ethyl alcohol (—42 °C, 16 °C, and 78 °C, 

respectively). 

EXERCISE 3.4 

Draw each of the hydrogen bonds described as a dotted line: 

(a) ammonia hydrogen bonded to another ammonia molecule 

(b) ammonia hydrogen bonded to methylamine 

(c) methylamine hydrogen bonded to another methylamine molecule 

(d) ammonia hydrogen bonded to trimethylamine 

EXERCISE 3.5 

Determine how many atoms are included in the ring formed by intramolecular hy¬ 

drogen bonding for each compound: 

(a) 1,2-diaminoethane (also called ethylene diamine) 

(b) putrescine, H2NCH2CH2CH2CH2NH2 ** 
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Solvation 

Hydrogen bonding also occurs in mixtures between heteroatom-con- 

taining molecules. For example, consider the interaction of methylamine 

(CH3NH2) and water (H20), whose structure is considered in more detail 

later in this chapter. The hydrogen atoms of water are more electron- 

deficient than those of methylamine because oxygen is more electronega¬ 

tive than nitrogen. On the other hand, the lone pair of electrons of the 

amine is less tightly held by nitrogen than are the two lone pairs of water. 

Thus, the strongest hydrogen bond is formed when a hydrogen atom of wa¬ 

ter interacts with the lone pair of electrons of methylamine (Figure 3.4). 

HO—H • :NH2CH2 

FIGURE 3.4 

Intermolecular hydrogen bonding between water and methylamine. (Lone pairs 
of electrons are shown as pink or light blue spheres.) 

With only one lone pair of electrons, the nitrogen atom of methylamine 

can engage in only one hydrogen bond with a water molecule. As a result, 

the electron density about nitrogen is decreased, with increased polariza¬ 

tion of the two N—H bonds. Each of these hydrogens can then hydrogen 

bond with a lone pair of electrons on other water molecules (Figure 3.5). 

FIGURE 3.5 

Orientation of three polar water molecules around methylamine. There is one 
hydrogen bond from a hydrogen of a water molecule to the lone pair of elec¬ 
trons of the amine and two hydrogen bonds from hydrogens of the amine to 
lone pairs of electrons on two other water molecules. 



Hydrogen bonding is an important factor in accounting for the high 

solubility in water of methylamine (a gas at room temperature, with b.p. 

— 6 °C). Water is an ideal compound for intermolecular hydrogen bonding. 

With two hydrogen atoms and two lone pairs of electrons, water molecules 

can form an almost infinite network in which each lone pair and each hy¬ 

drogen atom is involved in hydrogen bonding. When other molecules (such 

as ammonia) dissolve in water, the hydrogen bonding network of water is 

disrupted. For dissolution to be energetically favorable, the hydrogen bond¬ 

ing network of water must be replaced by hydrogen bonding between wa¬ 

ter and the solute. The three water molecules shown surrounding methyl- 

amine in Figure 3.5 constitute all possible hydrogen-bonding motifs of 

methylamine. These associated solvent molecules together comprise the in¬ 

ner solvation shell. Additional water molecules can associate with those of 

the inner solvation shell because the latter have additional hydrogen atoms 

and lone pairs of electrons available for further hydrogen bonding. Each of 

the three water molecules can associate with as many as three more water 

molecules, forming a second solvation shell, as shown by the space-filling 

model in the margin. Note that the twelve water molecules (three in the in¬ 

ner shell and nine in the outer shell) completely encase the amino group 

of methylamine. The methyl group itself contributes nothing to the solu¬ 

bility of methylamine in water and, in fact, disrupts some hydrogen bond¬ 

ing that would be possible in its absence. As the size of the alkyl group in¬ 

creases, the solubility of a primary amine decreases. 

EXERCISE 3.6 

For each of the following pairs, choose the compound that is likely to be more sol¬ 
uble in water. Explain your reasoning. 

(a) ammonia or triethylamine 

(b) methylamine or n-octylamine 

(c) trimethylamine or n-propylamine 

Acidity and Basicity of Amines 

A heteroatom bearing both a bond to hydrogen and a lone pair can act 

as either an acid or a base. The more commonly used definition of acids 

and bases is that originally suggested by Johannes Bronsted: an acid acts by 

transferring a proton to an acceptor. Therefore, a Bronsted acid is defined 

as a proton donor. For example, when HCl reacts with water to form H30 

and Cl0, a proton (H®) is donated by HCl to water: 

H20 + HCl O—H + Cle 
/ 

H 

Similarly, a Bronsted base is a proton acceptor. In the ionization of water, 

one water molecule acts as a Bronsted acid, donating a proton, and the other 

acts as a Bronsted base, accepting a proton: 
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Methylamine with first and second 

solvation shells 

2 H20 ^ FI30® + eOH 
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CHEMICAL PERSPECTIVES 

QUININE: AN ALKALOID 

Naturally occurring compounds with basic nitrogen atoms are referred to as 
alkaloids. Quinine, an alkaloid isolated from the bark of the cinchona tree, 
was the first compound found to be effective for treating malaria, a compli¬ 
cated disease state caused by a parasite. Extracts from cinchona bark were 
first used in Europe in the fifteenth century; the bark was brought to Europe 

by Spanish Jesuits, who learned 
of its medicinal properties from 
Peruvian Incas. The cinchona tree, 
which is native to the Amazon basin, 
grows only in tropical regions, and 
these trees are grown in plantations 
in the South Pacific. 

The control of many of the Pacific islands by the Japanese during World 
War II raised concerns about supplies of quinine to treat American troops 
operating in the Pacific. These concerns spurred interest in the synthesis of 
quinine. Two American chemists, Robert B. Woodward (Nobel Prize in 
Chemistry, 1966) and William von Eggers Doering, were the first to prepare 
quinine in the laboratory in 1944. This synthesis was the first preparation of 
such a complicated molecule and set the stage for a major revolution in how 
chemists viewed their ability to mimic nature. 

These reactions can also be thought of in the Lewis acid-base sense; Cl0 

accepts the electrons of the H—Cl bond that are freed by the interaction 

of hydrogen with the base (water). Simultaneously, water acts as an elec¬ 

tron donor as one lone pair changes from being a nonbonding pair in wa¬ 

ter to participating in an O—H <x bond in the hydronium ion. 

The Bronsted and Lewis concepts of acidity are equally useful for min¬ 

eral acids (such as HC1 or H2SO4), but for organic acids, Bronsted acidity 

is often not relevant. For example, when the lone pair of electrons on the 

nitrogen of trimethylamine interacts with an electron acceptor such as 

boron trifluoride, the amine acts as an electron donor (a Lewis base), and 

BF3 acts as an electron acceptor (a Lewis acid). Thus, a Lewis acid-base re- 

* 



action takes place in this example even in the absence of an X—H bond in 99 
the reactants or the product. 

3.2 Polar Covalent 

Bonding in Amines 

H3C. F , \ © © / 
(CH3)3N: + BF3 H3C—N—B—F 

h3c f 

The presence of a lone pair of electrons (or a 7r bond) is both neces¬ 

sary and sufficient for a compound to act as a Bronsted or Lewis base. When 

the lone pair on nitrogen in an amine interacts to form a covalent bond by 

donation of its electrons to an electrophile (E®), nitrogen is acting as a Lewis 
base. 

R3Nf^ E® ^=± R3N—E 
Lewis 

base 

R3N^^ H® R3N~H 

Bronsted Conjugate 

base acid 

When the electrophile is a carbon atom, a new carbon-nitrogen bond is 

formed, often irreversibly. When the electrophile is a proton (H®), nitrogen 

acts as a Bronsted base. Bronsted acid-base reactions (proton transfer re¬ 

actions) are usually reversible. The product of the reaction of a Bronsted 

base with a proton is called the conjugate acid of the base. 

Quantitative concepts of acidity and basicity will be developed in 

Chapter 6, but it will be useful to develop a general idea about the basicity 

of amines. A quick way to evaluate base strength is from the acidity of the 

conjugate acid: the stronger the conjugate acid, the greater is its propensity 

to give up a proton and, correspondingly, the weaker is the ability of the 

base to attract a proton. Typically the conjugate acids of amines (ammo¬ 

nium ions) have pfCa values around 9. Thus, they are stronger acids than 

water (pKa 15.6) but substantially weaker than hydronium ion (pKa —2). 

Thus, the order of basicity is: eOH > RNH2 > H20. 

H 

H3CNH2 + H® H3CNH2 (pKa 9) 

HO® + H® HO—H (pKa 15.6) 

H20 + H® H20—H (pKa -2) 

Primary and secondary amines have polarized N—H bonds and can 

therefore also act as acids. However, the degree of polarization of an N—H 

bond is substantially less than that of an O—H bond. As a result, the N—H 

bond of an amine is only weakly acidic, with a typical pKa of 36. Amines 

are intermediate in acidity between compounds with O—H bonds, such as 

water and the alcohols (pKa 16-19), and hydrocarbons (pKa 40-60). In 
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Chapter 6 we will discuss some bases that are sufficiently strong to com¬ 

pletely deprotonate primary and secondary amines. 

H 

(pXa 36) H3CNH H3CNH + H® 

(pKa 16) H3CO—H ;=± H3COe + H® 

(pKa 48) H3C—H H3Ce + H® 

Amines are thus both bases and acids. The tendency of a compound or 

functional group to act as both an acid and a base is referred to as am- 

biphilicity. The requirements for ambiphilicity are the presence of a po¬ 

larized X—H bond and a lone pair of electrons on the heteroatom, X. This 

dual acid-base reactivity is a property not only of amines, but also of al¬ 

cohols (ROH), thiols (RSH), and phosphines (RPH2), considered in later 

sections. 

EXERCISE 3.7 

From your knowledge of the periodic table, predict whether each of the following 
compounds can act as a Lewis base. Why or why not? 

(a) Mg@ (c) boron trifluoride (e) tin tetrachloride 

(b) aluminum trichloride (d) triethylamine 

EXERCISE 3.8 

Determine whether each of the following compounds can function as a Bronsted 
base. If so, write the product that would be formed by interaction with a Bronsted 
acid such as HC1. 

(a) butane (d) tertiary butanol, (CH3)3COH 

(b) 1-butanol, CH3CH2CH2CH2OH (e) methyl sulfide, CH3SCH3 

(c) methyl ether, CH3OCH3 H 

33 

Compounds Containing 

sp2-Hybridized Nitrogen 

Like carbon, nitrogen can participate in double and triple bonds. When a 

nitrogen atom is sp2-hybridized, it can form a double bond (one tr bond 

and one tt bond) by overlapping orbitals with those of another sp2- 
hybridized atom. 

Double Bonding at Nitrogen 

The mixing of atomic orbitals to form hybrid orbitals as described in 

Chapter 2 for carbon compounds also occurs with nitrogen to construct 

three sp2-hybrid orbitals, leaving one p orbital unhybridized: 



Is 2s 2px 2px 2 pz 101 

> 3.3 Compounds Containing 
Three One p sp2-Hybridized Nitrogen 

sp2-hybrid 
orbitals 

orbital 

This sp~-hybridized nitrogen can bond, for example, with an sp2-hybridized 

carbon, forming a planar structure in which overlap of the p orbitals at a 

right angle to the molecular plane forms a tt bond. The carbon—nitrogen 

and nitrogen-hydrogen a bonds and the nitrogen lone-pair hybrid orbital 

are coplanar, producing an inline, a compound containing a carbon- 
nitrogen double bond (Figure 3.6). 

The geometries of imines are analogous to those of alkenes. For exam¬ 

ple, an imine contains two fewer hydrogen atoms than the corresponding 

amine, just as an alkene contains two fewer hydrogen atoms than the cor¬ 

responding alkane. The two cr bonds and the lone pair of electrons on ni¬ 

trogen are coplanar and separated by approximately 120°, just like the three 

cr bonds at carbon in an alkene. There is restricted rotation about a C=N 

bond in an imine, just as there is about a C=C bond in an alkene. Like a 

carbon—carbon tt bond, the tt bond of an imine undergoes catalytic hy¬ 
drogenation, producing an amine. 

H3C H 
\ / h2 
/C=cx h3c-ch2-ch2-ch3 

H CH3 

An alkene An alkane 

H3C\ 

C=N: H3C—CH2 —NH—CH3 
/ \ Pt * 

H CH3 

An imine An amine 

FIGURE 3.6 

Overlap of p orbitals (shown 
in blue) results in a tt bond 
between carbon and nitrogen 
in an imine, similar to that 
between two carbons in an 
alkene. The nitrogen atom 
bears a lone pair of electrons 
held in an sp2-hybrid orbital 
(shown in gray) in the same 
plane as two other sp2-hy- 
brid orbitals that are in¬ 
volved in a bonding. 

Bond Strengths of Multiple Bonds 

It is useful to compare the strengths of single and multiple bonds be¬ 

tween various atoms. As we will see in later chapters, chemists are often able 

to understand why reactions occur by comparing the energies of the bonds 

that are broken in the starting material(s) with the energies of the bonds 

formed in the product(s). Table 3.2 (on page 102) gives average bond en¬ 

ergies, obtained from heats of formation, for various types of bonds. Thus, 

for example, the entry for C—H is obtained as the heat required to convert 

methane into carbon and hydrogen—that is, for CH4 —> C + 4 H, AH74 = 

99 kcal/mole. The entry for C—C is obtained by measuring the heat of for¬ 

mation of ethane and subtracting the bond energies of the six C—H bonds, 

assuming that each has the same value as a C—H bond in methane. The 

other bond energies listed are obtained by similar estimations. As we will 

see shortly, the C—H bond energies in methane and in ethane are not the 

same, and thus the values in Table 3.2 represent only approximations. 

However, these values are useful because the bond energies of multiple 

bonds (double and triple) are not otherwise available. 

As you can see from Table 3.2, the energy required to break a double 

bond between two given atoms is greater than that needed to break a sin- 
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TABLE 3.2 

Average Bond Energies (kcal/mole) 

Example. : CH4 hC + 4H; AFP/4 = 99 kcal/mole 

C—H c—c C=C C=C 

99 83 146 200 

N—H C—N C=N C=N 

93 73 147 213 

0—H c—O c=o c^o o=c=o 
111 86 179 257 225 (each) 

H—H N—N N=N N=N 

104 39 100 226 

0—0 3(0=0) 
35 119 

H—F C—F F—F 
136 108 38 

H—Cl C—Cl Cl—Cl 
103 81 58 

H—Br C—Br Br—Br 
87 68 46 

H—I C—I I—I 
71 51 36 

gle bond, and the energy required to break a triple bond is greater than for 

a double bond. We can also see that an H—X bond becomes weaker in pro¬ 

gressing down a column of the periodic table: H—F > H—Cl > H—Br > 

H—I. This trend is also observed when the halogens are bonded to carbon 

or to themselves. 

With bond energies, we can calculate whether a given transformation 

is energetically feasible. For example, in the catalytic hydrogenation of an 

alkene to an alkane, the C=C bond is converted into a C—C bond, while 

an H—H bond in hydrogen gas is broken and two C—H bonds are formed. 

H H 
—■ \ /-99 kcal/mole 

/ \ 

83 kcal/mole 

\ / 
^C=C^ + H—H 

146 kcal/mole 104 kcal/mole 

99 kcal/m 

—> 

By assigning positive values to the energies that must be supplied to break 

bonds and negative values to the energies released when bonds are formed, 

we can calculate AFP for this reaction: 

AH° = +146 + 104 - 83 - (2 X 99) = -31 kcal/mole 



The negative value obtained here indicates that energy is released; that is, 

this is an energetically favorable—and therefore exothermic—reaction. 

In the same way, we can calculate AH° for the catalytic hydrogenation 
of an imine: 
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\ 
XC=N^ + H—H 

99 kcal/mole 

—» 

H H 
-\ /- 

C —N 
/ \ 

93 kcal/mole 

147 kcal/mole 104 kcal/mole 73 kcal/mole 

AH° = +147 + 104 - 99 - 93 - 73 - -14 kcal/mole 

Again, this reaction is predicted to be energetically favorable, which is con¬ 

sistent with the observation that amines are produced by catalytic hydro¬ 

genation. Table 3.2 is thus extremely valuable as a rough predictive tool for 
determining the feasibility of proposed reactions. 

EXERCISE 3.9 

Using the bond energies in Table 3.2, predict whether the following proposed re¬ 
actions are thermodynamically feasible: 

h2 
-> 
Catalyst 

CH3OH 

(b) N2 
H, 

Catalyst 
-> nh3 

(c) CH3—C~N 
H, 

Catalyst 
-» CH3CH,NH, 

Calculating Oxidation Levels 

A method of “electron bookkeeping” is useful for describing conver¬ 

sions in which the number of multiple bonds or the number of bonds to 

heteroatoms is changed. For instance, comparing the oxidation levels of the 

atoms participating in such reactions helps us choose the type of reagent 

(and how much) to accomplish a particular chemical transformation. 

Reagents that can induce an oxidation or a reduction are called redox 
reagents. Reduction entails the addition of electrons and is always accom¬ 

panied by the oxidation of a reaction partner. Oxidation is the loss of elec¬ 

trons. 

By comparing the oxidation levels of starting materials and products, 

we can determine if an oxidation-reduction reaction has taken place. The 

oxidation level of an atom can be determined by a simple scheme. In a 

mental operation, you break all of the bonds, giving the electrons to the 

more electronegative partner. When the two atoms connected by a bond 

have the same electronegativity, the electrons are shared equally. A bond 

to a more electronegative atom results in a positive charge, a bond to a 

less electronegative atom results in a negative charge, and a bond to an 

atom with the same electronegativity contributes no charge. The sum 
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of the charges on the atom is equal to the oxidation level of the atom. For 

example, the oxidation level of the carbon atom in methanol is —2. 

Correspondingly, the hydrogen atoms are at the +1 oxidation level. 

H® 

H®oC©eOH 
0 

H® 

Methanol 

H 

H—C—OH 

H 

Now let’s examine the catalytic hydrogenation of ethene. The presence 

of the bonds to the two less electronegative hydrogen atoms contributes —2 

to the oxidation level of the carbon atoms, and the two bonds (a and tt) 
between the carbon atoms contribute 0. Thus, the oxidation level of the car¬ 

bon atoms in this neutral molecule is — 2. Conducting the same analysis for 

ethane (a product of catalytic hydrogenation), we find that each carbon 

atom is at the — 3 oxidation level. 

\ / H2/Pt ; 
/C=C^ -» H—C—c—H 

H H H H 

Ethene Ethane 

H® H® H® H® 
0 © © 0 _ 

C:: G H®© C• • C © H® © © © © 
H® H® H® H® 

Thus, the formal oxidation level of carbon has been reduced (made more 

negative) by the addition of hydrogen to the molecule. In this example, each 

hydrogen atom in H2 is oxidized (loses an electron) from the 0 to the +1 

oxidation level; that is, the hydrocarbon is reduced as molecular hydrogen 

is oxidized. 

Repeating the same analysis for ethyne (C2H2), we find that the carbon 

atoms are at a higher oxidation level than in ethene (C2H4). We conclude, 

as shown in Figure 3.7, that the greater the number of multiple bonds at a 

given carbon atom, the higher is its oxidation level. The introduction of 

More oxidized 

H—C=C—H H2C=CH2 H3C—CH3 

H—C=N H2C=NH H3C—NH2 

FIGURE 3.7 
More reduced 

Relative oxidation levels of some hydrocarbons and nitrogen-containing com¬ 
pounds. The greater the degree of multiple bonding, the higher is the formal oxi¬ 
dation level of the atoms involved. 
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bonds, we must use a reducing reagent. The same considerations also ap¬ 

ply to compounds containing heteroatoms. The catalytic hydrogenation of 

an imine to the corresponding amine is similar to the reduction of an alkene 

to an alkane. As in an alkene, the carbon in an imine is at a higher oxida¬ 

tion level than the carbon in the amine formed by catalytic hydrogenation. 

We can recognize a more highly oxidized functional group as being one 

with more multiple bonds or one with more bonds to heteroatoms. For ex¬ 

ample, the carbon atom in a C=N triple bond (the structure is developed 

in more detail in the next section) is at a higher oxidation level than that 

in a C=N double bond, which, in turn, is more highly oxidized than the 

carbon atom in a C—N single bond. Thus, the compounds in Figure 3.7 go 

from a more highly oxidized state toward the left to a more highly reduced 

one on the right. 

The same procedure used for calculating oxidation levels in hydrocar¬ 

bons can be applied to heteroatom-containing organic compounds. For ex¬ 

ample, in the catalytic reduction of an imine to an amine, two hydrogen 

atoms change from an oxidation level of 0 in H2 to a level of +1 in the 

product. We thus know that some atom or atoms must undergo reduction 

by a total change of —2. 

H H 
\ H2/Pt 

C=N —-> H—C- -N—H 

\
 

/
 

1 
H H H H 

An imine An amine 

H® H@ 
0 00 0 si 

C N H@©C©©N© H° 
© © © © _ © © 

H® H® H© H© 

By mentally breaking all the bonds, we see that the nitrogen atom has not 
changed (-3 in both imine and amine), whereas the carbon atom has 

changed from 0 in the imine to —2 in the amine. 
This simple system for determining oxidation levels even works for 

charged atoms. For example, amines react with acids to form ammonium 

ions, as in the formation of methylammonium bromide from methylamine 

and HBr. 

H 
HBr 

H—C—N—H - 

H H 

Methylamine 

H® 

h@©c©©n© h® 
© © 

H® H® 

H—C—N—H Bre 

H H 

Methylammonium bromide 

H® H® 
© ©© „ 

h@©c©©n© h® 
© © 

H® H® 

Compounds Containing 
sp2-Hybridized Nitrogen 



TABLE 3.3 

Some Common Oxidizing and Reducing Agents 

Reducing Agents Oxidizing Agents 

H2/Pt (catalytic hydrogenation) 

NaBH4 (sodium borohydride) 

LiAlH4 (lithium aluminum hydride) 

NaB(CN)H3 (sodium cyanoborohydride) 

Cr(VI) (chromate), often as Cr04© or Cr207© 

Mn(VII) (permanganate), often as MnO40 

Cu(II) (cupric ion) 

Os(VIII) (osmate ion) 

Fe(III) (ferric ion) 

We know there is no change in oxidation level of the carbon atom, because 

its bonds are the same in starting material and product. Although the ni¬ 

trogen atom has one additional bond (to hydrogen) in the product am¬ 

monium ion, this atom has not undergone an oxidation or reduction. 

Mentally disconnecting all of the bonds leaves a nitrogen atom with a net 
charge, and therefore an oxidation level, of —3, the same as in methylamine. 

Note that the sum of the oxidation levels of all of the atoms in a mol¬ 

ecule must equal its charge. We can use this observation to determine oxi¬ 

dation levels even when we are unsure of the bonding in a molecule, if we 

assume that certain elements are in their normal oxidation levels. For 

example, oxygen atoms are rarely found in oxidation states other than —2. 

Thus, for neutral CrC>3, the chromium must have an oxidation level of +6 

to balance the three oxygens [3 X (—2) = —6]. 

Once the transformation of one compound to another is identified as 

either an oxidation or a reduction, chemists can choose among possible 

reagents to effect the desired reaction (Table 3.3). In many common reagents 

used for reduction, hydrogen is present at an oxidation level lower than its 

usual +1 state—for example, 0 in hydrogen gas, H2, or — 1 in hydride, H0, 

in complex metal hydrides such as NaBH4 and LiAlH4 (which will be dis¬ 

cussed further in Chapter 12). 

Oxidation reactions are accomplished with reagents that can change 

their formal oxidation levels by taking on additional electrons, thus under¬ 

going reduction. Many oxidation reagents therefore contain a transition 

metal having two or more relatively stable oxidation states, such as 

chromium, manganese, copper, osmium, and iron. Several of these reagents 

are particularly convenient because their color changes when they are re¬ 

duced, thereby allowing the reaction to be followed readily. For example, 

chromate reagents with chromium in the +6 oxidation state are red-orange 

but become green chromium ( + 3) salts when reduced by reaction with an 

organic substrate, which is oxidized. Manganese is purple as the perman¬ 

ganate ion, Mn(VII), in KMn04 and red-brown when reduced to Mn(IV) 

in Mn02. » 

EXERCISE 3.10 

Calculate the formal oxidation level of the carbon atoms in cyclohexane and cy- 
106 clohexene. 



107 EXERCISE 3.11 

Determine whether any of the carbon atoms are at different oxidation levels in each 
of the following pairs of compounds. If so, identify the structure—the left or the 
right—that contains the more highly oxidized atom. 

N—H 

(a) H3C—C=N and H3C— 

H 

O O 

(b) C and C 
H3C OH H3C H 

(c) CH3CH2NH2 and H3C—C=N 

O 

(d) ^ 
h3c oh 

o 
II 

and C 
H3C och3 

O 

(e) 
h3c oh 

and 

O 
II 

H3C Cl 

Compounds Containing 
sp-Hybridized Nitrogen 

The remaining mode for hybridization of nitrogen is the mixing of a 2s and 

a 2p atomic orbital to form two sp-hybrid orbitals, leaving two 2p orbitals 

unmixed. 

2s 2px 2py 2pz 

> * 
Two Two p 

sp-hybrid 
orbitals 

orbitals 

These remaining orthogonal p orbitals can participate in the same type of 

bonding as in alkynes. A compound containing an sp-hybridized nitrogen 

atom linked to a carbon by a triple bond is called a nitrile. This functional 

group is also called a cyano group when present in an organic molecule or 

a cyanide ion when it exists as a negatively charged ion (eC=N) or in in¬ 

organic reagents. Acetonitrile, H3CC=N, is shown in the margin as both 

ball-and-stick and space-filling representations. As in the alkynes, the sp- 

hybrid orbitals participating in cr bonding are oriented at 180° relative to 

each other. The p orbitals are orthogonal to the cr bond, overlapping above 

and below and in front of and behind the linear array of atoms. 

3.4 Compounds Containing 
sp-Hybridized Nitrogen 

<*- 

Acetonitrile 
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EXERCISE 3.12 

Isonitriles are similar in structure to nitriles, but are unusual in that both the car¬ 
bon and the nitrogen joined by the triple bond are charged. Determine the formal 
charges on these atoms for the following isonitrile. Then draw an orbital picture 
of its structure, being sure to account for the lone pair of electrons on carbon. 

© e 

H3C—N=C: 

An isonitrile 

3.5 

Compounds Containing 
sp3-Hybridized Oxygen 

Derivatives of water in which one of the hydrogen atoms is replaced by an 

alkyl or an aryl group are called alcohols. Compounds in which both hy¬ 

drogen atoms of water are replaced are called ethers. The same structural 

features that characterize bonding in organic compounds containing ni¬ 

trogen atoms are also encountered in oxygen-containing compounds. 

Water 

Mixing of the 2s and 2p atomic orbitals of oxygen forms four sp3- 

hybrid orbitals: 

O: Is 2s2px2py2pz 

\' 

Four 
sp3-hybrid orbitals 

Because these four orbitals must accommodate the six electrons of a neu¬ 

tral oxygen atom, they can accommodate only two additional electrons, and 

oxygen is limited to two covalent bonds before it reaches a filled-valence- 

shell electron configuration. When covalent bonds are formed with hydro¬ 

gen atoms, the result is a water molecule, whose Lewis dot structure and 

geometry are shown in Figure 3.8. In the Lewis dot structure, the six va¬ 

lence electrons of oxygen are shown as red dots, and the two electrons con¬ 

tributed by the two hydrogen atoms as black dots. The valence requirement 

of each atom is satisfied, and the sp3-hybrid orbitals are directed at ap- 

FIGURE 3.8 
__„__ 

Lewis dot structure and two three-dimensional representations (ball-and-stick 
and space-filling) of water. (The lone pairs of electrons on oxygen are shown as 
small pink spheres.) 



proximately a tetrahedral angle. The repulsion between the lone pairs on 

oxygen water is slightly larger than that between a lone pair and a crbond 

(as in ammonia), which, in turn, is larger than the bond—bond repulsion in 

methane. As a result, in water the angle between the lone pairs is expanded 

slightly, and the H—O—H angle somewhat compressed (to about 105°), 
from the ideal tetrahedral angle. 

Alcohols: R—OH 

Alcohols are functional groups of the type R—O—H, where oxygen is 

bound on one side to carbon and on the other side to hydrogen. Methanol, 

in which a methyl group is bound to oxygen, is the simplest alcohol. Note 

the close similarity between the structures of methanol and methylamine 
(Section 3.1). 

As in the amines shown in Figure 3.1, the OH group can be at various 

positions in an alcohol. Examples are the three isomeric six-carbon alco¬ 

hols shown in Figure 3.9. Nomenclature for alcohols is in accord with the 

IUPAC rules for hydrocarbons (see Chapter 2), with the ending -anol used 

to indicate the presence of an OH group. A number preceding the name of 

the compound indicates the position along the chain at which the OH group 
is attached. 

OH OH 

l-Hexanol 2-Hexanol 2-Methyl~2-pentanol 

(a primary alcohol) (a secondary alcohol) (a tertiary alcohol) 

FIGURE 3.9 
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/ 
Methanol 

A primary, secondary, and tertiary alcohol. 

Primary, Secondary, and Tertiary Alcohols. Alcohols are subclassi¬ 

fied as primary, secondary, or tertiary according to the nature of the car¬ 

bon to which the OH group is attached. This carbon is uniquely identified 

as the carbinol carbon. Unlike amines, in which one, two, or three carbons 

can be bonded to nitrogen, an alcohol can have only one carbon atom at¬ 

tached to oxygen and retains its functional-group identity. Thus, 1-hexanol 

is a primary alcohol because the OH group is attached to a primary car¬ 

bon (that is, the carbinol carbon is itself bonded to only one other carbon 

atom), 2-hexanol is a secondary alcohol because the carbinol carbon is at¬ 

tached to two other carbon atoms, and 2-methyl-2-pentanol is a tertiary 

alcohol because the carbinol carbon is attached to three other carbons. 

EXERCISE 3.13 

Classify each of the following alcohols as primary, secondary, or tertiary. 
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Hydrogen Bonding. Like nitrogen, oxygen is more electronegative 

than both carbon and hydrogen. This leads to partial charge separation in 

the covalent bonds that oxygen forms with either carbon or hydrogen. 

Bond Polarization in Methanol 

//°"CH3 
H 
/ 

8- 8 + 

0-CH3 

8 + 

A methanol molecule forms hydrogen bonds with other methanol mole¬ 

cules (Figure 3.10) or with other polar molecules such as water (Figure 

3.11). The boiling point of an alcohol is thus significantly higher than that 

of a hydrocarbon of similar molecular weight (see Table 3.1), and low- 

molecular-weight alcohols are significantly soluble in water and other po- 

FIGURE 3.10 

Hydrogen bonding between methanol molecules. (Lone pairs of electrons are 
shown as small pink spheres.) 

FIGURE 3.11 

Hydrogen bonding between methanol and water. Hydrogens of two water mole¬ 
cules (top) form hydrogen bonds with the two lone pairs of electrons on the 
oxygen of methanol, and the lone pair on the oxygen of a third water molecule 
(lower right) hydrogen bonds with the hydrogen of the OH group of methanol. 



Ill lar solvents. Indeed, methanol, ethanol, 1- and 2-propanol, and all of the 

butanols except f-butanol (2-methyl-2-propanol) are miscible (soluble in 

all proportions) with water. As the molecular weight of an alcohol increases, 

the polar OH group becomes a smaller fraction of the total molecular vol¬ 

ume, and the solubility of the alcohol in water decreases. Most alcohols are 

miscible with all common organic solvents. The exception is methanol, 

which is not miscible with simple alkanes such as pentane and hexane. 

EXERCISE 3.14 

Explain why the boiling point of ethanol (78 °C) is significantly higher than that 
of ethylamine (16 °C). Si 

Ethers: R—O—R 

Ethers are another family of organic compounds that contains oxygen 

as the functional group. Unlike alcohols, ethers have two carbon atoms 

bound to an oxygen atom; the simplest example is methyl ether. A near- 

tetrahedral geometry is maintained at the sp3-hybridized oxygen atom, and 

the carbon-oxygen bonds are polarized such that the electron density on 

oxygen is higher than on carbon. Because of this molecular dipole, ethers 

are more polar than hydrocarbons and more soluble in polar solvents. 

Methyl ether 

Because ether molecules do not have an OH group, they cannot form 

hydrogen bonds with other ether molecules. (An ether molecule can par¬ 

ticipate in hydrogen bonding with a molecule that has a hydrogen bonded 

to a heteroatom.) The polarized carbon-oxygen bond enhances van der 

Waals attractions between ether molecules (compared with hydrocarbons), 

but without hydrogen bonding, ethers have weaker intermolecular interac¬ 

tions than do alcohols. Therefore, the boiling points of ethers are compa¬ 

rable to those of hydrocarbons of similar molecular weights but lower than 

those of the analogous alcohols. 
The bond-dissociation energies of the carbon-oxygen bonds in ethers 

are similar to those of the carbon-oxygen bonds in alcohols, but heterolytic 

cleavage of that type of bond in an ether generally requires a very strong 

acid and rigorous heating. In general, ethers are very unreactive and there¬ 

fore are useful as solvents. Good solvents interact with solutes well enough 

to dissolve them but remain chemically inert. Ethers are good solvents be¬ 

cause the polar carbon-oxygen bonds participate in dipole-dipole interac¬ 

tions with other polar molecules. In addition, the lone pair of electrons on 

3.5 Compounds Containing 
sp3-Hybridized Oxygen 



112 

3 Functional Groups 
Containing FFeteroatoms 

the oxygen of an ether participates in hydrogen bonding with molecules 

bearing a polar X—H bond. However, ethers are resistant to heterolytic 

cleavage reactions because they do not have an X—H bond and thus do not 

serve as proton donors, a reaction characteristic of alcohols. Although ethers 

are polar, they lack an acidic proton on a heteroatom. They are therefore 

aprotic solvents. 
Ethers derive their names from the alkyl groups attached to oxygen— 

for example CH3OCH2CH3 is methylethyl ether, and CH3CH2OCH2CH3 

is ethyl ether. Note that names of ethers do not have a prefix (such as di-) 

to indicate two identical groups. When only one group is specified, as in 

ethyl ether, the compound is assumed to be a symmetrical ether. 

EXERCISE 3.15 

Name each of the following ethers: 

3.6 

Bond Cleavage 

The transformation of one stable organic molecule into another is invari¬ 

ably accompanied by changes in bonding—existing bonds are broken and 

new bonds are formed. As bonds are broken, energy is consumed. 

Homolytic cleavage occurs when the electrons of a bond are distributed 

equally to the two atoms originally joined by that bond, and the heat con¬ 

sumed as this occurs is defined as the bond-dissociation energy. Homolytic 

cleavage yields two radicals, species with an unshared electron and thus one 

fewer electron than is required for a full valence shell. For example, ho¬ 

molytic cleavage of the C—O bond of methanol produces a methyl radical 

and an OH radical and consumes 92 kcal/mole: 

TMA 
H3C—OH -» H3C- + - OH AH° = 92 kcal/mole 

Methanol 

The movement of one electron from a bond to an atom that occurs in ho¬ 

molytic cleavage is indicated with a half-headed curved arrow (see Chapter 

2). All homolytic bond cleavages require the input of energy and are thus 
endothermic. 
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Typical Bond Lengths and Bond Energies 3-6 Bond Cleavage 

Bond 
Bond Length 

(A) 
Bond Energy 
(kcal/mole) 

X
 

—
u

—
 

1.10 93-105 

—c—c— 
1 1 

1.54 84-90 

\ 
N—H 

/ 
1.01 91-103 

1 / 
—C—N 

| \ 
1.47 82-85 

X
 

o
 

■ 

0.97 102-109 

—c—o— 
1 

1.43 80-94 

F—H 0.92 136 

—C—F 1.40 107-108 

Bond-dissociation energies (as well as bond lengths) for several repre¬ 

sentative kinds of bonds are listed in Table 3.4. More complete lists of bond- 

dissociation energies are given in Tables 3.2 and 3.5, which are also repro¬ 

duced inside the back cover of this book. 

EXERCISE 3.16 

Draw the structures of the radicals that would be produced by homolytic cleavage 
of each of the bonds shown in Table 3.4. 

In heterolytic cleavage, the two electrons initially shared in a bond are 

distributed unequally—that is, both electrons of the bond go to one of the 

atoms. This process is more favorable for a polar cr bond between atoms of 

unlike electronegativity than for a nonpolar bond. In any event, heterolytic 

cleavage does not occur easily because it requires considerable energy, not 

only to break the cr bond but also to completely separate the resulting pos¬ 

itive and negative charges. In a polar covalent bond, part of this additional 

energy cost has already been paid in achieving polarization of the bond; 

however, in the absence of other factors, heterolytic cleavage of a bond re- 
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quires more energy than does homolytic cleavage. You will learn later how 
the energy required for heterolytic bond cleavage can be reduced substan¬ 
tially below that for homolytic cleavage in the presence of polar solvents 
that stabilize the ions produced. 

Heterolytic cleavage can occur in polar molecules by two modes. As an 
example, consider the heterolytic cleavage of the C—O bond of methanol. 
In reaction 1, the two electrons in the C—O bond are shifted to oxygen, 
producing a methyl cation and a hydroxide ion. 

f* 
h3c—oh 

Methanol 

H3C—OH -> 

-> h3c® + eOH 
(1) 

Methyl Hydroxide 
cation ion 

H3Ce + ®OH (2) 
Methyl anion Hydroxyl cation 

Here, it is important to note that the movement of the two electrons is in¬ 
dicated by a full-headed curved arrow. The two electrons of the C—O bond 
are no longer in a bonding orbital; rather, they are localized on oxygen. 

In the alternative mode of heterolytic cleavage shown in reaction 2, the 
two electrons in the C—O bond are shifted to carbon to produce a methyl 
anion and a hydroxyl cation. Again, the full-headed curved-arrow notation 
shows the flow of two electrons from the cr bond to carbon. Both reaction 
1 and reaction 2 require cleavage of the a bond between carbon and oxy¬ 
gen and separation of charge. However, the heterolytic cleavage in reaction 
2 is more difficult than that in reaction 1 because it opposes the inherent 
electronegativity tendency in the polar crbond. In reaction 1, the electrons 
shift to the more electronegative oxygen atom, whereas reaction 2 reverses 
this flow of electrons and thus requires more energy. 

EXERCISE 3.17 

Apply your knowledge of electronegativity to draw a full-headed curved arrow 
showing the preferred direction of electron flow when each of the following bonds 
is cleaved heterolytically: 

(a) CH3—SCH3 (b) CH3S—H (c) CH3—OH (d) CH30—CH3 ■ 

Homolytic Cleavage: Bond Energies and 
Radical Structure 

The cleavage of the carbon-oxygen or oxygen-hydrogen bond of an al¬ 
cohol can be, in principle, either homolytic or heterolytic. Let’s consider the 
structural factors that might affect the cleavage mode. 

The principal measure of the ease of homolytic cleavage is the bond- 
dissociation energy. Table 3.5 lists specific bond-dissociation energies for 
some common bonds encountered in organic chemistry. These values are 
not the same as the average bond energies in Table 3.2 because the values 
in the two tables are arrived at in different ways. The bond-dissociation en¬ 
ergies in Table 3.5 indicate the energy required to break a specific bond in 
a particular molecule, whereas the average bond energies in Table 3.2 are 
calculated from a set of experimental data, assuming, for example, that all 



TABLE 3.5 

Bond-Dissociation Energies (kcal/mole) 

X 

Bond H F Cl Br I OH nh2 ch3 

Ph—X 111 126 96 81 65 111 102 101 

CH3—X 105 108 85 70 57 92 85 90 

CH3CH2—X 100 108 80 68 53 94 84 88 

(CH3)2CH—X 96 107 81 68 54 94 84 86 

(CH3)3C—X 93 — 82 68 51 93 82 84 

PhCH2—X 88 — 72 58 48 81 — 75 

h2o=chch2—X 86 — 68 54 41 78 — 74 

H—X 104 136 103 87 71 119 107 105 

X—X 104 38 59 46 36 51 66 90 

G—H bonds have the same energy. Both types of values are useful: bond- 

dissociation energies provide an accurate assessment of the energy required 

to break a particular bond homolytically; average bond energies can be 

used to estimate changes in energy for transformations from one stable spe¬ 

cies to another, especially in cases where tt bonds are broken and made. 

Bond-dissociation energies vary with the degree of substitution of the 

atoms involved in the bond being broken. Thus, the energy required to break 

a C—H bond decreases progressively in the series shown in Figure 3.12. 

H H 

H—C—H - —> 11—C- i- -H A H° = 105 kcal/mole 

H H 

H H 

H3C—C—H - —► H3C—C- + • H A H° = 100 kcal/mole 

H H 

FI H 

H3C—C—H “ —> h3c c • + * h 

II 
o

 £
 

<1 96 kcal/mole 

ch3 ch3 

ch3 ch3 

H3C—C—H —■> H3C—C- + • H A H° = 93 kcal/mole 

ch3 

FIGURE 3.12 

CH3 

Bond-dissociation energies for a C—H bond in several simple hydrocarbons. 115 
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H 

H—C—OH - 

H 

H 

—> H—C* + • OH 

H 

APT = 92 kcal/mole 

H H 

h3c—c—oh - —> h3c—o + - oh 
1 

A H° = 94 kcal/mole 

H 
1 

H 

H H 

H3C—C—OH - —> H3C C • + • OH A H° = 94 kcal/mole 

ch3 ch3 

ch3 C
O

 

X
 

u
-

 

H3C—c—OH - —> H3C C • + • OH APT = 93 kcal/mole 

ch3 

FIGURE 3.13 

ch3 

Bond-dissociation energies for a C—O bond in several simple alcohols. 

Because these homolytic cleavages produce one fragment (the hydrogen 
radical) in common, the decreasing bond-dissociation energies in this se¬ 
ries must result from a change in stability of the carbon radical formed or 
the ground-state strength of the C—H bond, or both. 

For relatively nonpolar bonds (such as C—H and C—C bonds), the 
radical stabilization energy is important in determining the order of 
bond-dissociation energies. Radical stability follows the order tertiary > 
secondary > primary and influences the ease of homolytic cleavage. 
(Analogous to the subclassification of alcohols, the subclassification of rad¬ 
icals is based on the number of carbon atoms attached to the carbon bear¬ 
ing the unpaired electron.) 

In contrast, bond-dissociation energies for bonds between carbon and 
more electronegative atoms such as oxygen and the halogens do not differ 
as much with the degree of substitution, as Figure 3.13. shows. The same 
primary, secondary, and tertiary carbon radicals are formed upon cleavage 
of the carbon-oxygen bond in this series as are produced in the breaking 
of the carbon-hydrogen bond in the series shown in Figure 3.12. However, 
the bond strength between carbon and oxygen increases as the degree of 
substitution increases, counteracting the effect of radical stability. The 
bond-dissociation energies of C—X bonds therefore do not easily conform 
to a degree-of-substitution trend, and individual entries in Table 3.5 must 
be used to determine AFP for a reaction in which one of these bonds is 
broken or made. 

Radical Stabilization 

Let’s consider the structure of a carbon radical in order to understand 
why more substituted radicals are more stable. In the methyl radical (-CH3), 
there are three equivalent C—H bonds and one nonequivalent p orbital 



bearing a single electron (Figure 3.14). In this configuration, the carbon 

atom has only seven valence electrons. Being one electron shy of a filled va¬ 

lence shell, carbon radicals are electron-deficient and highly reactive. 

A radical has one unpaired electron, one fewer than required for a com¬ 

plete valence shell. Radicals are therefore electrophilic. Because the electron 

density of an s orbital is closer to the nucleus than is that of a p orbital, the 

lowest-energy arrangement of the methyl radical has as many electrons as 

possible in hybrid orbitals (with s character). This is achieved when the sin¬ 

gle electron is held within a p orbital, and the three hybrid orbitals are dou¬ 

bly occupied. (If the carbon were sp3-hybridized, the three pairs of bond¬ 

ing electrons would be in orbitals with less s character and thus farther from 

the nucleus.) The carbon of the methyl radical is therefore sp2-hybridized, 

involved in three cr bonds to hydrogens and having a singly occupied p or¬ 

bital. In this hybridization, the H—C—H angle is 120°, and the three C—H 

bonds are coplanar. Thus, when a methyl radical is formed by the homolytic 

cleavage of a H3C—X bond, the carbon undergoes a geometric change from 

tetrahedral to planar and a rehybridization from sp3 to sp2. 
Replacing one of the hydrogen atoms of the methyl radical by a methyl 

group yields the ethyl radical (Figure 3.15). An alkyl group is more polar¬ 

izable than a hydrogen atom and can better satisfy the high electron de¬ 

mand of the electron-deficient sp2-hybridized radical carbon. Furthermore, 

the carbon-hydrogen bonds of the methyl group can overlap with the singly 

occupied p orbital, resulting in hyperconjugative stabilization similar to that 

seen in alkenes in Chapter 2. Any primary radical (such as the ethyl radi¬ 

cal in Figure 3.15) has this hyperconjugative interaction, which is not pos¬ 

sible in the simple methyl radical (Figure 3.14). Thus, the ethyl radical (or 

any other primary radical) is more stable than the methyl radical. 

A three-dimensional repre¬ 
sentation of the methyl radi¬ 
cal with a single electron in 
the p orbital. 

A three-dimensional representation of the ethyl radical. Note that it is possible 
to align the C—H bonds on the adjacent carbon atom with the singly occupied 
p orbital, thus permitting hyperconjugative stabilization of the radical. (The 
p orbital is shown in blue, the sp3-hybridized orbitals of the methyl group in 
gray, and the hydrogen s orbitals of the methyl group in off-white.) 

The greater the number of alkyl groups directly connected to a radical 

carbon atom, the greater is the stabilization. In the isopropyl radical and 

the tertiary butyl radical, there are two and three alkyl groups, respectively, 

that provide hyperconjugative stabilization in the interaction with the elec¬ 

tron-deficient carbon. 

Isopropyl radical t-Butyl radical 117 
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Thus, a tertiary radical is more stable than a secondary radical, which, in 

turn, is more stable than a primary radical, in part because of increasing 

stabilization by hyperconjugation along this series. This order of radical 

stability (3° > 2° > 1°) is consistent with that observed from bond- 

dissociation energies for various carbon-hydrogen bonds. 

EXERCISE 3.18 

Determine whether each of the following radicals is primary, secondary, or tertiary: 

EXERCISE 3.19 

For each of the following pairs of compounds, choose the one that requires less 
energy for heterolytic cleavage of the C—X bond: 

Heterolytic Cleavage of C—OH Bonds: 
Carbocation Formation 

In principle, heterolytic cleavage of a carbon-oxygen bond can occur 

in two ways that differ in the direction of the electron flow: 

Electron Flow to Oxygen 

H3C—OH -> H3C® eOH (1) 

Electron Flow to Carbon 
iC\ 

H3C—OH -> H3Ce ®OH (2) 

Reaction 1 is more favorable than reaction 2 because the atom with the 

higher electronegativity (oxygen) takes on negative charge. 



119 Spontaneous heterolytic cleavage of a carbon-oxygen bond is very dif¬ 

ficult by either route because of the high energy cost of cleaving bonds and 

then separating charge to form ions. However, this reaction can be assisted 

significantly by the addition of a proton (from an acid) to one of the lone 

pairs of oxygen (we will reconsider this reaction in more detail in later chap¬ 

ters). For example, in the protonation of methanol, one of the lone pairs 

on oxygen must be shared between oxygen and the incoming proton, which 
is indicated by the curved-arrow notation. 

H® 

H3C—6: 
\ 
H 

H 
fW 

> H3C—o: 
®\ 

H 

H 

H3C' © 
/ 

+ :0: 
\ 
H 

Protonated alcohol 

(an oxonium ion) 

3.6 Bond Cleavage 

The resulting protonated alcohol has a formal positive charge on oxygen, 

which bears three a bonds; this intermediate is called an oxonium ion. The 

ending -onium indicates positive charge, and the prefix ox- indicates that 

the charge resides substantially on oxygen. This positive charge induces even 

further polarization of the carbon-oxygen and hydrogen-oxygen bonds to¬ 

ward oxygen. Heterolytic cleavage of the carbon-oxygen bond in the sec¬ 

ond step of this reaction thus produces a methyl cation and a neutral wa¬ 

ter molecule. Because the oxonium ion is already positively charged, this 

cleavage does not require further charge separation and is therefore much 

more easily accomplished than heterolytic cleavage without acid. 

In general, the ease of dehydration (loss of water) from an oxonium ion 

depends on the character of the alcohol. For various alcohols, the loss of 

water becomes progressively easier in the order methanol < primary alco¬ 

hol < secondary alcohol < tertiary alcohol (Figure 3.16). Because water is 

Methyl carbocation 

Primary carbocation 

Secondary carbocation 

Tertiary carbocation 

FIGURE 3.16 
_ 

Dehydration of methanol and three isomeric butanols. 

Slowest 

v 

Fastest 
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the common product, this order is largely governed by the stability of the 

resulting alkyl cation, called a carbocation, or carbonium ion. The order 

of stability of carbocations is the same as that of radicals. Because a carbo¬ 

cation has only six valence electrons, it is even more electron-deficient than 

a radical. 

Methyl carbocation 

Cation Stabilization 

The structural factors that control radical stability and geometry also 

apply to carbocations. Thus, rehybridization of carbon from sp3-hybridized 

in an alcohol to sp2-hybridized in the analogous carbocation produces a 

planar cation with a vacant p orbital orthogonal to the plane of the atoms. 

Because a carbon with a vacant p orbital is even more electron-deficient 

than a radical (which bears a single electron in the p orbital), the stability 

afforded to a carbocation by hyperconjugation (Figure 3.17) is even greater. 

Because of this hyperconjugative stabilization, the f-butyl cation is more 

stable than the isopropyl cation, which is more stable than the ethyl cation, 

which is more stable than the methyl cation. The order of stability of car¬ 

bocations, like that of radicals, is therefore tertiary > secondary > pri¬ 

mary > methyl. 

/C-ch3 

H 

FI 
\© 

C—H 

H 

FIGURE 3.17 

Hyperconjugation in the ethyl cation (left) affords stabilization not available to 
the methyl cation (right). (The p orbital is shown in blue, the sp3-hybridized or¬ 
bitals of the methyl group in gray, and the hydrogen s orbitals of the methyl 
group in off-white.) 

Ordering Alcohol Reactivity by Class 

The observed reactivity of different classes of alcohols can be explained 

by the stability of the intermediate cations. Originally, cation stabilities were 

ordered based on experimental observations. One of the sources of exper¬ 

imental observations was the Lucas test, a classical qualitative test for dis¬ 

tinguishing primary, secondary, and tertiary alcohols. When treated with 

Lucas reagent, a mixture of Bronsted (concentrated aqueous HC1) and Lewis 

(ZnCl2) acids, alcohols undergo heterolytic cleavage, with the ultimate for¬ 

mation of alkyl halides (Figure 3.18). This conversion proceeds through an 

intermediary carbocation, and the rate of reaction parallels the ease of for¬ 
mation (stability) of that ion. 

The alcohol initially dissolves in the Lucas reagent; however, with sec¬ 

ondary and tertiary alcohols, a layer appears because the product alkyl halide 

does not have a polar O—H bond that can participate in hydrogen bond- 
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FIGURE 3.18 

Relative rates for appearance of an insoluble layer in a Lucas test. 

ing. The product is therefore much less soluble in water than is the start¬ 

ing alcohol. How fast the layer appears depends on how quickly the alco¬ 

hol reacts. As indicated in Figure 3.18, this layer appears almost immedi¬ 

ately with tertiary alcohols, slowly with secondary alcohols, and virtually 

not at all (no reaction after 5 or 10 minutes) with primary alcohols. The 

tertiary alcohol, which can form a relatively stable tertiary carbonium ion, 

reacts much faster than the primary alcohol, whose corresponding carbo¬ 

nium ion is much less stable. Note that the —OH group is replaced by —Cl 

in this reaction, which is therefore called a substitution reaction (we will 

consider such reactions in much more detail in Chapters 7 and 8). 

EXERCISE 3.20 

For each of the following alcohols, predict whether the reaction with Lucas reagent 
will be immediate or slow or not take place at all: 

IS Conjugation in Cations and Radicals 

Let’s now consider the interaction of the vacant p orbital of a carboca- 

tion with an adjacent carbon-carbon double bond. Overlap of this p or¬ 

bital with the 77 bond results in the conjugated system shown in Figure 3.19 

(on page 122). The presence of easily polarized p electrons adjacent to a va¬ 

cant p orbital allows for resonance interaction, which disperses positive 

charge to the atoms at opposite ends of this conjugated system of three car¬ 

bon atoms. This shift of electron density is represented in the resonance 
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FIGURE 3.19 

Three-dimensional representations of significant resonance contributors for an 
allyl cation. 

structures in the figure by curved-arrow notation. (Recall from Chapter 2 

that a resonance structure is a representation of electron distribution in a 

molecule in which atomic positions are fixed.) Whenever you can write two 

or more reasonable resonance structures, the molecule, ion, or radical being 

represented is unusually stable because of delocalization. In the example in 

Figure 3.19, partial positive charge is distributed over two carbons rather than 

localized on one. This primary allyl cation, containing two electrons in three 

adjacent p orbitals, is almost as stable as a secondary alkyl cation. 

A similar interaction takes place between a carbocationic center and a 

phenyl substituent. The resulting benzyl cation, which has a vacant p or¬ 

bital adjacent to an aryl ring (Figure 3.20), also has significant resonance 

stabilization and is about as stable as a tertiary alkyl cation. Thus, the or¬ 

der of stability presented earlier for carbocations should be expanded: ben- 

zylic ~ tertiary > allylic ~ secondary > primary > methyl. 

FIGURE 3.20 

Resonance contributors (left) and an orbital picture (right) for a benzyl cation. 

The same factors that are important in stabilizing allyl and benzyl 

cations affect the stability of allyl and benzyl radicals, as shown in Figure 

3.21. Because the electron arrangement can be represented with several im¬ 

portant resonance structures, these radicals are more stable than simple pri¬ 

mary radicals. Thus, a more complete order of radical stability, inferred 

from the C—H bond-dissociation energies in Table 3.5, is: allylic > ben- 
zylic > tertiary > secondary > primary > methyl. 



FIGURE 3.21 

Resonance contributors for the allyl (left) and benzyl (right) radicals. 

EXERCISE 3.21 

For each of the following alcohols, determine whether a primary, secondary, ter¬ 
tiary, allylic, or benzylic carbocation would be produced by protonation of oxygen 
followed by loss of water: 

OH 

EXERCISE 3.22 

Rank each of the following sets of isomers in order of facility (from fastest to slow¬ 
est) of acid-catalyzed dehydration. {Hint: Acid-catalyzed dehydration proceeds 

through a carbocation.) 

OH 
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3 Functional Groups 
Containing Heteroatoms 

3.7 

Bond Formation: Nucleophiles 

and Electrophiles 

Generally it is not possible to proceed from one stable organic molecule to 

another by bond cleavage alone—new bonds must also be formed so that 

all atoms in the product are at their normal valence level. For example, in 

the heterolytic cleavage of f-butanol in the presence of a Bronsted acid, the 

C—O bond is broken, forming water, in which both the oxygen and the hy¬ 

drogen have filled valence shells, and f-butyl carbocation, in which the pos¬ 

itively charged carbon atom has only six valence electrons. 

+ h2o 

f-Butanol t-Butyl 

carbocation 

The tertiary carbocation can react with chloride ion to form the stable prod¬ 

uct, f-butyl chloride. The ions come together as an electrophile and a nu¬ 
cleophile: 

Electrophile Nucleophile 

Electron-rich reagents such as chloride ion are referred to as nucle¬ 
ophiles because they seek centers of positive charge. The word nucleophile 
derives from the Greek nucleo, for “nucleus,” and philos, for “loving.” 

Electron-deficient reagents such as carbocations are referred to as elec¬ 
trophiles. The word electrophile is derived from the Greek electros, “elec¬ 
tron,” and philos, “loving.” 

Nucleophiles and electrophiles are not necessarily charged species. For 

a species to be a nucleophile, it is sufficient that it have an atom with a lone 

pair of electrons. For example, both H20 and NH3 act as nucleophiles in 

organic reactions. Reaction of f-butyl cation with water produces f-butanol 
after loss of a proton from oxygen: 

Electrophile Nucleophile 

Similarly, an electrophile need only have an atom that can accept electron 
density from a nucleophile. 

Nucleophilicity can be defined as the tendency of an atom, an ion, 

or a group of atoms to donate electrons to an atom (usually carbon). 



125 Electrophilicity can be defined as the tendency of an atom, ion, or group 

of atoms to accept electron density from some atom. A negatively charged 

ion (an anion) is thus more nucleophilic than the corresponding neutral 

species, and a positively charged ion (a cation) is more electrophilic than 

the corresponding neutral species. We will make extensive use of the con¬ 

cept of electrophiles and nucleophiles in later chapters. As we begin to ex¬ 

plore organic reactions, you will become able to recognize reagents that are 

nucleophilic, those that are electrophilic, and those that can be either. 

Nucleophiles act as Lewis bases (electron-pair donors), and electrophiles 

act as Lewis acids (electron-pair acceptors). 

3.8 Carbonyl Compounds 
(Aldehydes and Ketones): 

r2c=o 

Carbonyl Compounds (Aldehydes 

and Ketones): R2C—O 

Oxygen atoms also participate in multiple bonding. The functional group 

consisting of oxygen doubly bonded to carbon is referred to as a carbonyl 
group (C=0), and the carbon involved in the double bond to oxygen is 

called a carbonyl carbon. Carbonyl compounds are often prepared by ox¬ 

idation of alcohols (Figure 3.22), in a process that formally removes two 

hydrogen atoms, one from oxygen and one from carbon. 

A carbonyl carbon that bears a hydrogen and an alkyl group is called 

an aldehyde; one that bears two alkyl groups is called a ketone. An alde¬ 

hyde is produced by the oxidation of a primary alcohol, and a ketone is 

formed by the oxidation of a secondary alcohol. The fact that the conver- 

EM TV® II 

#03 Aldehydes/Ketones 

H 

O 

'C H 
H 

Oxidation O 

Formaldehyde 

(Methanal) 

H 

O Oxidation O 

Acetaldehyde 

(Ethan ai) 

FIGURE 3.22 

HiC-VCH3 
H 

Oxidation O 

Acetone 
(2-Propanone) 

Carbonyl compounds produced by oxidation of alcohols. 



FIGURE 3.23 

An orbital representation of 
a ketone. The tt bond is 
formed by overlap of p or¬ 
bitals on oxygen and carbon. 
The oxygen atom of a ketone 
has two lone pairs of elec¬ 
trons, held in sp2-hybrid or¬ 
bitals (gray) that lie in the 
plane of the tt bond. 

sion of an alcohol to an aldehyde or a ketone is an oxidation can be veri¬ 

fied by counting the number of bonds from carbon to the heteroatom. In 

an alcohol, there is one bond to oxygen; after oxidation, there are two. An 

aldehyde is named by adding the suffix -anal to the stem indicating the 

number of carbon atoms; a ketone is named by adding the suffix -anone. 
The carbon atom of a carbonyl group is bonded to only three atoms 

and is thus sp2-hybridized. The trigonal planar geometries of carbonyl com¬ 

pounds are therefore similar to those of imines, which contain C=N bonds. 

As shown in Figure 3.23, the planar carbonyl group has a C—C—O bond 

angle of about 120° and a tt bond formed by overlap of p orbitals above 

and below the carbonyl carbon atom and the three attached substituents. 

Carbonyl compounds can be catalytically hydrogenated, yielding alcohols. 

However, the higher stability of the C=0 tt bond compared with the C=N 

tt bond makes the reaction more difficult than hydrogenation of imines, 

and much more rigorous experimental conditions are required. Adjacent 

alkyl groups stabilize C=0 bonds even more than C=C bonds. 

Resonance Structures 

Oxygen, being more electronegative than carbon, attracts the electrons 

in the C=0 bond more strongly. The electrons in a p orbital are held less 

tightly than those in a or bond, and thus the degree of polarizability is greater 

for a 77 bond than for a or bond. We can write a resonance structure in which 

the electrons initially shared between carbon and oxygen in the tt bond are 

shifted completely to oxygen. 

Resonance Structures of Acetone 

..© 

<-» 

The resonance contributor at the right, when regarded as a Lewis dot struc¬ 

ture, meets the valence requirement of oxygen, but not that of carbon. 

Furthermore, this structure has one fewer covalent bond and formal charge 

separation, with carbon bearing a positive charge and oxygen a negative 

charge. The structure at the right therefore contributes less to the real struc¬ 

ture of the carbonyl group than does the one at the left. However, it does 

contribute to some degree, and the carbonyl group is polarized, making 

the carbon end of the C=0 bond electron-deficient and the oxygen end 

electron-rich. Therefore, the carbon atom of a carbonyl group is readily 

attacked by nucleophiles, and the oxygen atom by electrophiles (these re¬ 

actions will be covered in more detail in Chapters 12 and 13). 

Nucleophilic Attack at a Carbonyl Carbon 
..© 

:Q: 

Nuc 

Electrophilic Attack at a Carbonyl Oxygen 
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127 EXERCISE 3.23 

Name the functional group present in each of the following oxygen-containing 
molecules: 

3.9 Carboxylic 
Acids: RCQ2H 

3.9 

Carboxylic Acids: RC02H 

Because an oxygen atom needs only two covalent bonds to fulfill its valence 

requirement, it does not ordinarily participate in triple bonding. However, 

a carbon atom can bond to two oxygen atoms. Replacement of the hydro¬ 

gen of an aldehyde with an OH group produces a class of compounds known 

as carboxylic acids. A carboxylic acid (RC02H) is easily named by the ad¬ 

dition of the suffix -anoic to the root designating the appropriate hydro¬ 

carbon. For example, the three-carbon acid is called propanoic acid. The 

carbon atom of a carboxylic acid is sp2-hybridized with a rr bond to oxy¬ 

gen forming a carbonyl group. Thus, the structure is trigonal planar. There 

are two additional resonance structures for a carboxylic acid, both with neg¬ 

ative charge on the carbonyl oxygen, as shown in Figure 3.24. 

EM TV® II 

#04 Carboxylic Acids/ 
Derivatives 

FIGURE 3.24 

Resonance contributors (top) and orbital picture (bottom) for a carboxylic acid. 

One resonance structure has positive charge on carbon, whereas the 

other has this positive charge delocalized to the adjacent oxygen by the for¬ 

mation of a 7ibond between the carbon and the oxygen. The electron den¬ 

sity of the oxygen-hydrogen bond is thus shifted even farther toward oxy¬ 

gen than it is in an alcohol, and the partial positive charge facilitates the 

loss of a proton. Deprotonation of carboxylic acids is easier than deproton¬ 

ation of alcohols; that is, carboxylic acids are more acidic than alcohols. We 

will see in Chapter 6 how resonance stabilization of the anion resulting from 

the loss of a proton from a carboxylic acid is important in enhancing the 

acidity of the OH group. 
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3 Functional Groups 
Containing Heteroatoms 

The ability to donate a proton (that is, to act as an acid) characterizes 

much of the chemistry of carboxylic acids. Carboxylic acids are substan¬ 

tially more acidic (pFTa ~5) than alcohols (pKa —16-19). 

(pKa 5) H3CC02H H3CCO20 + H® 

(pKa 16) H3COH H3COe + H® 

The carbon atom of a carbonyl group in a carboxylic acid is at a higher ox¬ 

idation level (three bonds to oxygen) than that in an aldehyde. Indeed, this 

carbon has an oxidation level of +3, the same as in a nitrile, in which car¬ 

bon is triply bonded to nitrogen. 

Derivatives of Carboxylic Acids 

There are other functional groups in which the carbon atom of the car¬ 

bonyl group forms three bonds with heteroatoms. All of these compounds, 

considered to be derivatives of carboxylic acids, have the +3 oxidation level 

for the carbonyl carbon. Several of these functional groups are shown in 

Figure 3.25. You should become familiar with the names of all of these func¬ 

tional groups. Esters are named as alkyl derivatives with the suffix -anoate, 
amides as -anoamides, acid chlorides as -anoyl chlorides, and acid anhy¬ 
drides as -anoic anhydrides. We will consider the chemistry of these func¬ 

tional groups in detail in Chapters 12 and 13, but for now it is sufficient to 

note that the carbonyl carbons are all at the same oxidation level and that 

each bears three bonds to heteroatoms. 

o o O O 
¥ _xx x A, 

R OH R O R NH2 R Cl 

A carboxylic acid An ester An amide An acid chloride 

o o o o o 
XX 

R 
xx„ „v 

R N R O R R S 

H 

An imide An acid anhydride A thiol ester 

FIGURE 3.25 

Derivatives of carboxylic acids. 

Resonance Effects: Hindered Rotation. Resonance structures similar 

to those for the parent carboxylic acid can be written for carboxylic acid 

derivatives. Contributions from resonance structures analogous to the cen¬ 

ter and right-hand structures in Figure 3.24 significantly influence the phys¬ 

ical properties of carboxylic acid derivatives. For example, rotation about 

the C—N bond in an amide is much more difficult than rotation about the 

C—N bond in an amine. The restricted rotation is caused by the partial 

double-bond character of the carbon-nitrogen bond in the amide; that is, 

it is due to a contribution from the zwitterionic resonance contributor. 
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H H 

The orbital overlap between nitrogen and the carbonyl carbon in an 

amide is even greater than that between oxygen and the carbonyl carbon in 

a carboxylic acid: in amides, the barrier to rotation is —18 kcal/mole. The 

overlap of the nitrogen lone pair of electrons with the tt system of the car¬ 

bonyl group must contribute about 18 kcal/mole of bonding stabilization 

to amides. We will see in Chapter 16 that the partial double-bond charac¬ 

ter of the bond between nitrogen and the carbonyl carbon has important 

consequences for the physical properties of peptides and proteins, which 

contain many such amide groups. 

3.9 Carboxylic 
Acids: RCQ2H 

EXERCISE 3.24 

Classify the functional group of each of the following compounds: 

Reactivity toward Nucleophiles. The ease with which a nucleophile 

attacks the carbonyl carbon of a carboxylic acid derivative is related to the 

amount of lone-pair delocalization. The contribution of resonance struc¬ 

tures stabilizes carboxylic acid derivatives. 

Resonance Structures of an Amide 

ch3 ch3 

Resonance Structures of an Ester 

Addition of a nucleophile to the carbonyl carbon destroys the C=0 7rbond 

and, along with it, the additional stabilization contributed by lone-pair de- 
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Relative rates of nucleophilic addition to ketones. 

localization. Therefore, attack on carbon by a nucleophile is slower for 

amides than for ketones, as shown in Figure 3.26. Nitrogen, being less elec¬ 

tronegative than oxygen, can more readily release electron density to the 

carbonyl oxygen. Resonance delocalization of a lone pair from nitrogen in 

amides is greater than that from oxygen in esters, and therefore amides are 

less reactive toward nucleophiles than are esters. 

EXERCISE 3.25 

In each of the following pairs, choose the compound that would be more easily at¬ 
tacked by a nucleophile at the carbonyl carbon. Explain your reasoning. 

(a) CH3CHO or CH3COCH3 (c) CH3COCH3 or CH3CON(CH3)2 

(b) CH3CHO or CH3C02CH3 (d) CH3CONH2 or CH3C02CH3 

Oxidation Levels 

Oxidation levels of carbon atoms in oxygen-containing compounds can 

be determined using the same methods as for carbon atoms in nitrogen- 

containing molecules. Figure 3.27 summarizes the oxidation levels of car¬ 

bons in compounds containing oxygen. Consider the oxidation levels of the 

two different carbons in ethanal (CH3CHO) and the two identical carbons 

in ethyne (HC=CH). In ethanal, the methyl carbon is at an oxidation level 

of —3, and the carbonyl carbon is at +1. In ethyne, both carbons are at an 
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More reduced 

FIGURE 3.27 
______ 

A comparison of the oxidation levels of carbons (in red) in oxygen-containing 
compounds with those in hydrocarbons. 



131 oxidation level of —1. Adding the values for the carbon atoms of ethanal 

and those of ethyne separately gives the same total, —2. This correspon¬ 

dence is of chemical consequence, because it means that, overall, the inter- 

conversion of these two compounds involves neither oxidation nor reduc¬ 

tion. Indeed, we will see in Chapter 10 that this reaction takes place by 

hydrolysis, the addition of water, not by treatment with a redox reagent. 

The addition of water across a carbon—carbon double bond results in 
an alcohol: 

3.10 Sulfur-Containing 
Compounds 

An alkene An alcohol 

This addition reaction does not change the oxidation levels of hydrogen or 

oxygen in water. However, a hydrogen atom is added to one carbon of the 

alkene (as a consequence, that carbon is reduced), and an OH group is 

added to the other carbon (an oxidation). These two processes—reduction 

and oxidation—exactly balance one another, and no overall change in ox¬ 

idation level occurs when water is added to an alkene. 

These two examples show, as we have seen before, that the presence of 

a multiple bond between carbon atoms means that the carbons are at a 

higher oxidation level than those in an alkane, and that a rr bond changes 

the oxidation level of a carbon atom to the same extent as does the intro¬ 
duction of a single bond to a heteroatom. 

EXERCISE 3.26 

For each of the following reactions, indicate whether an oxidizing or a reducing 
agent is required. (Some reactions may require neither.) 

(a) H3CCHO -> CH3CH2OH 

(b) H3CCHO -> H2C=CH2 

(C) H3CCHO -> H3CCH3 

(d) H3CCH2CHO 

3.10 

Sulfur-Containing Compounds 

Oxygen and sulfur are in the same column of the periodic table and there¬ 

fore have similar valence electron requirements. Just as oxygen forms hy¬ 

brid orbitals from the combination of 2s and 2p atomic orbitals, sulfur forms 

hybrid orbitals from the combination of 3s and 3p atomic orbitals. These 

hybrid orbitals participate in covalent bonding. In a thiol, sulfur is bonded 

to one carbon atom and one hydrogen atom (analogous to the oxygen in 

an alcohol). When sulfur is bonded to two alkyl or aryl carbon atoms (anal¬ 

ogous to the oxygen in an ether), the functional group is called a thioether, 

or an alkyl sulfide. A thiol ester is a compound in which an —SR group 

replaces the —OR group of an ester. 

h3c h 

A thiol 

W 
h3c ch3 

A thioether 

o 

A thiol ester 
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3 Functional Groups 
Containing Heteroatoms 

Many chemical properties of thiols are similar to those of alcohols, and 

many chemical properties of thioethers are similar to those of ethers. Most 

of the differences between these functional groups occur because sulfur has 

a third-level valence shell. Third-level orbitals are significantly larger than 

those of the second level, and the size mismatch between carbon second- 

level and sulfur third-level orbitals results in a carbon-sulfur covalent bond 

that is weaker than that between carbon and oxygen. (Compare the space¬ 

filling models of methyl ether and methyl thioether.) 

Methyl ether Methyl thioether 

In addition, sulfur’s electronegativity (2.5) is significantly lower than that 

of oxygen (3.5), and sulfur is more polarizable because its valence electrons 

are farther from the nucleus than are those of oxygen. Finally, because sul¬ 

fur, in the third row of the periodic table, has access to 3d orbitals, its va¬ 

lence shell can expand beyond eight electrons: sulfur often participates in 

bonding with more than four atoms. As a result, the chemistry of sulfur 

compounds is somewhat more complex than that of oxygen compounds. 

For example, the formation of sulfonic acids is due to sulfur’s capacity to 

form an expanded valence shell and has no analogy in oxygen chemistry, 

although sulfonic acids do form esters and amides that are analogous to 

carboxylic acid esters and amides. 

o o o 

H3C—S—OH h3c— s— och3 h3c—s—nh2 

o 
A sulfonic acid 

o 
A sulfonic acid ester 

o 
A sulfonamide 

Some sulfonamides are potent antibacterial substances known as sulfa 
drugs. 

EXERCISE 3.27 

A thiol ester is analogous to an ester with the singly bonded oxygen replaced by 
sulfur. Would you expect a thiol ester to be more or less reactive than a simple es¬ 
ter toward nucleophilic attack at the carbonyl carbon? Explain your reasoning. 

O 
.CH, 

H3C 'S' 

A thiol ester 
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CHEMICAL PERSPECTIVES 

DIMETHYL SULFOXIDE: A VERSATILE SOLVENT 

Dimethyl sulfoxide (DMSO) is an odorless, dipolar, aprotic, organic solvent 
with unusual properties. By virtue of its highly polarized sulfur—oxygen 
bond, DMSO is miscible with water but also quite soluble in other, less po¬ 
lar organic solvents. It passes readily through the skin and will even carry 
other organic molecules with it. DMSO has been considered as a possible 
vehicle to deliver to the bloodstream drugs that are destroyed in the diges¬ 
tive system. This application of DMSO has not been commercialized, in part 
because of concern about possible toxic side effects of the solvent itself. 
Another complication is that DMSO is reduced in the body to methyl sul¬ 
fide, a compound with a highly disagreeable odor. 

O 

H3C ch3 

Dimethyl sulfoxide 

(DMSO) 

Reduction 
-> 

Methyl sulfide 

3.11 

Aromatic Compounds 

Containing Heteroatoms 

You know from Chapter 2 that planar, cyclic, conjugated molecules con¬ 

taining An + 2 electrons (where n is an integer) are aromatic compounds 

of unusual stability. Aromatic molecules in which one or more carbon atoms 

are replaced by heteroatoms (usually oxygen, nitrogen, or sulfur) are het¬ 
eroaromatic molecules. The stability of these compounds is similar to that 

of their all-carbon analogs. As a family, they are called heterocyclic aro¬ 
matics, or heteroaromatics, because the heteroatom is one of the compo¬ 

nent atoms of the ring. These compounds have common, rather than sys¬ 

tematic, names. Three examples with five ring atoms are furan, pyrrole, 
and thiophene. Each of these heterocyclic compounds can be represented 

by the cyclic array shown for furan (with blue p orbitals and a gray sp2-hy- 

brid orbital containing a lone pair of electrons): 

One lone pair of electrons on the heteroatom is held in a p orbital perpen¬ 

dicular to the molecular plane and thus aligned for interaction with the p 
orbitals of the carbon-carbon double bonds. These structures are analo- 

3.11 Aromatic Compounds 
Containing Heteroatoms 

TV® II 

#06 Heterocycles 

H 

Furan Pyrrole Thiophene 
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3 Functional Groups 
Containing Heteroatoms 

gous to the cyclopentadienyl anion (Figure 2.20) because each contains six 

electrons in a planar, cyclic, delocalized 7r system, making them Hiickel aro¬ 

matics. The nitrogen-hydrogen bond of pyrrole is in the plane of the five- 

membered ring and orthogonal to the 77 system. This position is occupied 

by a lone pair of electrons in both furan and thiophene. 

Pyridine is the simplest example of a six-member heteroatomic aro¬ 

matic compound (Figure 3.28). The aromatic 77 system of pyridine is the 

same as that of benzene. Each of the six atoms of the ring provides a p or¬ 

bital and one electron, giving the total of six electrons needed for an aro¬ 

matic compound. Thus, we can write Kekule-like resonance contributors 

for pyridine in the same way we did for benzene. In contrast with pyrrole, 

in which the lone pair is part of the 77 system, the lone pair on nitrogen in 

pyridine is contained in an sp2 orbital in the plane of the six ring atoms 

and is orthogonal to the 77 system formed from the p orbitals. 

FIGURE 3.28 

Pyridine has six overlapping p orbitals (blue), which comprise the aromatic six- 
electron 77 system, and an sp2-hybrid orbital (gray) containing a lone pair. 

EXERCISE 3.28 

Both pyridine and pyrrole have a lone pair of electrons on nitrogen, which can be 
protonated in an acid-base reaction. In view of Huckel’s rule, which protonation 
will be easier? That is, will pyridine or pyrrole be the stronger base? Explain your 
reasoning. 

Pyridine Pyrrole 

Biologically Important Heteroaromatics 

A heterocyclic aromatic can contain more than one heteroatom, and 

each structure shown here represents a five- or six-member ring contain¬ 
ing two nitrogen atoms. 

H 

Imidazole Pyridazine Pyrimidine Pyrazine 
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ANIMAL, VEGETABLE, MINERAL: THE COLOR OF THINGS 

The world is full of wonderfully colored living creatures in almost endless 
variety. The marvelous colors of autumn leaves, seen especially in the north¬ 
eastern United States, are the result of organic compounds in the leaves that 
are revealed once the normally dominant green color of chlorophyll disap¬ 
pears. 

3.11 Aromatic Compounds 
Containing Heteroatoms 

Sometimes the colors of birds, beetles, butterflies, and other insects are 
the result of absorption of light by organic molecules. For example, xan¬ 
thopterin is a yellow-orange pigment found in the wings of some insects. 

However, many birds and insects use a trick of physics to produce color. They 
have layers of reflective material (usually inorganic salts) arranged at a pre¬ 
cisely defined spacing that selectively reflects light of a specific wavelength. 
A physicist would call such a “device” a quarter-wavelength interferometer, 
which selectively reflects light of wavelength A from multiple layers with a 
thickness of A/4. Many of you are taking physics at the same time as organic 
chemistry. Ask your instructor to explain how such a device operates. Having 
such knowledge, you may view the beauty of nature with even greater awe. 
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gen or nitrogen derivatives of pyrimidine. 
3 Functional Groups 
Containing Heteroatoms 

Uracil Thymine Cytosine 

Heteroatoms are also found in fused-ring molecules (structurally sim¬ 

ilar to the polycyclic aromatic hydrocarbons). Following are three common 

fused-ring structures—quinoline, pteridine, and purine—and two purine 

derivatives, guanine and adenine. Purines are subunits of biologically im¬ 

portant systems. 

Quinoline Pteridine Purine 

H H 

Guanine Adenine 

Guanine and adenine, along with uracil, thymine, and cytosine, are aro¬ 

matic bases. They are components of nucleotides, which constitute the 

chemical basis for genetic coding. Many derivatives of pteridine have been 

isolated from insects and are responsible for the bright and varied colors in 

butterfly wings. 

EXERCISE 3.29 

For each nitrogen atom of purine, specify which type of orbital contains the lone 
pair of electrons and whether the lone pair is part of an aromatic, six-electron tt 

system: 

Heteroatom-Substituted Arenes 

In addition to the heteroaromatics, which have a heteroatom in the ring, 

a number of important compounds have a heteroatom attached to an all- 
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CAFFEINE: A HETEROAROMATIC STIMULANT 

Caffeine, a cyclic aromatic compound containing nitrogen, is present in both 
tea and coffee. Caffeine has a dramatic stimulating effect on people, and both 
tea and coffee have been consumed for centuries for this effect. In this cen¬ 
tury, caffeine has been marketed by itself and in combination with other in¬ 
gredients for use as a stimulant by those who do not like coffee or cannot 
conveniently drink a beverage. Until recently, the caffeine sold in this way 
was prepared by adding a methyl group to theobromine, a related compound 
obtained from cocoa fruits. (Theobromine is also present in tea.) 

CH3 ch3 

Caffeine Theobromine 

However, the relatively large demand for decaffeinated coffee has resulted in 
large quantities of caffeine being available by extraction from coffee beans. 
At first, halogenated organic solvents were used to remove the caffeine from 
the bean, but concern about possible adverse health effects of these solvents 
has stimulated the development of alternative processes that use steam or 
supercritical carbon dioxide. 

3.11 Aromatic Compounds 
Containing Heteroatoms 

carbon aromatic ring. Because the ring contains only carbon atoms, such 

compounds are not called heteroaromatics. For example, as shown in Figure 

3.29, in aniline, sp2-hybridization of nitrogen produces the optimal geom¬ 

etry for the overlap of the lone pair of electrons in a p orbital on the het¬ 

eroatom with the aromatic array of p orbitals on carbons in the ring. 

Although overlap of the heteroatom p orbital with the ring tt system can 

also take place even without rehybridization, the arrangement of the bonds 

about the nitrogen atom of aniline and most of its derivatives is planar; 

therefore, the nitrogen is sp2-hybridized in these compounds. We shall 

FIGURE 3.29 
jwawwiMMWMiwaw_______ 

Three-dimensional representation of orbital interaction in aniline, where the p 
orbital of the sp2-hybridized nitrogen (at the left) overlaps with the tt system of 

the aromatic ring. 
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explore the effect of this extended conjugation on the chemical reactivity 

of some aromatic compounds in Chapter 11. 
As we saw in Chapter 2, aromatic rings can have alkyl substituents, as 

in toluene. It is also possible for these substituents to bear heteroatoms. 

Several of these compounds that are encountered frequently and are usu¬ 

ally referred to by common names are benzoic acid, benzaldehyde, ace¬ 

tophenone, and anisole. 

EXERCISE 3.30 

Will contribution by the zwitterionic resonance structures shown below make ani¬ 
line a stronger or weaker base than it would be if its structure could be represented 
by the resonance contributor at the left? Explain your reasoning. 

Alkyl Halides 

The next-to-last column on the right side of the periodic table contains the 

halogens. Fluorine requires only one a bond to satisfy its valence require¬ 

ment. In hydrofluoric acid, fluorine contributes seven valence electrons and 

hydrogen contributes a single electron to satisfy the valence requirements 

of both atoms, making H—F a stable molecule. 

Three Representations of HF 

.. H-> <5+ 8— 

H=F: H—F H—F 

The a bond is nonetheless highly polarized, because there is a substantial 

difference in electronegativity between hydrogen and fluorine. Carbon- 

fluorine bonds, such as that in methyl fluoride, are otherwise similar to 

carbon-nitrogen and carbon-oxygen bonds. 

Three Representations of H3CF 

.. -f > 5+ <5— 

H3C: F: H3C—F H3C— F 
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CHEMICALLY INERT CARBON-FLUORINE BONDS 

3.12 Alkyl Halides 

The bond between fluorine and carbon is much stronger than the bond be¬ 
tween any other element and carbon. For example, a C—F bond is 25% 
stronger than a C—H bond. As a result, fluorocarbons are unusually stable. 
In fact, polymers such as Teflon, in which there are only C—F and C—C 
bonds, are almost completely inert to chemical reaction, except with strong 
reducing agents. Such polymers can therefore be used for applications where 
other organic materials are degraded, such as in coatings for heating uten¬ 
sils or as seals for containers of corrosive liquids. 

Like alcohols, alkyl fluorides can be primary, secondary, or tertiary: 

CH3CH2CH2CH2F 

l-Fluorobutane 
(a primary alkyl halide) 

ch3chch2ch3 

F 

2-Fluorobutane 
(a secondary alkyl halide) 

ch3 

h3c—c—ch3 

F 

2-Fluoro-2-methylpropane 
(a tertiary alkyl halide) 

Alkyl fluorides are members of the group known as alkyl halides, which 

are formed by bonding between carbon and a member of the halogen fam¬ 

ily (fluorine, chlorine, bromine, or iodine). The other alkyl halides have 

structures similar to those of alkyl fluorides. These compounds can be 

named either as halogenated alkanes (for example, bromoethane) or as alkyl 

halides (for example, ethyl bromide). 

Comparing the bond-dissociation energies of alkyl fluorides, chlorides, 

bromides, and iodides (with the alkyl group constant) indicates that the ct 

bond becomes weaker as the difference in size between carbon and the halo¬ 

gen increases (Figure 3.30). In other words, homolytic cleavage is consid¬ 

erably easier for an alkyl iodide than for an alkyl fluoride. 

no 
h3c f —> h3c- •F A H° = 108 kcal/mole 

no 
h3c—Cl - —> h3o •Cl A H° = 85 kcal/mole 

no 
H3c—Br - —> H3C- •Br A H° = 70 kcal/mole 

no 
H3c—I - —» h3c* •I AH° = 57 kcal/mole 

FIGURE 3.30 
*MBg«ia«ai»a«aBa--- 

Bond-dissociation energies for methyl halides. 
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Heterolytic cleavage within a series of alkyl halides also becomes easier 

in the order fluoride < chloride < bromide < iodide. From the top to the 

bottom of the periodic table, the electronegativity of the halogen decreases, 

whereas the size—and hence the ability to respond to charge demand (po¬ 

larizability)—increases. The stability of the anion (with the negative charge 

on Is spread over a much larger area than that on F0) also is important. 

Therefore, the rates of C—X heterolytic cleavage increase as the R—X bond 

becomes weaker (Figure 3.31), a trend that parallels the acidity of the halo¬ 

gen acids (HX). 

fX 
R—F -^ R + °F Slowest 

R—Cl -> R® + eCl 

R—Br -> R® + eBr 

I \ V 

R—I -> R<±J + ®I Fastest 

FIGURE 3.31 

Relative rates of heterolytic cleavage of alkyl halides. 

EXERCISE 3.31 

Remembering that the dipole moment of a molecule is the vector sum of its bond 
dipoles, predict whether a molecular dipole exists in any of the following multi¬ 
halogen-substituted compounds. If so, draw (in three dimensions) the direction of 
the dipole. 

(a) CC14 (b) CHC13 (c) CH2C12 (d) CH3C1 (e) CBr4 

3.131 

Solvents for Organic Chemistry 

Organic chemists have many and varied uses for solvents in everyday lab¬ 

oratory operations. Solvents are used for separating and purifying organic 

compounds and for carrying out chemical reactions. Solvents are simple 

organic compounds that are liquids at room temperature; most have rela¬ 

tively low boiling points. Some common organic solvents are shown here. 

0 / \ O 
ch2ci2 A. CH3OH Q CH3CH2OH 

Ethyl ether Dichloromethane Acetone Methanol Tetrahydrofuran Ethyl acetate Ethanol 
35 °C 40 °C 56 °C 65 °C 66 °C 77 °C 78 °C bp: 



Solvents are of fundamental importance for separating organic com¬ 

pounds from inorganic materials. In general, organic compounds are con¬ 

siderably less soluble in water than they are in organic solvents. Thus, adding 

a mixture of inorganic and organic compounds to water and an organic 

solvent such as ether leads to a partitioning in which the inorganic com¬ 

pounds remain in the aqueous layer and the organic compounds are ex¬ 

tracted into the ether layer. Usually the mixture is shaken to hasten equi¬ 

librium. This is followed by physically separating the layers and then 

evaporating the organic solvent to yield a residue consisting of the organic 

compounds. 

Solvents are also useful for purifying organic compounds by recrystal¬ 

lization. A mixture of organic compounds is dissolved in a solvent with 

heating. When the solution is cooled to room temperature (or below), the 

less soluble organic compounds preferentially crystallize from the solution. 

Solvents are also useful for conducting organic reactions. Most organic 

reactions are exothermic, so heat is released. Were two reactants simply 

mixed without solvent, the rate of heat release by the reaction might well 

exceed the loss of this heat through the walls of the containing vessel. The 

temperature of the reaction would then rise, leading to even faster reaction 

and an increased rate of heat release. Carrying out reactions in dilute solu¬ 

tion allows the heat to be dissipated into the solution, whose temperature 

is controlled by external heating or cooling. Furthermore, if the solvent is 

heated to its boiling point, heat is effectively released by evaporation. 

Solvents can also influence the rates of reactions. For example, het- 

erolytic cleavage of a C—Cl bond is energetically unfavorable, because of 

the loss of the bond as well as the charge separation that accompanies for¬ 

mation of the carbocation and the chloride ion. Polar protic solvents greatly 

facilitate such heterolytic bond cleavage by stabilizing the ions through sol¬ 

vation. As we begin to discuss reactions in some detail starting in Chapter 

8, we will revisit this role of solvents in organic reactions. 
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3.14 

Nomenclature for Functional Groups 

Each heteroatom-containing functional group considered in this chapter is 

named in accord with the IUPAC rules presented in Chapter 1, except that 

the suffix is changed to identify the functional group. Table 3.6 (on pages 

142-143) summarizes this nomenclature and presents the minimal repre¬ 

sentation needed to characterize the functional groups. Like hydrocarbons, 

these compounds are named by locating the longest continuous carbon 

chain that contains the functional group. The root designates the number 

of carbons, and the suffix designates the functional group. Substituents are 

assigned numbers to indicate their positions along the carbon skeleton. 

For the low-molecular-weight members of some functional groups, 

common names are typically used rather than the IUPAC nomenclature. 

For example, formaldehyde (F^CO), acetaldehyde (CH3CHO), acetyl 

(CH3CO—), acetic acid (CH3COOH), and acetone (CH3COCH3) are used 

almost to the exclusion of the formal IUPAC names. 



TABLE 3.6 

Nomenclature of Various Functional Groups 

Functional 
Group Structure Name Example(s) 

Acid chlorides 

Alcohols 

Aldehydes 

Alkyl halides 

Amides 

Amines 

O -anoyl chloride 
II 

R Cl 

R—OH -anol 

-anal 

R—X haloalkane 
or alkyl halide 

R 

-anoamide 

RNH2, R2NH, R3N alkylamine 

O 

/W 
H,C Cl 

Ethanoyl chloride 
(acetyl chloride) 

CH3CH2OH 

Ethanol 

h3c 

Ethanal 
(acetaldehyde) 

ch3ch2f 

Fluoroethane 

(ethyl fluoride) 

Propanoamide 

N-Methyl propanoamide 

H3C—NH—CH2CH3 

Methylethylamine 

EXERCISE 3.32 

Write an acceptable name for each of the following compounds: 

142 O 



Functional 
Group Structure Name Example(s) 

Anhydrides 

Carboxylic acids 

Esters 

Ethers 

Imines 

Ketones 

Nitriles 

Thioethers 

O O 

R 

""oh 

O 
II 

R OR 

R—O—R 

R—C=NH 

H 

O 

R R 

R—CN 

R—S—R 

-anoic anhydride 

-anoic acid 

alkyl -anoate 

alkyl ether 

-anal imine 

-anone 

-anonitrile 

alkyl thioether 

O O 

Propanoic anhydride 

o 

h3c oh 

Ethanoic acid (acetic acid) 

O 

h3c och3 

Methyl ethanoate (methyl acetate) 

ch3—o—ch3 

Methyl ether 

ch3ch2c=nh 

H 

Propanal imine 

O 

H,C CH,CII2CH, 

2-Pentanone 

ch3ch2cn 

Propanonitrile 

ch3sch2ch3 

Methyl ethyl thioether 

(methyl ethyl sulfide) 

OH 143 
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EXERCISE 3.33 

Draw a structure corresponding to each of the following IUPAC names: 

(a) butanone (f) methyl propanoate 

(b) 2-hexanone (g) dimethylamine 

(c) 3-pentanone (h) propanoamide 

(d) 4-methylpentanal (i) butanoyl chloride 

(e) 2-chloropropanoic acid (j) ethyl 2-bromopropanoate m 

Summary 
__— ----— - 

1. Considering the electronic configurations of nitrogen, oxygen, and 

fluorine (and atoms in the same columns of the periodic table) allows 

chemists to make important predictions about molecules containing them 

with respect to bond strength, geometry, and reactivity with nucleophiles 

and electrophiles. 

2. The classification of heteroatom-containing molecules into sub¬ 

groups is based on the degree of substitution of the carbon bearing the het¬ 

eroatom, except in amines, for which the level of substitution on nitrogen 

is used. Thus, the terms primary, secondary, and tertiary applied to alcohols, 

ethers, and alkyl halides refer to the number of carbon substituents on the 

carbon bearing the oxygen or halogen substituent. When applied to amines, 

these designations refer to the number of alkyl groups attached to nitro¬ 

gen. 

3. Heteroatoms alter the structure of carbon compounds, because the 

presence of one or more lone pairs of electrons on an atom of higher elec¬ 

tronegativity induces significant partial charge separation within the mol¬ 

ecule. The heteroatom usually functions as a locus for chemical activity, that 

is, as the functional group in a molecule. Reactions of heteroatom-con¬ 

taining compounds usually take place at bonds to or near the heteroatom. 

4. The difference in electronegativity between carbon and a heteroatom 

(X) to which it is bonded results in polarization of the C—X cr bond. In 

many cases, the vectorial sum of such polar covalent bonds causes a net 

molecular dipole, which has consequences for the molecule’s physical prop¬ 

erties (greater reactivity toward charged reagents, higher melting and boil¬ 

ing points, higher solubility in polar solvents, and so forth). The presence 

of a dipole moment within a molecule often correlates with how easily it is 

attacked by nucleophiles and electrophiles. Nucleophiles attack molecules 

at centers of partial positive charge; electrophiles attack molecules at cen¬ 

ters of partial negative charge. 

5. A heteroatom bonded to both carbon and hydrogen can participate 

in hydrogen bonding. This interaction derives from polarization of the 

X—H bond, so that hydrogen is attracted to a lone pair of electrons on a 

heteroatom in another molecule or at another site within the same mole¬ 

cule. Hydrogen bonding has an important effect on the three-dimensional 

structure of a molecule (if intramolecular) and on solvation and associa¬ 

tion with other molecules (if intermolecular). 

6. Multiple bonding between carbon and nitrogen occurs in imines 

(double bond) and nitriles (triple bond). Double bonding between carbon 



and oxygen is found in aldehydes, ketones, carboxylic acids, esters, amides, 

and other derivatives of carboxylic acids. Because oxygen’s valence shell is 

filled if it participates in two bonds (and has two lone pairs of electrons), 

triple bonds to oxygen are not found in stable molecules. 

7. Alcohols are functional groups in which oxygen has cr bonds to both 

carbon and hydrogen. Ethers lack the OH group of alcohols and are there¬ 

fore much less reactive than alcohols. The primary use of ethers in organic 
chemistry is as polar, aprotic, inert solvents. 

8. Bond cleavage in organic molecules can be accomplished by he¬ 

molytic or heterolytic pathways. In a homolytic cleavage, the two electrons 

initially shared between two atoms in a covalent bond are partitioned 

equally to the two radical fragments. In a heterolytic cleavage, both elec¬ 

trons of the covalent bond are transferred to one of the participating atoms, 

leaving the other atom with an electron deficiency. Radicals result from ho¬ 

molytic bond cleavage; ions, from heterolytic cleavage. 

9. Carbocations (formed by heterolytic cleavage) and radicals (formed 

by homolytic cleavage) follow roughly the same relative order of stability: 

benzyl ~ tertiary > allyl ~ secondary > primary > methyl. This order of 

stability arises from resonance stabilization and greater hyperconjugation 
by alkyl groups. 

10. A characteristic reaction of alcohols is the acid-catalyzed loss of wa¬ 

ter. The first step of this reaction is protonation to form an oxonium ion, 

from which water is lost to form a carbocation. The reactivity of an alco¬ 

hol is dependent on the character of the carbon atom to which the OH 

group is attached. The Lucas test can be used to distinguish primary, sec¬ 

ondary, and tertiary alcohols based on the rates at which they undergo con¬ 

version into alkyl halides. 

11. Carbonyl groups are highly polarized. The carbonyl carbon bears 

appreciable partial positive charge, making it a potential site for nucleophilic 

attack. 

12. Carboxylic acids form a number of derivatives. Resonance struc¬ 

tures help explain the reactivity of these derivatives toward nucleophiles. 

13. Sulfur-containing compounds are similar to those containing oxy¬ 

gen. The chemistry of thiols is similar to that of alcohols, and thioethers 

are similar to ethers. Thiol esters have some features of carboxylic acid es¬ 

ters, but because of mismatch in orbital size between the sulfur and the ad¬ 

jacent carbon, these carboxylic acid derivatives are not as stabilized by res¬ 

onance as are their oxygen analogs. Enhanced reactivity toward nucleophilic 

attack at carbon results from this weaker interaction. 

14. Heteroatoms can be incorporated in aromatic systems to which 

Huckel’s rule applies. Several heteroaromatic compounds containing more 

than one heteroatom are important in nucleic acid chemistry. 

15. Alkyl halides contain highly polar C—X bonds. Often such com¬ 

pounds have large dipole moments and are readily attacked by nucleophilic 

reagents at the carbon bearing the partial positive charge. 

16. Nomenclature for compounds containing heteroatoms follows the 

IUPAC rules. A root designates the number of carbon atoms in the longest 

chain containing the functional group; suffixes designate the identity of the 

functional group; and prefixes and Arabic numerals designate the numbers 

and positions of substituents. 
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Review of Reactions 
— 

Protonation of Amines 

H 

H3CNH2 + H® H3CNH2 

Oxidation of Alcohols 

H 
s' 

O Oxidation 

(-h2) 
■» 

ch3 

Alcohol Substitution: Lucas Test 

CH3 ch3 
1 HCl I 

H3C—c—OH -> H3C—C—Cl 
J j ZnCl2 | 

ch3 ch3 

Catalytic Hydrogenation of Imines 

H3C\ 

C=N: H3C—CH2—NH—CH3 
/ \ Pt 3 2 

H CH3 

Review Problems 

3.1 Like alkenes, imines can exist as geometric isomers. Draw the cis and trans 
isomers of the imine of acetaldehyde. Would you expect interconversion of these 
isomers to be easier or harder than the cis-trans isomerization of 2-butene? 

3.2 Classify the following amines and alcohols as primary, secondary, or tertiary. 
Name each compound according to the IUPAC rules. 

3.3 Ethers, esters, aldehydes, and thioethers dissolve in concentrated sulfuric 
acid. Why? 

3.4 Environmentalists are greatly concerned about an atmospheric ozone hole 
centered on Antarctica and thought to be caused in part by the presence of chlo- 
rofluorocarbons in the atmosphere. Ozone, 03, absorbs high-energy ultraviolet 
light (which is dangerous to plant and animal life), and the absence of ozone im¬ 
perils many species. 



(a) Draw a Lewis dot structure of ozone, O3, being sure to indicate the formal 
charge on each atom. 

(b) By drawing a resonance structure, explain how the two oxygen—oxygen 
bonds in ozone are of equivalent length. 

(c) From the hybridization of the oxygen atoms in the structure you drew in 
part (b), predict whether ozone is linear or bent. 

3.5 The acidity of a sulfonic acid is due to the high stability of the conjugate 
base derived by deprotonation of the acid. Write significant resonance structures 
for the monoanion of benzenesulfonic acid (C6H5SO3H), and use them to ex¬ 
plain why the acidity of sulfonic acids is higher than that of carboxylic acids. 

3.6 Explain why iodomethane has a smaller dipole moment (q, = 1.62 D) than 
fluoromethane (/jl = 1.85 D). 

3.7 Use resonance structures to explain why formaldehyde has a larger dipole 
moment than methanol. 

3.8 Calculate the formal oxidation level of carbon in 

(a) ethyne (b) acetonitrile (CH3CN) (c) ethyl amine 

3.9 Although ethyl ether has a substantially higher molecular weight than 
ethanol, ethanol has a higher boiling point. Explain. 

3.10 Derivatives of butane in which C—H bonds are replaced with C—Cl bonds 
can be obtained by exposing butane to chlorine gas in tbe presence of ultraviolet 
light. 

(a) How many different monochlorobutanes are possible? 

(b) How many dichlorobutanes are possible? 

(c) How many trichlorobutanes are possible? 

3.11 Draw structures of all geometric isomers of each compound: 

(a) 1,1,2-trichlorocyclopentane (c) 1,2,4-trichlorocyclopentane 

(b) 1,2,3-trichlorocyclopentane 

3.12 From what you know about intermolecular interactions, decide which com¬ 
pound in each of the following pairs has the higher boiling point. 

(a) pentane (C5H12) or octane (C8H18) 

(b) ethyl alcohol (CH3CH2OH) or methyl ether (CH3OCH3) 

(c) ethylene glycol (HOCH2CH2OH) or ethyl alcohol (CH3CH2OH) 

3.13 Write structural formulas that correspond to the following descriptions: 

(a) four esters with the formula C4H8C>2 

(b) two aldehydes with the formula C4H80 

(c) a secondary alcohol with the formula C3HgO 

(d) three ketones with the formula C5Hi0O 

(e) a tertiary amine with the formula C4HnN 

(f) a tertiary alkyl bromide with the formula C4H9Br 

3.14 Dimethyl sulfoxide (H3CSOCH3, often called DMSO), methylene chloride 
(CH2C12), dimethylformamide [HCON(CH3)2, called DMF], methanol 
(CH3OH), ethyl ether (CH3CH2OCH2CH3, often called simply ether), and 
tetrahydrofuran [—(CH2)40—, called THF] are common organic solvents. 
Classify each as dipolar aprotic, polar protic, or nonpolar. Identify the structural 
feature in each molecule from which its solvent classification derives. 
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3.15 Identify each of the following as a nucleophile or an electrophile: 

(a) triethylamine (b) hydroxide ion (c) Fe® (d) methanethiol, CH3SH 

3.16 Identify the functional group in each of the following compounds. Does 

the molecule act as a Lewis acid or base? 

3.17 What is the relation between the members of the following pairs of struc¬ 
tures? Are they identical, positional (or structural) isomers, geometric isomers, or 
resonance contributors? 

3.18 The aromatic ring in phenol (C6H5OH) behaves as if it is particularly elec¬ 
tron-rich. 

OH 

Phenol 

(a) To explain this observation, draw resonance structures in which the electrons 
in one of the lone pairs on oxygen are shifted to another position. 

(b) Rank the following compounds in order of decreasing ring electron density 
(most electron-rich first). Assume that resonance contributors parallel to those 
drawn for part (a) control the electron density of other aromatic rings. 

Supplementary Problems 

3.19 Provide an IUPAC name for each of the following structures: 

H 



(d) o (f) O o SH 149 

O 

(h) 

3.20 Draw a structure that corresponds to each of the following IUPAC names: 

(a) 2-aminobutane (e) benzoyl chloride (i) AT-methylaniline 

(b) methyl ethyl ether (f) N-benzylethanoamide (j) propanoic acid 

(c) f-butyl allyl thioether (g) p-bromoiodobenzene 

(d) methyl pentanoate (h) 2-methylthiophene 

3.21 Classify the following amines and alcohols as primary, secondary, tertiary, 
or quaternary. 

NH2 

(e) /L 0) 

3.22 Provide a valid name for each structure in Problem 3.21. 

3.23 Identify each functional group circled in the following structures: 

OH 

Review Problems 
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3.24 Which compound in each of the following pairs is expected to be more sol¬ 
uble in hexane? 

(a) 1-butanol or ethyl ether (c) octane or octanoic acid 

(b) trihexylamine or 1-aminohexane (d) hexyl ethanoate or octanoic acid 

3.25 For each compound, which of the red covalent bonds is more easily broken 
by homolytic cleavage? 

H 

(a) H—CH20—H (c) H—CH2NCH3 

H 

(b) H—CH2—CH3 (d) H3CCCH3 

F 

3.26 Determine whether each of the following compounds and ions is expected 
to act as a Lewis acid, a Lewis base, or neither. 

(a) A1C14Q (b) FeCl3 (c) TiCl4 (d) HC1 

3.27 Use the average bond energies in Table 3.2 to calculate whether each of the 
following reactions is endothermic or exothermic. 

(a) H3C—C^C—CH3 + 2 H2 -> 

O OH 

kk/-+hci —>• 
ci 

3.28 Determine whether each of the following conversions is an oxidation or a 
reduction, or neither. 

(a) ==' \ -» -=- 

3.29 Classify the following radicals as primary, secondary, tertiary, benzylic, or 
allylic. 

(c) 

(a) (b) 
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3.30 Of the following pairs, choose the compound that is more easily dehy¬ 
drated when treated with acid. 

OH 

3.31 For each pair in Problem 3.30, choose the compound from which a carbo- 
cation can be more easily obtained. 

3.32 Determine whether the asterisked carbon atom in each of the following 
compounds is more highly oxidized, more highly reduced, or at the same oxida¬ 
tion level as the carbonyl carbon of acetaldehyde. 

O 

h3c h 

Acetaldehyde 

3.33 Name the functional group in each of the f< 

O 

(a) /V 
(d) H3C—SH (g) 

?' 
(b) h3c— s— nh2 

‘II 

0 

(e) (h) 

o 

o 
OH 

NH, 

O 

(c) /S 
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3.34 The following compounds exist in acid-base equilibria, differing only in 
the presence or absence of protons. For each equilibrium, identify any species 
that can act as a nucleophile. If more than one of the equilibrating species is a 
nucleophile, determine which is the more (or most) nucleophilic. 

3.35 For each of the following compounds, identify the principal functional 
group and define the hybridization at each carbon bonded to a heteroatom. 

O 
(a) R—C=N (e) X, 
(b) NH (f) o 

x _X 
R H R 

(c) O (g) O 

A A 
R NH2 R 

(d) R—CH2—NH2 (h) O 

X ,°h 
R 

3.36 Predict which of the two indicated C—H bonds in each of the following 
compounds would yield a more stable radical upon homolytic cleavage. 
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3.37 Draw a three-dimensional representation of the relative orientation of the 
ring it orbitals and the lone pair on the heteroatom in each molecule. 

Thiophene 
Pyrimidine 

3.38 Determine whether each heteroatom in uracil and cytosine will act as a 
proton donor or lone pair donor when participating in intermolecular hydrogen 
bonding. 

Uracil Cytosine 

3.40 Because of their low solubility in water, alkanes are often said to be hy¬ 
drophobic. Explain why alkanes have such low affinity for water. 

3.41 From average bond energies (Table 3.2), calculate the heat of combustion 
of ethane (burning of ethane in oxygen to produce carbon dioxide and water). 

3.42 Compare the value calculated in Problem 3.41 with that measured experi¬ 
mentally (as listed in Table 1.4). If the values do not correspond, explain. {Hint: 
Recall how average bond energies are derived.) 

3.43 From average bond energies (Table 3.2), explain why C—C bond cleavage 
(causing the carbon skeleton to be broken) dominates over C—H bond cleavage 
when naturally complex mixtures of hydrocarbons are pyrolyzed at high temper¬ 
atures in petroleum refining. 

3.44 Differentiate the structural features characteristic of an aromatic and a het¬ 
eroaromatic compound. 

Review Problems 
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3.45 Draw a Lewis dot structure for each of the following heteroatom-contain- 
ing compounds: 

(a) hydrogen peroxide, HOOH (c) hydrogen sulfide, H2S 

(b) phosphine, PH3 (d) hydrazine, H2NNLI2 

3.46 Write an electron dot structure for each of the following simple molecules, 
all of which contain at least one multiple bond. 

(a) nitrogen gas, N2 (c) formaldehyde, H2CO 

(b) “laughing gas,” N20 (d) phosgene, COCl2 

3.47 Identify and draw the structure of the lowest-molecular-weight compound 
that corresponds to each of the following descriptions: 

(a) an enone (c) a cyclic amine 

(b) a cyclic ether (d) an N-methylamide 

3.48 Explain why the H—X—H angle is about 107° in ammonia but about 105° 
in water, even though both nitrogen and oxygen are sp3-hybridized. 

3.49 Explain why acetone, an organic ketone, is completely soluble in water. 
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Purification and Structure Determination 
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Chapters 2 and 3 described how to identify the functional groups of 

organic compounds and how functionality influences physical prop¬ 

erties. This chapter explores how physical techniques can be used to gather 

evidence about molecular structure. In later chapters, you will learn how to 

use these techniques with confidence to follow the course of reactions and 

to identify the products. 
Among the interesting questions addressed in this chapter are these: 

How do chemists know whether a given sample is a pure compound or a 

mixture? How do they assign structure to a compound? What characteris¬ 

tics of the individual functional groups assist them in making correct struc¬ 

ture assignments? 

Using Physical Properties to 
Establish Structure 

When a student learns a new chemical reaction, the identities and struc¬ 

tures of reactants, reagents, and products are given. However, the practic¬ 

ing chemist working in a laboratory usually knows only the structures of 

the reactant and the reagents and must demonstrate the structure of the 

product. Physical properties such as melting or boiling points can be used 

to help assign structure to a compound, provided that the compound has 

previously been prepared and these properties have been measured and 

recorded. The greater the number of physical properties that correspond to 

those of a known compound, the greater is the chemist’s confidence that 

an assignment of structure is correct. 

For example, if a compound thought to be 2-octanol exhibits a boiling 

point corresponding to that listed for this compound in reference books, 

this assignment would be reasonable. However, it is difficult to establish 

boiling points to closer than within 2 or 3 °C, and a perusal of even a sim¬ 

ple reference such as the Handbook of Chemistry and Physics (or the Merck 
Index) will quickly convince you that many compounds have the same boil¬ 

ing-point range within 2 or 3 °C. If a second physical property (such as the 

melting-point range) also corresponds to that listed for 2-octanol, the struc¬ 

tural assignment can be made with greater confidence because far fewer 

candidates will have both boiling and melting points that match those mea¬ 

sured for the sample. You might be even more assured of the compound’s 

identity if its reactivity also corresponds to that of 2-octanol. For example, 

suppose that you treat the compound with a strong oxidizing agent (say, 

chromic acid) and obtain a product mixture that can be distilled to give a 
clear liquid that boils at 173 °C: 

Product (bp 173 °C) 
Cr03 

h2so4 

(2-Octanone) 



157 This result corresponds to what would be obtained as the expected oxida¬ 

tion product, 2-octanone. Thus, more evidence has accumulated that the 
original assignment was correct. 

Chemists working in the nineteenth century and the first half of the 

twentieth century spent a great deal of time investigating reactions. This in¬ 

volved not only carrying out the reaction of interest, but also transforming 

the products into known compounds simply to show in a convincing way 

that the suggested structural assignments for the products were correct. 

Research productivity has dramatically increased in the past 50 years 

because of new techniques for isolating pure compounds from mixtures 

and new instrumentation for identifying the structures of organic com¬ 

pounds. Many of these instrumental methods provide direct evidence for 

the presence and spatial arrangement of a functional group. In this chap¬ 

ter, we consider the most common of these techniques: chromatography 
and spectroscopy. 

4.1 Using Physical Properties to 
Establish Structure 

Purification of Compounds 

Several different techniques are used to separate a mixture of organic 

compounds into its pure components; each has both advantages and limi¬ 

tations. Partitioning a mixture between two solvents—most commonly wa¬ 

ter and a water-immiscible solvent such as ethyl ether—is an effective 

method for separating compounds that differ in polarity. Recrystallization 

can be a powerful tool for small- to medium-scale separations if the com¬ 

pound to be purified is crystalline at a convenient temperature. However, 

because a solvent is involved, such separations can be prohibitive for the 

very large quantities required in the bulk chemical industry. Distillation is 

used extensively for large-scale separations, especially in the petroleum in¬ 

dustry, where specialized distillation columns can separate compounds dif¬ 

fering in boiling point by only a few degrees. However, only relatively volatile 

compounds can be purified by distillation. 

Chromatography is a powerful method for separating the components 

of mixtures like those formed in chemical reactions. The technique is used 

both to obtain pure individual components of a mixture and to determine 

the ratio of these components. In chromatography, molecules are parti¬ 

tioned between two different phases, and separation is directly related to 

the difference in solubility that different molecules show in each phase. 

Furthermore, because compounds differ in mobility, chromatography can 

be used to demonstrate a correspondence between a compound and a ref¬ 

erence sample of known structure. 

Determination of Structure 

Spectroscopy constitutes a set of techniques that measure the response 

of a molecule to the input of energy. The resulting spectrum is a series of 

bands that show the magnitude of the response as a function of the wave¬ 

length of the incident energy. The energy source can be optical photons (as 

in ultraviolet spectroscopy, visible spectroscopy, and infrared spectroscopy) 

or radio-frequency energy (as in nuclear magnetic resonance spectroscopy). 
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In a somewhat different technique, mass spectroscopy, molecules are bom¬ 

barded with high-energy electrons. In this case, the visual representation of 

the data is similar to the spectra obtained from interaction of molecules 

with energy of the electromagnetic spectrum. In this chapter, we deal with 

the physical basis of each of these methods and how characteristic spectra 

are interpreted to obtain structural information. 

Chromatography 

At some time in your life, you have probably had an undesirable encounter 

with chromatography. For example, the ink on a neatly written homework 

paper may have become rain-soaked, causing the ink to “run,” that is, to 

disperse into the component colors as they dissolve and flow at different 

rates across the paper surface. In fact, the word chromatography was first 

suggested by the Russian chemist Mikhail Tswett almost 100 years ago to 

describe the separation of pigments as “colored writing.” 

Chromatographic separations are usually accomplished by introducing 

organic compounds onto a stationary phase (paper) and then allowing a 

mobile phase (water) to flow past the mixture. Each component interacts 

with (adsorbs on) the stationary phase and dissolves in the mobile phase 

to a different extent. Components bound less tightly to the stationary phase 

and more soluble in the mobile phase travel farther than other components. 

The various methods of chromatography differ with respect to the mobile 

phase (a liquid or a gas), the stationary phase (paper, gel, or solid packing), 

and the driving force for the mobile phase (pressure, gravity, or an electric 

field). 

Modern chromatographic techniques make use of the difference in sol¬ 

ubility of different molecules in a mobile phase relative to a stationary phase. 

In gas chromatography, the mobile phase is a carrier gas (an inert gas such 

as argon), and the stationary phase is either a solid or a solid coated with 

a nonvolatile liquid. In liquid chromatography, the mobile phase (the elu¬ 

ent) is a liquid (any of a variety of aqueous and organic solutions), and the 

stationary phase is a solid composed of small particles around which the 

liquid can flow. Differences in the strength of interaction of the various 

components of a mixture with the stationary phase are a factor in all chro¬ 

matographic techniques. Thus, it is important that the surface area of the 

stationary phase be as large as possible. The smaller the particle size, the 

larger is the surface area, so that very fine particles of a solid are often used 

for the most demanding separations. As a mixture of compounds passes 

over a solid support, the compounds exhibit differing mobilities (move at 

varying rates) due to the differences in their interactions with the station¬ 

ary phase (adsorption) and the mobile phase. 

Chromatographic techniques are limited in scale. Gas chromatography 

can be used to separate quantities up to hundreds of milligrams. Liquid 

chromatography is applicable for larger amounts and is often used in the 

synthesis of pharmaceutical compounds in quantities of multiple kilograms. 

Nonetheless, it is an expensive technique that involves silica gel as solid sup- 



port (which is not reusable in many cases) and substantial quantities of sol¬ 

vent (which must be recovered and purified for reuse). 
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Partitioning and Extraction 

Chemists routinely use a simple form of selective partitioning when 

they extract organic molecules into an organic phase (such as ether) from 

water containing inorganic salts. In extraction, the separation occurs be¬ 

cause organic compounds are generally more soluble in ether, whereas in¬ 

organic materials are more soluble in water. These solubility differences are 

usually very large, and it is often necessary to extract an aqueous layer only 

once to obtain most, if not all, of an organic material. 

Liquid Chromatography on 
Stationary Columns 

A simple liquid chromatography column is constructed by packing a 

solid stationary phase (typically, alumina or silica gel) as a slurry into a bu¬ 

rette (or other glass column with a restriction and a stopcock at one end). 

Both alumina and silica gel are polymers—arrays of large molecules com¬ 

posed of simple, repeating subunits (in this case, A1203 and Si02, respec¬ 

tively). As shown in Figure 4.1, a plug of cotton is usually inserted into the 

burette so that the stopcock does not become clogged with small particles 

of the solid phase. A layer of sand is added to form a more even surface, 

and then the solid phase is added. A second layer of sand is added at the 

very top of the column so that the solid phase is not disrupted as the mo¬ 

bile phase is added. 

A concentrated solution of the mixture of compounds to be separated 

is applied at the top of the solid phase; then the mobile phase, or eluent, is 

added and allowed to flow toward the bottom under the influence of grav¬ 

ity. Components that adhere more tightly to the solid phase move down the 

column more slowly, requiring a greater volume of eluent before they reach 

the bottom. Thus, as the chromatography proceeds, a series of bands de¬ 

velops, and the mixture of compounds is separated into its components. 

The motion of solute and solvent through the solid phase is called elu¬ 
tion. The difference in the volume of solvent required for two different com¬ 

pounds to pass through a column is a measure of the degree to which each 

interacts with the solid phase. The ratio of solvent volumes required for elu¬ 

tion represents the degree of separation of two components and is referred 

to as alpha (a). For example, if the first compound elutes after 65 mL of 

solvent is collected and the second compound after 85 mL, a = 65 4- 85 = 

0.76. The time it takes for a compound to pass through the column is its 

elution time. As long as the rate of flow of the solvent remains constant, 

the separation factor a can also be determined from the ratio of elution 

times. 
Both alumina and silica gel are polar metal oxides whose surfaces are 

covered with hydroxyl (OH) groups. As a result, molecules with higher po¬ 

larity adsorb more strongly to these highly polar supports and are eluted 

more slowly than less polar molecules. Thus, the least polar component of 

the mixture usually elutes first from the column. 

FIGURE 4.1 

In column chromatography, 
a mixture of compounds 
placed at the top of a solid 
support slowly moves down 
the column as a liquid mo¬ 
bile phase flows over the sta¬ 
tionary phase, partitioning 
the components of the mix¬ 
ture. The components elute 
separately as the eluent flows 
under the influence of 
gravity. 
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EXERCISE 4.1 

Which compound in each of the following pairs would be more likely to flow first 
from an alumina column if eluted with ethyl acetate? 

(a) acetone or 2-propanol 

(b) benzene or cyclohexane 

(c) acetic acid or methyl acetate 

(d) cyclohexyl chloride or cyclohexylamine H 

Liquid chromatography conducted in an open chromatographic col¬ 

umn such as that shown in Figure 4.1 is often referred to as column chro¬ 

matography. The degree of separation indicates the relative ease of elution 

of the components. The ease of separation, or resolution, in chromatogra¬ 

phy depends not only on the degree of separation but also on how much 

each component has spread while passing through the column. Band 

spreading decreases as the average size of the particles in the stationary phase 

is made smaller. However, with very small particle sizes, the flow of solvent 

induced by gravity all but stops. This problem is overcome with high- 

performance liquid chromatography, also referred to as high-pressure 

liquid chromatography (or HPLC), in which the mobile phase is driven 

through a sealed column by a mechanical pump. The same principles ap¬ 

ply in HPLC as in simple column chromatography, but because smaller par¬ 

ticles can be used, the degree of separation of compounds is better. 

Let’s consider how chromatography can be used to separate a mixture 

of compounds A, B, and C. Figure 4.2 shows how the three components re¬ 

solve into bands and flow from the column. The least polar compound (A) 

elutes first. As additional solvent flows through the column, compounds B 

and C continue to move and are ultimately eluted, in turn, from the col- 

FIGURE 4.2 

Separation of compounds A, B, and C by elution from a chromatographic 
column. 



umn. Each component is collected in a separate flask. Thus, chromato¬ 

graphic separation is achieved. When each component is obtained sepa¬ 

rately, as here, chromatography is also a method of purification. Solvent can 

be removed from the eluent in each flask to yield the individual compo¬ 

nents of the original mixture in relatively pure form. 

Detectors 

For efficient chromatographic separation, it is necessary to know when 

a component is eluting from the column. For this reason, a liquid chro¬ 

matographic column is often coupled with a detector that responds to a 

change in some physical property when an additional compound is present 

in the eluting solvent. That is, the simple arrangement shown in Figures 4.1 

and 4.2 is modified so that the eluent flows through a detector before be¬ 
ing collected in a flask. 

One very useful chromatographic detector is the refractive index de¬ 

tector, a so-called universal detector because it responds to virtually all com¬ 

pounds. The basis of its operation is that different materials have different 

indices of refraction. When a beam of light passes from one medium to an¬ 

other, the degree of bending it undergoes is related to the difference in the 

refractive indices of the two media. The refractive index of a solution dif¬ 

fers from that of a pure solvent, and thus the eluent (containing a dissolved 

component) emerging from a chromatographic column has a different re¬ 

fractive index than does the pure solvent. In the detector, light passes from 

a compartment containing the solvent and sample to a compartment con¬ 

taining only the solvent. In the process, the beam of light is bent by an 

amount that depends on the difference in the refractive indices of the two 

liquids (Figure 4.3). The change in the path of the light is detected by com¬ 

paring the intensity of the light received by two photocells positioned so 

that they “see” equal light intensities when the refractive index in both com¬ 

partments is equal and thus there is no bending of the light. The refractive 

index of the liquid phase is monitored continually as it flows through the 

detector, and a change in refractive index indicates the presence of an ad¬ 

ditional component in the liquid. 

FIGURE 4.3 

Detector 

electronics 

A refractive index detector. The magnitude of bending of the path of incident 
light indicates the presence of a compound having a refractive index different 

from that of the solvent. 

The detector response can be plotted as a function of either the volume 

of eluent flowing through the column or the elution time. Such a plot, called 

a chromatogram, shows a peak for each component (A, B, and C, for 

example) as it flows from the column and through the detector. Most 
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commercial HPLCs are equipped with detectors and automatic recording 

devices that trace a chromatogram as the chromatographic separation is be¬ 

ing carried out. If the detector’s response to each component is propor¬ 

tional to the amount of that compound in the eluting solvent, the ratio of 

the components in the original mixture can be determined from the areas 

under the peaks in the chromatogram. In the chromatogram in Figure 4.4, 

the ratio of the area under peaks A, B, and C is approximately 4:1:3. Because 

peaks B and C are not fully resolved, the ratio of these two components 

cannot be determined accurately. Complete separation of one component 

of a mixture from the others is referred to as baseline separation. 

FIGURE 4.4 

A chromatogram showing the elution of compounds A, B, and C from a chro¬ 
matographic column. Because the refractive index returns to the level of pure 
solvent, this chromatogram provides evidence that A has been completely sep¬ 
arated from B and C, which have not been completely separated (resolved). 

Other changes in physical properties can also be used to detect the pres¬ 

ence of a component in the eluting solvent. Commercially available chro¬ 

matographic detectors employ a number of methods, such as ultraviolet ab¬ 

sorption, fluorescence, and electrochemical conduction, to register the 

presence of a compound. Irrespective of the physical characteristic that is 

measured, however, such detectors are designed to indicate when the com¬ 

position of the eluent has changed. 

Paper and Thin-Layer Chromatography 

Other variants of liquid chromatography use sheets as the stationary 

phase rather than the particles in cylindrical columns employed in both col¬ 

umn chromatography and HPLC. In paper chromatography, the mixture 

of compounds to be separated is applied as small drops of a solution near 

one edge of a sheet of chromatographic paper. This edge is immersed in a 

solvent that acts as the mobile phase, or eluent, which is pulled up the pa¬ 

per by capillary action. Alternatively, in thin-layer chromatography (Figure 

4.5), a flat solid support such as a sheet of glass, plastic, or aluminum foil 

is coated with a thin layer of silica gel or alumina. As in paper chromatog¬ 

raphy, the solvent moves upward through the solid phase by capillary ac- 
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FIGURE 4.5 

In chromatographic separation by thin-layer chromatography, the eluent 
moves up over a dry stationary phase by capillary action. 

4.2 Chromatography 

tion. This movement achieves the same separation as that accomplished by 
gravity in column chromatography. 

The Rf value is the ratio of the distance migrated by a substance com¬ 

pared with the farthest point reached by the solvent (the solvent front). The 

Rf value is usually inversely proportional to the ratio of elution times ob¬ 

served in liquid column chromatography. Thus, the separation obtained by 

thin-layer chromatography parallels that obtained on a column, and it is 

common practice to employ thin-layer chromatography to find a solvent 

(or mixture of solvents) that will separate a mixture before carrying out 

column chromatography. 

EXERCISE 4.2 

Calculate Rf values for the three separated compounds shown in the following thin- 
layer chromatogram: 

Solvent front 

• A 

• B 

• C 

O Origin 

■ Reverse-Phase Chromatography 

Large biological molecules often have many polar functional groups, 

which bind too tightly to silica gel or alumina for column or thin-layer chro¬ 

matography to be effective. For these compounds, a modified silica gel, in 

which a nonpolar organic molecule has been chemically bonded to the sur¬ 

face of the particles, is used as a stationary phase. This nonpolar phase binds 
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the less polar compounds more tightly. The more polar compounds are car¬ 
ried more rapidly through the column by the solvent, which is often a mix¬ 
ture of a hydrocarbon (such as hexane) and a small amount of an alcohol 
(such as 2-propanol). Because the normal order of elution is reversed (with 
the more polar compounds eluting first), this technique is referred to as re¬ 
verse-phase chromatography. The use of unmodified silica gel or alumina 
is sometimes called normal-phase chromatography. 

Gel Electrophoresis 

We will see in later chapters that some biological molecules have many 
charged centers and are therefore called polyelectrolytes. Such a molecule 
can bear both positive and negative charges at various sites, giving either a 
net positive or negative charge, or, if the charges are exactly balanced, no 
overall charge. (Zwitterions are species that are neutral overall but have sites 
of both positive and negative charge.) Even in a neutral molecule, these 
ionic centers interact strongly with a stationary support. To separate mol¬ 
ecules of this kind, a polar organic polymer such as polyacrylamide (prop¬ 
erties of polymers will be discussed in more detail in Chapter 16) is used 
as the stationary phase. The polymer is saturated with water, causing it to 
swell, and ionic compounds move through this stationary phase under the 
influence of an electric field. Negatively charged ions migrate toward the 
positive pole when an electric field is applied, and positively charged ions 
migrate in the opposite direction. Molecules with a higher charge-to-mass 
ratio migrate faster, effecting separation of a mixture. 

The migration of an ion under the influence of an electric field is known 
as electrophoresis. The use of an electric field to induce the movement of 
polyelectrolytes through a gel is referred to as gel electrophoresis (Figure 
4.6). This technique is used extensively for separating and purifying bio¬ 
logical macromolecules and for comparing an unknown with reference sam¬ 
ples of known composition. The relative ease of migration of molecules 
across a gel depends on both the size and the charge: smaller molecules and 
those with higher charge move proportionally faster. 

Three samples 
of mixture — 
of A, B, and C 

FIGURE 4.6 

In gel electrophoresis, charged polyelectrolytes migrate across a gel under the 
influence of an electric field. Negatively charged ions migrate toward the posi¬ 
tive electrode; positively charged ions migrate toward the negative electrode; 
neutral (including zwitterionic) molecules do not migrate, (a) Three identical 
samples of a mixture of A, B, and C will separate into components under the 
influence of an electric field, (b) Separation shown here would be attained if 
A were positively charged, B were neutral, and C were negatively charged. 
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In gas chromatography, a carrier gas (nitrogen or helium) sweeps a sam¬ 

ple from a heated injector block onto and through a long chromatographic 

column heated in an oven. The gaseous effluent flows over a detector that 

registers the passage of each compound. Two types of detectors commonly 

are used. A thermal conductivity detector measures the difference in ther¬ 

mal conductivity between the pure carrier gas and the gaseous sample com¬ 

ing from the column. A flame ionization detector senses the presence of 

ions that are generated as the effluent from the column is burned in a hy¬ 

drogen flame. A gas chromatograph is shown schematically in Figure 4.7. 

Oven 

A schematic diagram of a gas chromatograph. An inert carrier gas moves un¬ 
der pressure over a column lined or filled with solid adsorbent. The mixture 
injected at the head of the column is fractionated and detected as the effluent 
gas passes through a detector. 

Gas chromatography is used both in research laboratories and in rou¬ 

tine analyses. It is the method of choice for analysis of trace amounts of 

compounds such as pesticides in foods or illicit drugs present in body flu¬ 

ids. Organic compounds are first extracted into an appropriate low-boiling 

organic solvent such as hexane or ethyl ether. The solution is then concen¬ 

trated by fractional distillation so that only the solvent is removed. 

The stationary phase in gas chromatography can be the walls of an 

empty column, solid packing within a column, or a polymeric liquid that 

coats either the wall or the porous solid packing. Typically, much longer 

columns (10-100 meters) are used in gas chromatography than in liquid 

column chromatography. 

Just as for liquid chromatography, retention times for gas chromatog¬ 

raphy are influenced by the strength of the noncovalent interactions of the 

compounds being separated with the stationary phase. Roughly, these in¬ 

teractions can be considered to be governed by the effects of molecular po¬ 

larity and van der Waals interactions, both of which also influence boiling 

points. It is common to find that the order of elution in gas chromatogra¬ 

phy approximates the order of the boiling points of the compounds sepa¬ 

rated. Because very long columns are used in gas chromatography, baseline 

separation is often achieved even for chemically similar compounds (Figure 

4.8, on page 166). 

4.2 Chromatography 
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FIGURE 4.8 

A typical gas chromatogram showing the baseline separation of two injected 

components. 

EXERCISE 4.3 

Using your knowledge of how molecular structure influences physical properties, 
predict which compound in each of the following pairs will emerge first from a gas 
chromatography column. 

(d) Cl l, or CGI, Bf 

43 
'mmmSIM 

Spectroscopy 

After a mixture has been separated into its components, spectroscopic tech¬ 
niques are often used to identify the individual compounds. Many spec¬ 
troscopic techniques rely on the interaction of a compound with electro¬ 
magnetic radiation, which can be considered as either a particle (called a 
photon) or a wave traveling at the speed of light. When regarded as a wave, 
light can be described by its wavelength (A) or its frequency (v). Wavelength 
is the distance covered in one complete wave cycle. Frequency is the num¬ 
ber of wave cycles that pass a fixed point in a defined time. (One hertz, Hz, 
equals one cycle per second.) 



For some spectroscopic techniques, wavelength defines energy content. 167 

For others, frequency is used. These quantities are directly related, because 

the product of wavelength and frequency equals the speed of light, c (3 X 4,3 Spectroscopy 
1G10 cm/sec). Thus, 6 

A — — and v = — 
v A 

The energy of a photon, e, can be easily calculated: 

A 

where h is Plancks constant (6.6 X 10~34 J/sec). (One joule, J, equals 4.186 

calories. One calorie is the heat required to raise the temperature of 1 gram 

of water by 1 degree Celsius.) The energy of a photon increases with its fre¬ 

quency and is inversely proportional to its wavelength. Thus, high frequency 

or short wavelength means high energy. The regions of the electromagnetic 
spectrum are shown in Figure 4.9. 
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FIGURE 4.9 

Energetic order of electromagnetic radiation. Human eyes are sensitive to ra¬ 
diation in the visible region of this spectrum. 

In subsequent sections, we will consider the interaction of organic mol¬ 

ecules with electromagnetic waves of increasing energy: radio frequencies 

in nuclear magnetic resonance spectroscopy, infrared photons in infrared 

spectroscopy, visible photons in visible absorption spectroscopy, and ultra¬ 

violet photons in ultraviolet absorption spectroscopy. Finally, we will con¬ 

sider the interaction of high-energy electrons with organic compounds in 

mass spectroscopy. 

Nuclear Magnetic Resonance 
(NMR) Spectroscopy 

Theoretical Background. Like electrons, both protons and neutrons 

have spin. A nucleus that contains an odd number of protons or neutrons 

(or both) has spin and is magnetically active. The smallest nucleus that 

meets this requirement is 2H, but so do 13C, 170, 19F, and 31P. These nuclei 

behave as if they were spinning about an axis, and thus they have angular 

momentum. Because the nucleus is positively charged, this spinning mo¬ 

tion causes it to behave as if it were a tiny magnet. In accord with the re- 
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quirements of quantum mechanics, when a nucleus with a net spin is placed 

in a large magnetic field, quantized energy states for the nucleus are defined 

by its orientation with respect to the external magnetic field. In the case of 

nuclei with a spin of 1/2, such as 'H and 13C, two orientations are possi¬ 

ble: aligned with or against the external field. It is slightly more favorable 

for the spin of the nucleus to be aligned with the magnetic field than against 

it, and thus these two alignments are of different energy. As a result, the 

number of molecules whose nuclei are in parallel alignment will be slightly 

greater than the number with nuclei in antiparallel alignment (Figure 4.10). 

As will become evident, observing the transitions between these two spin 

states provides a wealth of information about the environment of nuclei in 

molecules. 

Parallel and antiparallel alignment of nuclear spins under an applied magnetic 
field, H0. 

Nuclei can be induced to jump from a lower- to a higher-energy spin 

state by electromagnetic energy of a frequency that matches the energy dif¬ 

ference between the two states. Conversely, when a nucleus in the higher- 

energy state drops to the lower-energy state, electromagnetic energy of that 

frequency is emitted. The spin responsible for creating the two states is a 

property of the nucleus of the atom, and the technique is known as nuclear 
magnetic resonance (NMR) spectroscopy. (Note that nuclear has nothing 

to do with radioactivity in this context.) When nuclei of a sample are flip¬ 

ping rapidly between states, they are said to be in resonance with the ap¬ 

plied electromagnetic radiation. Chemists can detect when this is happen¬ 

ing in two ways: by measuring the energy absorbed from an applied 

electromagnetic signal by the nuclei as they jump to the higher-energy state, 

or by “listening” for the energy the nuclei radiate as they return to the lower- 

energy state. Today, most NMR spectrometers operate by detecting the ra¬ 

diant energy. 

The frequency of the energy required to induce spin-state flipping of 

nuclei varies directly with the magnitude of the applied magnetic field. The 

greater the field strength, the larger is the difference between parallel and 

antiparallel spin states, and the higher is the energy of the signal required 

to induce the change. Commercial NMR spectrometers have very large mag¬ 

nets that employ superconducting wires to produce a magnetic field. With 

these field strengths, electromagnetic energy in the radio-frequency range 

is required to induce state flipping. NMR spectrometers are classified by the 

frequency used to change the spin state of magnetically active nuclei. The 
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manufacturers operate at 750 MHz (1 megahertz, MHz, equals 1 million 

cycles per second). Instruments using signals from 100 to 300 MHz are 
much more common. 

These frequencies actually correspond to very little energy: 100 MHz 

corresponds to only about 1 X 10“5 kcal/mole, and this radio-frequency 

energy can be taken up only by nuclei that behave as magnets in an applied 

magnetic field. Hydrogen and carbon nuclei are of greatest interest to or¬ 

ganic chemists. The most abundant isotope of hydrogen, *H, has a net spin 

of 1/2, as does 13C. Although the latter isotope represents only 1.1% of the 

carbon present in normal samples and very sensitive instruments must be 

used to observe the spin-state changes of its nucleus, the wealth of infor¬ 

mation contained in 13C NMR spectra makes construction and use of these 
instruments worthwhile. 

Shielding. The effective field (Heff) felt by the nucleus differs from the 

applied field (H0) because of a tiny local magnetic field (Hioc) set up by 

the circulating electron cloud surrounding the nucleus. 

Heff Hq H1oc 

The electron density about each atom in a molecule varies with the nature 

of the surrounding atoms and is slightly different for each nonequivalent 

atom. In essence, the nucleus of an atom experiences some degree of shield¬ 
ing from the external magnetic field. Thus, each unique nucleus experiences 

a different Heff and, as a result, emits energy at a different frequency. The 

result is a spectrum of different frequencies, on which each set of unique 

nuclei gives rise to a unique NMR signal. An NMR spectrum is a plot of 

signal intensity versus the frequency of the electromagnetic energy released 

by the various nuclei in a sample. 

Chemical Shifts. Frequencies are reported as the difference (in parts 

per million, or ppm) between the signals recorded for a sample and that of 

a reference compound, tetramethylsilane, (CH3)4Si (often called TMS), 

which is added to the sample for both proton ('H) and carbon (13C) spec¬ 

troscopy. Thus, the signals are reported as chemical shifts, or changes, from 

this standard, on the delta (<5) scale, where 1 8 equals 1 ppm and where the 

signal from tetramethylsilane is at 0: 

g _ ^standard ^sample ^ ^q6 

^standard 

4.3 Spectroscopy 

Because the 8 scale is based on the ratio of the difference in frequency be¬ 

tween a standard and a sample to the frequency of the standard, values are 

independent of the magnet’s field strength. Signals at lower frequency (and 

lower field) than that of the standard have positive 8 values. The majority 

of proton signals range between 0 and 12 ppm; the range for carbon is 

larger, from 0 to 250 ppm. Because the range in *H spectroscopy is smaller 

than that for 13C, the accidental overlap of two nonequivalent signals is 

more likely to be found in a proton spectrum than in a carbon spectrum. 

Almost all signals are at lower frequency than the standard and are said 

to be downfield. (This term carries over from early spectrometers where 

the magnetic field was varied while the frequency was held constant.) The 



170 

4 Chromatography and 
Spectroscopy H H 

I I 
H—C—C—OH 

I I 
H H 

Ethanol 

t—|—i—i—i—|—i—i—i—|—i—i—i—|—i—i—r-[—i—i—i—|—i—i—i—| i i i | i i i f 

160 140 120 100 80 60 40 20 0 
ppm 

FIGURE 4.11 

A 13C NMR spectrum of ethanol. The signal at 8 0 is that for the four identi¬ 
cal methyl groups of the standard, tetramethylsilane. The signal at 8 17.9 is 
from the CH3 carbon, and that at 8 57.3 is from the CH2 carbon attached to 
oxygen. The three peaks centered at 5 77 are from solvent (CDC13). 

silicon in TMS is responsible for the high field position of its protons and 

carbons relative to those of most organic compounds. Because silicon is less 

electronegative than carbon, the C—Si bond of TMS is polarized toward 

the carbon atoms of the methyl groups. This electron density shields the 

hydrogen and carbon nuclei of those groups from the applied magnetic 

field. Active nuclei that resonate at frequencies only slightly below TMS are 

said to appear in the upfield region of the NMR spectrum; those shifted to 

much lower frequencies, in the downfield region. 

Spectral Interpretation. What can chemists learn about molecular 

structure from an NMR spectrum? From the number of signals, they es¬ 

tablish how many different types of nuclei are present; from the chemical 

shift of each signal, they learn details of the chemical environment of each 

type; and from the splitting of the signals, they can deduce how many pro¬ 

tons are near each. 

The 13C and 3H NMR spectra of ethanol are shown in Figures 4.11 and 

4.12. The 13C NMR spectrum of ethanol shows two peaks because there are 

two types of carbon atoms present. The NMR spectrum includes three 

groups of signals that result from the three kinds of hydrogen atoms. Note 

that the signals in the carbon spectrum are recorded as a series of single 

sharp lines, whereas those in the proton spectrum are split into symmetri¬ 

cal patterns. As we will see in the following sections, this splitting is the re¬ 

sult of interactions with neighboring protons. 

13C NMR Spectroscopy 

Because 13C spectra are often simpler than *H spectra, we will consider 

them first. A 13C NMR spectrum furnishes two basic pieces of information: 
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FIGURE 4.12 

A 360-MHz JH NMR spectrum of ethanol. The, signal at 8 0 is from tetra- 
methylsilane. The broad singlet at 5 1.5 represehts the OH proton. The signal 
at about 5 1.2 is split into a three-peak pattern (called a triplet) and is from ‘ 
the CH3 group. The area under this peak is three times the area under the 
peak at 5 1.5. The signal at about 8 3.7 is split intd a four-peak pattern (called 
a quartet) and is from the CH2 protons. The area under this peak is twice that 
under the peak at 8 1.5. Splitting results directly fronrprotojis on adjacent 
atoms. (The proton of the OH group is moving from the oxygen of one mol¬ 
ecule to the oxygen of another; as a result, it is not usually split by other pro 
tons and does not itself contribute to splitting.) The integration curve is ex¬ 
plained on page 175. The small peak at about 8 7.3 is from CHC13s present as 
an impurity in the CDC13 solvent. 

the number of distinct signals, corresponding to the number of different 

types of carbon atoms; and the Chemical shift of each signal, which is de¬ 

termined by the molecular environment of each carbon. Under the usual 

instrumental conditions, each nonequivalent 13C nucleus is recorded as a 

distinct, sharp signal. The sharpness of the signal in 13C NMR spectroscopy 

is important for two reasons. First, a sharp signal is concentrated in a nar¬ 

row frequency range and therefore can be distinguished more readily from 

random noise produced by the electronic circuitry. Second, the narrower 

the signal, the better is the resolution, the separation between signals that 

are close to one another. 

Note, in Figure 4.11, that the two distinct carbons in ethanol are 

recorded as signals with different chemical shifts. In fact, as shown in Table 

4.1 (on page 172), the chemical shifts of most distinct carbons are differ¬ 

ent and are characteristic of the type and number of carbon atoms and 

heteroatoms in the immediate molecular environment. In the table, an a 
substituent is an atom directly attached to the carbon being observed, a (3 
substituent is an atom one carbon removed down the chain, and a y sub¬ 

stituent is an atom attached to a (3 substituent. For example, the methyl car¬ 

bon of ethanol has one a substituent (the carbon that bears the OH group) 

and one j3 substituent (the oxygen of the OH group). Note that we do not 

consider hydrogen atoms in this analysis. 
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TABLE 4.1 

General Effects on Carbon NMR Shifts 

For any sp3 carbon, add to 0.0, for each: 

C—a—/3—y 

a or P substituent 8.0 

In addition, add for each: a oxygen substituent 38.0 
a nitrogen substituent 22.5 

a trans C=C 2.5 
a cis C=C -2.5 

a ester or acid -2.5 
a ketone 7.5 

a aldehyde 15.0 
1° 2° 3° 

a chlorine 22.0 30.5 41.0 
a bromine 10.5 24.0 variable 

a iodine variable 
y carbon -2.0 
y oxygen -5.0 

For 3° carbons, add for each: P substituent -1.5 

For 4° carbons, add for each: P substituent -3.5 

/3—a^ ^—p' 

P—a ol —P' 

For an sp2 carbon of a C=C bond, 
add to 121.0 for each: a or P carbon substituent 8.0 

a' carbon substituent -8.0 
cis double bond -1.0 

The signal for the carbon that bears the OH group in ethanol is shifted 

significantly downfield from that for the methyl carbon group because of 

the presence of the electronegative oxygen. The 13C spectrum allows us not 

only to count the number of different carbons in a molecule of unknown 

structure, but also to have some idea of the immediate environment of each 

type of carbon atom. For example, using the values in Table 4.1, we can pre¬ 

dict that the methyl carbon (CH3—) of ethanol would resonate at about 16 

8 because it has one a and one (3 substituent (8 + 8), whereas the methyl¬ 

ene carbon (—CH2—) should appear near 54 8 because it has two a sub¬ 

stituents, one of which has an added effect because it is oxygen (8 + 8 + 

38). Both of these predictions are close to the observed values for the methyl 

and methylene carbons in ethanol: 8 17.9 and 8 57.3, respectively. 

It is possible to count the number of different types of carbons present 

in a molecule from its 13C spectrum, but the intensity of each signal is only 

roughly related to how many carbon atoms produce that signal. The differ- 
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relax to the equilibrium distribution of their two energy states in the pres¬ 

ence of a magnetic field. This rate is in turn influenced by the proximity of 

a given nucleus to other spin centers in the molecule. It is not necessary to 

define these factors precisely here, but you should realize that 13C NMR sig¬ 
nal intensity does not correlate accurately with the number of carbon atoms 
responsible for a given signal. The signal resulting from the carbon of a methyl 

group is often somewhat weaker than that of methylene (CH2) and me- 

thine (CH) carbon atoms, but stronger than that of quaternary carbons 
(those with no hydrogen atoms), which is quite weak. 

Special techniques in 13C NMR spectroscopy permit the determination 

of the number of hydrogen atoms attached to each carbon atom. An un¬ 

derstanding of how these methods work is well beyond the scope of this 

course. The information provided by the shift positions (a measure of the 

number of types of a, /3, and y substituents) combined with the assign¬ 

ment of each signal to a methyl, methylene, methine, or quaternary carbon 

atom can be invaluable in deducing structure from a 13C NMR spectrum. 

EXERCISE 4.4 

For each of the following compounds, predict how many distinct carbon signals 
will be observed in its 13C NMR spectrum. 

EXERCISE 4.5 

Using the values in Table 4.1, predict the chemical shift expected for each carbon 
in the following molecules. Then correlate each of your predictions with one of the 
observed signals so as to arrive at the smallest average error between prediction 
and experiment. What is the average error for your four predictions for part (a) 
and your five predictions for part (b)? 

S = 36.6, 29.5, 18.9, 11.6 <3 = 67.0, 41.6, 23.3, 19.1, 14.0 

■ 1H NMR Spectroscopy 

The signals from protons in NMR spectra, like those from carbons 

in 13C NMR, are recorded as separate absorption peaks for nonequivalent 

nuclei. A *14 NMR spectrum provides four important pieces gf informa¬ 

tion: the number of unique signals, the chemical shift, the splitting pattern, 

and the integrated signal intensity. 

4.3 Spectroscopy 
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Chemical Shifts. Interpreting a *H NMR spectrum begins with the 

determination of the number of signals with distinct chemical shifts. For 

example, in Figure 4.12, there are three distinct signals corresponding to 

the three kinds of protons present in ethanol. In contrast with the sharp 

lines observed in the 13C NMR spectrum (Figure 4.11), the signal for each 

type of proton has a more complex pattern. The broad single peak that ap¬ 

pears at 1.5 <5 represents the proton on oxygen in the OH group. The sig¬ 

nal for the CH2 group at 3.7 8 is split into four lines, and the signal for the 

CH3 group at highest field (1.2 8) is split into three lines. The center of each 

of ethanol’s three signals (at 1.2, 1.5, and 3.7 8) defines the chemical shift 

for each type of hydrogen, which depends on the environment of that mag¬ 

netically active nucleus. The data in Table 4.2 allow us to correlate the chem¬ 

ical shift of each NMR signal with the molecular environment (the type 

and location of functional groups) of that type of nucleus in somewhat the 

same way as we did earlier for a 13C NMR spectrum, although less quanti¬ 

tatively. For example, the signal for protons closer to the more electroneg¬ 

ative oxygen atom in ethanol is shifted farther downfield, as is the case for 

the carbon-bearing oxygen in the 13C NMR spectrum of ethanol. 

TABLE 4.2 

Representative Chemical Shifts 

Type of Proton Chemical Shift (8) 

—ch3 0.7-1.3 

—ch2— 1.2-1.4 

— c—H 1.4—1.7 

O 

2.1-2.6 

Ar—CH3 22-2.7 

\ /H K 4.5-6.5 

Ar—H 6.0-9.0 

X
 

u
 

o
 2.5-3.1 

Type of Proton 

— C—OH 

O—C—H 

Cl—C—H 

Br—C—H 
i 
I 

I—C—H 

Chemical Shift (5) 

9.5-10.0 

10.0-12.0 

1.0-6.0 
(changes with solvent) 

3.3-4.0 

3.0-4.0 

2.5-4.0 

2.0-4.0 
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FIGURE 4.13 

Characteristic ranges on ’H NMR spectra where various types of protons 
absorb (X — halogen). 

Because the chemical shifts of protons are influenced primarily by the 

atom to which they are attached and secondarily by other atoms in the im¬ 

mediate vicinity, the protons of common functional groups absorb in char¬ 

acteristic regions of XH NMR spectra (Figure 4.13). 

Integration Curve. The relative intensity of a signal in NMR spec¬ 

troscopy is proportional to the number of protons contributing to the sig¬ 

nal. Proton NMR differs from carbon NMR in this respect. The curve su¬ 

perimposed on the signals in the NMR spectrum in Figure 4.12 is an 

integration curve; it is a measure of the area under each peak. The verti¬ 

cal rise in the stair step of an integration curve can be used to calculate the 

ratio of the number of hydrogens responsible for each signal. Thus, in Figure 

4.12, the 1:2:3 ratio of the three peaks is proportional to the number of hy¬ 

drogens responsible for each of the three different chemical shifts for 

ethanol. Because the absolute area under an integration curve depends on 

instrument sensitivity, not on the number of hydrogens, the integral gives 

a ratio of numbers of hydrogens, not the absolute number of each type. 

Integration information is reported along with the chemical shift of the sig¬ 

nal—for example, 5.1 8 (3 H). 

Making Structural Assignments from Chemical Shift and 
Integration Data. It is sometimes possible to make structural assignments 

for unknown compounds using only the chemical shift and integration in¬ 

formation. For simpl e compounds, the number of possible isomers is small, 

and the spectral data can be used systematically to eliminate all structures 

but one. For example, an unknown compound, C3H60, exhibits signals in 

its NMR spectrum at 6.0 8 (1 FI), 5.2 8 (2 FI), 4.1 8 (2 H), and 2.9 8 

(1 FI). From the molecular formula, we can deduce that the compound 

contains one ring or one double bond and must be one of the following 

structures: 



CD E F G H 

Neither of the cyclic structures, A or B, would be expected to have absorp¬ 

tions lower field than about 4 8 (signals in that region of the spectrum arise 

from protons on sp2- and sp-hybridized carbon atoms). Thus, the unknown 

structure must have a n bond. We can also rule out the ketone (structure 

C, acetone) because it, too, would have no signals in the downfield region. 

The aldehyde (structure D) would be expected to have a signal in the 9.5-10 

8 region, so its structure is also inconsistent with the data. We can use the 

integration data to eliminate structures E and F, since each has only two 

protons on sp2-hybridized carbon atoms, and the spectrum shows signals 

for three protons in the downfield region. We are left with structures G and 

H. Structure G has a methyl group and will therefore have a signal that 

would integrate as 3 H. No such signals are reported. Thus, by elimination, 

structure H must be the correct answer. 

EXERCISE 4.6 

By assigning each set of protons to the appropriate signal, convince yourself that 
structure H (allyl alcohol) is consistent with the 1H NMR data given above. 

EXERCISE 4.7 

The XH NMR spectrum of a compound with the molecular formula C3H60 ex¬ 
hibits signals at 9.7 8 (1 H), 2.5 8 (2 H), and 1.1 5 (3 H). Determine which of struc¬ 
tures A through G above are possible for this compound by eliminating those that 
are inconsistent with this data. 

Spin-Spin Splitting. In !H NMR spectra, each signal appears as a 

complex pattern rather than a single peak. The splitting of a signal often 

provides valuable information about the structure of the molecule because 

it is the direct result of interaction with neighboring protons. The number 

of lines in a multiplet reveals the number of hydrogens on adjacent car¬ 

bons. The splitting patterns observed are caused by the interaction of the 

magnetic spin of each 'H nucleus with neighboring nuclei. This interaction 

is referred to as coupling. 

Let’s compare the spectrum of ethanol in Figure 4.12 with that of ethyl 

bromide in Figure 4.14. Both compounds have ethyl groups and exhibit the 

same general pattern of signals, although the chemical shifts observed are 

different. In both cases, the upheld CH3 signal is split into a three-line mul¬ 

tiplet (a triplet), and the methylene (CH2) signal is split into a four-line 
multiplet (a quartet). 

Let’s examine the CH3 groups in both compounds. The methyl hydro¬ 

gens interact with the two hydrogens of the adjacent methylene group. As 

illustrated at the right in Figure 4.15, a sharp singlet is seen when the in¬ 

teraction with methylene hydrogens on the adjacent carbon atom is blocked. 

The observed methyl splitting pattern results from the way in which the in¬ 

teracting spins on adjacent hydrogens can align with or against the applied 

magnetic Field. The two methylene hydrogens can be oriented in three 
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FIGURE 4.14 

4.3 Spectroscopy 

A 360-MHz !H NMR spectrum of ethyl bromide. The sharp singlet at 8 0 is 

the TMS standard. The triplet from the CH3 group appears at 8 1.7, and the 

quartet from the CH2 group is at 8 3.4. (The small peak at 8 1.55 is due to 

contamination of the sample by H20 and that at 8 7.3 is due to CHC13.) 

ch3 c H, —X 

Coupled 

Coupling with protons on adjacent carbons is responsible for the observed 

splitting pattern (/is the coupling constant). The protons under observation 

are in color; those splitting the observed signals are in boxes. The sets of 

arrows describe the possible alignments of adjacent nuclear spins with or 

against the applied magnetic field. The statistical abundance of each type 

determines the ratio of peak heights in the coupled spectrum. 
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possible ways: both aligned with, both against, and one with and one against 

the applied field. There are two possible arrangements with identical ener¬ 

gies for the last combination, and the arrows below the decoupled signal in 

Figure 4.15 represent the alignments possible. The relative abundance of 

each type of alignment gives the observed pattern: a quartet from three in¬ 

teracting neighboring hydrogens, a triplet from two interacting neighbor¬ 

ing hydrogens. 

The field experienced by each hydrogen of the methyl group is the sum 

of the applied field from the magnet and the small magnetic field of these 

two neighboring hydrogens. When the alignment of the neighboring nuclei 

is in the same direction as the applied field, the effective field is larger. When 

their alignment is against the field, the effective field is smaller. If one nu¬ 

cleus is aligned with and the other against the applied field, the effects can¬ 

cel. Thus, the hydrogens on the methyl group are in fact exposed to three 

different fields: one larger, one equal to, and one smaller than the applied 

field. Each of these slightly different environments for the methyl hydrogen 

exhibits its own unique resonance frequency. Thus, instead of seeing a sharp 

singlet for the methyl group, we see a triplet resulting from the contribu¬ 

tion of the spins of the methylene group hydrogens. 

The multiplicity of a signal (that is, the number of peaks into which 

the signal is split) observed in a 'FI NMR spectrum provides valuable in¬ 

formation about the number of hydrogens on adjacent positions. Figure 

4.16 shows the shapes of simple multiplets that are derived by interaction 

Number of 
Pattern Multiplicity Nearest Neighbors 

1:3:3: 1 

Examples 

CH3 — CHBr2 

CH3—CH2Br 

CH3—CH2Br 

1: 4 : 6 : 4 : 1 

FIGURE 4.16 
___ 

The splitting patterns in JF1 NMR spectra of several compounds. The nuclei 

for which the patterns are shown are highlighted in red. 



with different numbers of nearest-neighbor nuclei. A doublet results when 

one magnetically active neighboring nucleus is present, a triplet when there 

are two, a quartet with three, and a quintet with four. 

The degree of separation between the lines in a multiplet, referred to 

as splitting, varies directly with the effect of the neighboring hydrogens on 

the magnetic field. In general, the closer in space the hydrogens are, the 

larger the splitting. The magnitude of this splitting is referred to as the cou¬ 

pling constant, often designated simply as /. The magnitudes of the effects 

of two types of nuclei on each other will be equal. As a result, the coupling 

constants will be identical in the related multiplets: that is, the peak sepa¬ 

rations in the triplets in Figures 4.14 and 4.16 are exactly equal to the peak 

separations in the quartets. The / values for the methyl and methylene hy¬ 

drogens of both ethanol and ethyl bromide are 7 Hz. 

Pascal’s Triangle. In the triplet pattern observed for the methyl group, 

the areas under the peaks are in the ratio 1:2:1. One-fourth of the signal in¬ 

tensity is upfield and one-fourth is downfield from the expected position; 

one-half of the signal intensity is at the center. The 1:2:1 ratio is the result 

of the probability distribution of the two spin states of the hydrogen atoms 

of the methylene group. There is only one way both spins can be aligned 

with the applied magnetic field, and only one way both can be aligned 

against this field. On the other hand, there are two ways in which one can 

be aligned with and one against the applied field. Because the hydrogen 

atoms are in identical environments, it does not matter which is aligned 

with and which against the magnetic field. We can quickly expand this analy¬ 

sis to three, four, five, and six (and more) neighboring hydrogen atoms us¬ 

ing Pascal’s triangle, a graphic construct devised by the mathematician Blaise 

Pascal to explain probability theory. The number at each point in the tri¬ 

angle is the sum of the numbers immediately above. 

Pascal's triangle 

Using Pascal’s triangle, we can predict that the NMR signal for the meth¬ 

ylene (—CH2—) hydrogen atoms of ethanol or ethyl bromide will appear 

as a 1:3:3:1 quartet, because there are three hydrogen atoms on the adja¬ 

cent methyl group. There are eight possible orientations of spin for the 

three neighboring hydrogen atoms in relation to the applied field, divided 

into four groups as they add to or subtract from the applied field. Thus, 

each hydrogen of the methylene group is exposed to four different effective 

field strengths, giving rise to four unique absorptions in a 1:3:3:1 ratio, a 

quartet. 



180 

4 Chromatography and 
Spectroscopy 

Spin-Spin Decoupling. The splitting by neighboring hydrogen nuclei 

can be selectively removed by a process called spin-spin decoupling. 

Application of a large radio-frequency signal that equals the resonance fre¬ 

quency of the methylene group induces these protons to flip rapidly from 

one spin state to the other. This process occurs so rapidly that the protons 

on the methyl group then experience an average of all three possible ori¬ 

entations of the methylene protons and resonate at a single frequency. Thus, 

the 1:2:1 triplet in the coupled spectrum at the right in Figure 4.16 is 

changed to a singlet in the decoupled spectrum. 
Decoupling is normally done when obtaining 13C NMR spectra so that 

the carbon signals are not split by attached and adjacent hydrogen atoms. 

This spectral simplification gives rise to single-line !3C NMR spectra. In 

this routine technique, the entire proton region is irradiated while the I3C 

NMR spectrum is recorded. 

Nonequivalent Nuclei. There are four possible ways to arrange the 

spins of the two hydrogen atoms of the methylene groups of ethanol and 

ethyl bromide. We see only three signals in the triplet for the adjacent methyl 

group, because two of these permutations are identical in energy. 

However, if the two hydrogen atoms causing such splitting are not identi¬ 

cal, all four permutations are unique, and a four-line pattern is observed in 

the spectrum. (If the protons are different, it matters which one is aligned 

and which against the applied magnetic field.) For example, the three 

1 hydrogen atoms of styrene (vinylbenzene) are all different. The val- 

of the coupling constants between Ha and each of the two other hy- 

bgen atoms, Hb and Hc, are quite different. The so-called trans coupling 

etween Ha and Hc has a value of / = 18 Hz, whereas the cis coupling be¬ 

tween Ha and Hb is only 7=11 Hz. Further, because Hb and Hc are not the 

same, they also couple with each other, with / = 1 Hz. 

We can predict the coupling patterns to be expected when two non¬ 

equivalent adjacent hydrogen atoms are present by using a modification of 

Pascal’s triangle. We start with a single, vertical line and branch down to 

the left and right, separating the two vertical lines by a distance propor¬ 

tional to one of the coupling constants. We then repeat the process, branch¬ 

ing down from each of the two previous lines, separating the four new ver¬ 

tical lines by a distance proportional to the second coupling constant. It 

doesn’t matter which coupling constant we use first and which second— 

exactly the same pattern results. The four signals will be of approximately 

the same intensity—that is, in a ratio of 1:1:1:1. This pattern is called a dou¬ 

blet of doublets (or simply dd) to distinguish it from the 1:3:3:1 quartet 

that arises from the presence of three adjacent and identical hydrogen atoms. 
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Use the graphical method described above for predicting coupling patterns to con¬ 

firm that the appearance of each of the vinyl hydrogen atoms in styrene is as shown 
here. 

4.3 Spectroscopy 

ppm 

Effect of Symmetry. The presence of symmetry in a molecule results 

in nuclei (hydrogens and carbons) that give rise to signals of the same fre¬ 

quency. Thus, the number of unique resonance signals for a symmetrical 

molecule is less than the number of individual atoms. For example, con¬ 

sider the following spectral data for two isomeric alcohols (d = double, t = 

triplet, q = quartet): 

OH 

3-Pentanol 2-Pentanol 

Tl: H-l, H-5, t (6 H) 13C: 73.8 Tl: H-l d (3 H) 13C: 67.0 

H-2, H-4 d of q (4 H) 29.7 H-2 t of q (1 H) 41.6 

H-3 quintet (1 H) 9.8 H-3 d of t (2 H) 23.3 
H-4 t of q (2 H) 19.1 

H-5 t (3 H) 14.0 

Only three signals are observed in the 13C NMR spectrum for the five car¬ 

bons of 3-pentanol, whereas each of the five carbons in 2-pentanol gives 

rise to its own unique signal. Note that the symmetry in 3-pentanol makes 

the two methyl groups, at C-l and C-5, as well as the two methylene groups, 

at C-2 and C-4, equivalent. As a result of this symmetry, the hydrogens and 

the carbons at C-l and C-5 in 3-pentanol are identical and give rise to one 

signal in the and 13C NMR spectra, respectively. The same can be said 

for the hydrogens and carbons at C-2 and C-4. However, unlike the meth¬ 

ylene groups of ethanol and ethyl chloride, the C-2 (and C-4) hydrogens 

are split not only by the hydrogens on C-l (and C-5), but also by the sin¬ 

gle hydrogen at C-3. The coupling constants of the C-2 hydrogens with these 

two different sets of adjacent hydrogens are not the same, resulting in a pat¬ 

tern that is a doublet (coupling with the C-3 hydrogen) of quartets (cou¬ 

pling with the three C-l hydrogens). The signal for the C-4 hydrogens is at 
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the same chemical shift as that for the C-2 hydrogens and is similarly split 

into a doublet (coupling with the C-3 hydrogen) of quartets (coupling with 

the three C-5 hydrogens). The signal for the hydrogen on C-3 appears as a 

quintet, being coupled with the four equivalent hydrogens on C-2 and 

C-4, and is downfield from the signals for the other hydrogen atoms be¬ 

cause of the effect of the oxygen on C-3. 
An NMR spectrum must be interpreted with care when there are fewer 

than the number of expected signals. In this situation, symmetry may be 

present, causing two or more nuclei to be in identical environments. On 

the other hand, it is always possible that the chemical shift difference be¬ 

tween two carbon atoms (or two protons) is so small that they appear as a 

single signal. Such overlap happens more frequently in !H than in 13C NMR 

spectra, where it rarely occurs. 

See if you can explain the 13C and XH signals and splitting patterns for 

2-pentanol shown above. Clearly, the chemical shifts of hydrogens on C-l, 

C-3, C-4, and C-5, though not identical, do not differ dramatically. Instead 

of the simple pattern for 3-pentanol, a broad signal, a multiplet, is observed. 

Even though the proton spectrum of 2-pentanol is hard to interpret, its very 

complexity makes it distinguishable from its symmetrical isomer 3-pen- 

tanol. The relative numbers of signals in the 13C NMR spectra make this 

assignment of isomers completely unambiguous. 

Ml 
Each of the !H spectra shown in parts (a) through (d) corresponds to one of the 
isomers accompanying it. Choose between the alternative compounds, and give rea¬ 
sons for your assignment. 

OH 

ppm 



OH 
183 

4.3 Spectroscopy 



184 O 
or 

O 

4 Chromatography and 
Spectroscopy 

(d) 

ppm 

EXERCISE 4.10 

Predict the approximate *H NMR spectrum (number of signals, approximate chem¬ 

ical shift, multiplicity, and integration) for each of the following compounds. 

(a) 1-butanol (b) 1-butanal (c) 2-butanol (d) 2-butanone 

In conclusion, *H NMR spectra can be interpreted on the basis of the 

number of signals, the chemical shifts, the splitting patterns, and integra¬ 

tion. These spectral features provide valuable structural information about 

the nature of attached atoms (from chemical shifts) and the number of 

neighboring hydrogens (from splitting and integration). *14 NMR spec¬ 

troscopy is thus a very useful complement to 13C NMR spectroscopy for as¬ 

signing structure. 

The NMR Spectrometer. The basic components of an NMR spec¬ 

trometer are shown schematically in Figure 4.17. The sample, dissolved in 

an appropriate solvent (most commonly CDC13), is placed in a thin-walled 

tube, which is then inserted between the poles of a superconducting mag¬ 

net and spun rapidly. This spinning ensures that all nuclei experience the 

same applied magnetic field. Small variations in the magnetic field at dif¬ 

ferent places between the poles of the magnet are averaged as each nucleus 

moves through all possible environments. A pulse of high-intensity, broad- 
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FIGURE 4.17 

Sample tube 

rf 
Detector 

T~~>\ 

Computer 

Recorder 

4.3 Spectroscopy 

Schematic representation of the key features of a nuclear magnetic resonance 

spectrometer (rf is an abbreviation of radio-frequency). 

spectrum radiation is applied through a coil that surrounds the tube. This 

pulse contains an even distribution of all frequencies to be observed, and 

nuclei are uniformly stimulated to jump from a lower- to a higher-energy 

state relative to the applied field. The pulse lasts for only a short time 

(—0.1 sec), and after it ends, a radio receiver is used to detect the emission 

of electromagnetic radiation as nuclei return to the lower-energy state. The 

process is repeated many times, and the result of each pulse is added to the 

sum of results from previous pulses, thus amplifying the very weak signals 

emitted by the nuclei. 

When all of the nuclei being observed are identical—such as, for ex¬ 

ample, the six protons in benzene—the signal received has a single frequency 

that decreases exponentially as the normal distribution between the lower- 

and higher-energy states is re-established (Figure 4.18). This type of signal 

is referred to as a free induction decay (FID) signal. 

Free induction decay (FID) signal resulting from nuclei emitting a single 

frequency. 

When nuclei have different chemical environments, they radiate differ¬ 

ent frequencies, and the result is a complex signal with many component 

contributions. Free induction decay signals resulting from two and three 

different frequencies are shown in Figure 4.19 (on page 186). These com¬ 

posite signals can be likened to the sound of a symphony orchestra (or a 

rock band): each instrument is producing a unique sound, yet a total, com¬ 

posite sound arrives at our ears, which our brains decode so that we rec¬ 

ognize the presence of violins, pianos, drums (and guitars). Baron Jean 
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FIGURE 4.19 

Free induction decay (FID) signals resulting from (a) two and (b) three com¬ 
ponent frequencies that differ by 5%. 

Baptiste Joseph Fourier, a French mathematician and physicist who lived 

200 years ago, devised a mathematical method, known as a Fourier trans¬ 
form, for the deconvolution of complex signals into their component parts. 

With the advent of high-speed computers, Fourier transformation of NMR 

signals became practical. The essential features of today’s NMR spectrom¬ 

eters are a high-field, superconducting magnet and a high-speed computer. 

The Fourier transform of a free induction decay signal is plotted with sig¬ 

nal intensity as the y-axis and time as the x-axis. 

Effect of Field Strength. The field strength of the magnet used in an 

NMR spectrometer significantly affects the quality and appearance of the 

spectra obtained. The possibility of accidental overlap of peaks in *H spec¬ 

troscopy is reduced by using an instrument with high field strength, be¬ 

cause the frequency at which nuclei resonate increases with the field 

strength. Recall that the chemical shift (d) of a nucleus does not change 

with field strength. Thus, at 100 MHz, a difference in chemical shift be¬ 

tween two nuclei separated by 1 ppm (1 8) is 100 Hz, whereas at 500 MHz, 

it is 500 Hz. As the field strength is increased, the frequency difference also 

increases. Thus, at higher field (and higher frequency), signals are more sep¬ 

arated and therefore more readily distinguished. For example, two *H spec¬ 

tra of linalool, at 90 and 360 MHz, respectively, are shown in Figures 4.20 

and 4.21. In the spectrum obtained at 90 MHz, the signal at about 5 ppm 

is quite broad and difficult to interpret, because the individual components 

are quite close in frequency. In contrast, the spectrum obtained at 360 MHz 

exhibits sharp peaks, and although the patterns are complex, they can be 

readily interpreted. 
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FIGURE 4.20 

A 90-MHz NMR spec¬ 
trum of linalool. Expansion 
of the signal in the range 
from 4.9 to 5.3 ppm shows 
the significant peak overlap. 

Linalool 

_I_I-Ik-- 
| i i i i | i i i '"I | 1 1 1 1 | 1 1 v"' | 1 1 ' 1 | 1 ' ' 1 I 1 

10.0 9.0 8.0 7.0 6.0 5.0 4.0 
ppm 

3.0 2.0 1.0 0.0 

FIGURE 4.21 

A 360-MHz 'H NMR spec¬ 
trum of linalool. Expansion 
of the signal between 8 5.0 
and 5.3 shows that this re¬ 
gion can be resolved into two 
pairs of doublets and a 
triplet. 
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An added bonus of high-field spectrometers is enhanced sensitivity. 

With 300-500 MHz spectrometers, it is possible to obtain a reasonable 13C 

spectrum with milligram quantities of sample. Because the natural abun¬ 

dance of !H is much larger than 13C, amounts under a milligram are suf¬ 

ficient for a proton spectrum. 

EXERCISE 4.11 

Note that in the two free induction decay patterns in Figure 4.19, but not in that 
in Figure 4.18, there are nodes, or points along the time axis at which the signal 
strength is zero. Explain why nodes appear when two or more signals of different 
frequency are mixed. t# 

Medical Applications of NMR Spectroscopy. NMR spectroscopy is 

used not only for identifying pure compounds, but also for detecting dif¬ 

ferences in relative abundances of magnetically active nuclei in solid sam¬ 

ples and water-filled tissues. Very large NMR spectrometers are used for 

medical and biological research applications; plant or animal matter, or even 

a whole human body, can be inserted in the magnet and analyzed. Such a 

spectrometer is shown in Figure 4.22. This type of spectrometer produces 

a proton spectrum, from which a three-dimensional map of water concen¬ 

tration in an organ or other object of interest is made. Deviations from nor¬ 

mal water concentrations and distributions indicate medical anomalies such 

as tumors. Representative three-dimensional images of human brains are 

shown in Figure 4.23. 

FIGURE 4.22 

NMR spectrometer used for three-dimensional imaging of human bodies. 



Three-dimensional NMR images (magnetic resonance imaging, MRI) of vari¬ 
ous parts of the human body: (a) a horizontal layer of a brain, clearly show¬ 
ing such features as the eyes, as well as a blood clot (arrow); (b) a vertical 
layer from the head of a patient with an enlarged pituitary gland (arrow); 
(c) a vertical layer of a spine; and (d) four horizontal slices. The images 
shown in parts (b) and (c) are similar to what would be shown in x-rays of 
the same areas of the body. On the other hand, the images in parts (a) and 
(d) are unique and allow a physician to examine internal body structures 
that cannot be visualized by x-ray techniques. 189 



190 

4 Chromatography and 
Spectroscopy 

CHEMICAL PERSPECTIVES 

NMR SPECTROSCOPY OF LIVING ORGANISMS 

It is possible to “watch” organic compounds being digested by living crea¬ 

tures. Whole-body NMR spectrometers can track the concentrations of com¬ 

pounds that vary under different physiological conditions. For example, the 

conversion of phosphocreatine to creatine and phosphate (Pi) releases sub¬ 

stantial energy. 

Phosphocreatine Creatine Phosphate (Pi) 

This conversion takes place in muscle tissue during exercise, depleting phos¬ 

phocreatine and increasing the concentration of phosphate, as can be seen 

in the two phosphorus NMR spectra, taken on the forearm of a human sub¬ 

ject, before and after 19 minutes of exercise. 

Phosphocreatine 

J_L 

10 0 -10 -20 ppm 

Chemical shift 
10 0 -10 -20 ppm 

Chemical shift 

An NMR spectrometer can also be used to search for weak points or 
irregularities in manmade objects. Figure 4.24 shows a picture of poly¬ 
styrene tubing taken with an optical camera and a three-dimensional NMR 
image of a cross section of the tubing. The use of NMR is called noninva- 
sive imaging by medical personnel and nondestructive testing by material 
scientists. The technique is considerably more sensitive (and at present more 
expensive) than x-ray imaging and does not damage tissue. Physicians usu¬ 
ally use the expression magnetic resonance imaging (MRI) to differentiate 
this technique from x-ray imaging. (The word nuclear is omitted to avoid 
alarming those people who might otherwise connect the term—incor¬ 
rectly—with nuclear fusion and fission.) 
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(a) (b) 

FIGURE 4.24 

(a) Optical photograph and (b) three-dimensional NMR cross-sectional im¬ 
age of a piece of polystyrene tubing. 

■ Infrared (IR) Spectroscopy 

The infrared (IR) region of the electromagnetic spectrum is just be¬ 

yond the region that the human eye perceives as red light. The absorption 

of infrared light causes increases in the frequencies at which the bonds be¬ 

tween atoms stretch and bend. The frequency at which a bond vibrates and 

bends is determined primarily by the mass of the atoms involved and the 

strength of the bond. The bonds that characterize functional groups have 

unique frequencies at which they absorb and characteristic absorption 

bands in the infrared region of the spectrum. Thus, absorption in the in¬ 

frared region can be used to identify the types of functional groups present 

in a molecule. 

Theoretical Background. The key principle of infrared spectroscopy 

is that infrared radiation is absorbed when there is a match between the ra¬ 

diant energy and the frequency of a specific molecular motion, usually bond 

bending or stretching. Atoms are not static within a molecule—they are 

constantly moving relative to each other, vibrating about the connecting 

bonds at constant frequencies. The bond lengths given in Table 2.2 repre¬ 

sent the minimum-energy distance for the atoms involved. As they move 

closer to each other than that minimum-energy distance, repulsive forces 

increase, and as they move farther apart, attractive interactions decrease. 

This motion of alternately stretching and compressing resembles that of two 

spheres held together by a spring, as represented schematically for the O—H 

bond of CH3OH. When atoms of unequal atomic mass are bonded, the 

lighter atom (in this case, hydrogen) moves farther than the heavier one. 

Absorption of infrared energy results in an increase in the frequency of vi¬ 

bration. 
Schematic representation 

of O—H stretching 



Schematic representation 
of bending of C—H 

bonds in propane 

Atoms also display a motion that results in a constantly changing bond 

angle. This bond bending changes the relative positions of two atoms at¬ 

tached to a third. For example, in the methylene group of propane, the two 

hydrogen atoms are constantly moving closer together and then farther 

apart at a characteristic frequency. Again, absorption of infrared light of a 

characteristic frequency results in an increase in the frequency of this mo¬ 

tion. 

The representation of a bond between two atoms as a spring connect¬ 

ing two masses does not fully portray the actions of atoms in molecules. 

Classical Newtonian physics can be used to describe weights attached by a 

spring but fails when the scale is as tiny as atoms. Masses held together by 

a spring can vibrate at any speed and amplitude, whereas the vibrations of 

molecules are quantized. The atoms of a molecule can vibrate only at spe¬ 

cific frequencies, known as vibrational states. Infrared light is absorbed by 

a molecule only when the energy of the photons is quite close to the en¬ 

ergy gap between a vibrational state and the next higher one (Figure 4.25). 

The vast majority of molecules exist in the lowest-energy state, and the ab¬ 

sorption of light that gives rise to an infrared spectrum is the result of rais¬ 

ing molecules to the next higher state. Much less frequently, a photon of 

approximately twice the energy will be absorbed, promoting the molecule 

to a third energy state. The absorptions of these higher frequencies give rise 

to signals known as overtones. They are quite weak, but are often visible 

in the spectra of carbonyl compounds. 

FIGURE 4.25 

Quantized vibrational energy states of bonded atoms. 

The absorption of infrared light by a molecule requires a dipole mo¬ 

ment in the bond that will be stimulated to vibrate at a higher frequency. 

The intensity of the absorption of light is directly related to the magnitude 

of the dipole moment—the stronger the dipole moment, the stronger the 

absorption. Thus, an O—H bond absorbs more strongly than a C—H bond. 

Conversely, symmetrical bonds, such as the C=C bond in frans-2-butene, 
do not absorb at all. 

Infrared spectrometers record spectra using electromagnetic radiation 

192 of wavelengths ranging from 2,000 to 15,000 nm. It is common practice to 



193 use the wavenumber scale (v, 5000—700 cm 1). The cm 1 scale is a desig¬ 

nation of frequency—that is, of how many waves will fit in 1 cm. 

1 

The characteristic absorption bands for almost all organic functional groups 

are found in the range 4000-800 cm-1. Spectra are plotted with wavenum¬ 

ber as the x-axis (decreasing wavenumbers to the right) and either ab¬ 

sorbance or percent transmittance as the y-axis. 

The Infrared Spectrometer. A schematic representation of an infrared 

spectrometer is shown in Figure 4.26. Infrared radiation is emitted from a 

source (at the right), which consists of a heated ceramic rod. The infrared 

' radiation from the source is split into two beams by mirrors. One beam 

passes through a cell containing a solution of the sample (typically in 

CH2C12), and the other beam goes through a cell containing only the sol¬ 

vent. Both beams are then directed to a chopper, a device that alternately 

passes one beam and then the other. The beam is then directed to a dif¬ 

fraction grating, where it is split into its component wavelengths. The grat¬ 

ing is rotated, directing small samples of the spectrum through a narrow 

slit and onto a detector. The detector, a tiny coil of wire, is heated by the 

impinging radiation, increasing its resistance. Thus, the resistance of the de¬ 

tector varies with the intensity of the radiation that hits it. The action of 

the chopper results in alternation of the beam from the sample and from 

the reference cell falling on the detector. Electronic circuitry is used to com¬ 

pare these signals. The absorption by the solvent is the same in both cells, 

so the effect of the solvent can be subtracted, and the recorder receives only 

signals due to absorption by the sample. 

4.3 Spectroscopy 

Sample 

Mirror 

Diffraction 
grating 

Mirror 

Source 

Mirror 

FIGURE 4.26 

Schematic representation of an infrared spectrometer. 



TABLE 4.3 

Typical Infrared (IR) Absorption Bands for Specific Functional Groups 

Functional 
Group Band (cm x) Intensity 

Functional 
Group Band (cm x) Intensity 

C—H 2960-2850 Medium RO—H 3650-3400 Strong, broad 

£^C—H 3100-3020 Medium —c—O— 1150-1050 Strong 

C=?) 1680-1620 Medium C=0 1780-1640 Strong 

C=C—H 3350-3300 Strong R2N—H 3500-3300 Medium, broad 

R—C=C—R' 2260-2100 Medium (R ^ R') —c—N— 1230, 1030 Medium 

Ar—H 3030-3000 Medium —C=N 2260-2210 Medium 

i^l 1600, 1500 Strong 

rno2 1540 Strong 

r ^ 

^ CP* V C cP ip 

V * ^ 

Characteristic Absorptions of Functional Groups. The great utility 

of IR spectroscopy in assigning structures to organic molecules comes from 

the fact that each functional group exhibits a characteristic set of infrared 

absorptions. Modern IR spectrometers are sufficiently sensitive to be able 

to characterize a single layer of molecules on a surface, providing an in¬ 

valuable tool for characterizing thin films of organic materials. Table 4.3 

lists characteristic IR absorption bands for frequently encountered organic 
functional groups. 

Carbonyl groups (aldehydes, ketones, esters, etc.) have intense absorp¬ 

tions in the region 1780-1640 cm-1. Figures 4.27 through 4.31 show rep¬ 

resentative infrared spectra of an aldehyde, a ketone, a carboxylic acid, an 
ester, and an amide. 

FIGURE 4.27 
mmamtmmmtmmssi 

194 Infrared spectrum of nonaldehyde. 
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FIGURE 4.28 
mmmm -_ 

Infrared spectrum of 

2-nonanone. 

Wave number (cm-1) 

FIGURE 4.29 

Infrared spectrum of 

nonanoic acid. 

Wave number (cm !) 

FIGURE 4.30 
ms^smiamssamis^smm 

Infrared spectrum of ethyl 

isobutyrate. 
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FIGURE 4.31 

Infrared spectrum of 

butyramide. Wave number (cm-1) 

The infrared spectra of aldehydes, ketones, carboxylic acids, esters, and 

amides all have in common the strong absorption of the C=0 bond. Note 

that in most cases the overtone at approximately twice the frequency of the 

primary absorption is visible, though small. In some cases, the frequency 

differences between the characteristic absorptions of functional groups are 

sufficiently large to be able to determine which group is present in a sam¬ 

ple. In addition, each of these carbonyl functional groups (except a ketone) 

has additional absorptions that, when combined with the presence of the 

C=0 band in the region 1780-1640 cm-1, are quite characteristic of that 

group. These include the unique carbonyl C—H stretching absorption of 

aldehydes at 2800-2700 cm-1, the O—H stretching of carboxylic acids 

(3500-3000 cm-1), the C—O—C stretching of esters (1300-1100 cm-1), 

and the N—H stretching of amides (3400-3100 cm-1). Thus, a ketone can 

be characterized by the presence of the C=0 band and the absence of the 

additional bands characteristic of the other carbonyl functional groups. 

All of the spectra in Figures 4.27 through 4.31 have strong absorptions 

resulting from C—H stretching vibrational transitions. In comparing the 

intensity of these absorptions with those of the carbonyl groups, remem¬ 

ber that there are many C—H bonds and only one carbonyl group in each 

of these examples. 

EXERCISE 4.12 

An unknown compound with the molecular formula C3H60 has strong infrared 

absorption at 1725 cm-1. Draw the structures of all possible isomers with this for¬ 

mula. Which of these isomers are consistent with the data? How would you use *H 

NMR spectroscopy to decide among the various possibilities? How would you use 

l3C NMR spectroscopy? 11 

Absorptions of X—H bonds, bonds between hydrogen atoms and het¬ 

eroatoms, dominate the high-wavenumber region of the infrared spectrum, 

in the order O—H, N—H, C—H, progressing from higher to lower 

wavenumber (left to right). Because virtually all organic compounds con- 
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FIGURE 4.32 

Infrared spectrum of 
1-octanol. 

FIGURE 4.33 

Infrared spectrum of 2- 
methyl-1 -aminopropane 
(isobuty] amine). 

tain many C—-H bonds, the infrared absorptions arising from their pres¬ 

ence are not particularly useful in unraveling the structure of an unknown 

compound. On the other hand, O—H and N—H absorptions are quite di¬ 

agnostic for the presence of alcohols and amines and, as we have seen, for 

carboxylic acids and amides (except tertiary amides, which lack N—H 

bonds). The IR spectra of 1-octanol and 2-methyl-1-aminopropane are 

shown in Figures 4.32 and 4.33, respectively. 

The widths and intensities of the absorptions resulting from the pres¬ 

ence of O—H and N—H bonds are quite sensitive to the structure of the 

compound as well as to the conditions under which the spectrum is ob¬ 

tained. Although both of these functional groups can participate in inter- 

molecular hydrogen bonding, these interactions are most significant in 

primary alcohols and amines and less significant in secondary and espec¬ 

ially tertiary alcohols and amines. Hydrogen bonding also decreases as the 

concentration of the alcohol or amine in the solvent is decreased. The ab¬ 

sorption bands for primary alcohols and amines are quite broad at high 
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concentrations, because many different species are present at equilibrium: 

dimers, trimers, tetramers, and so on, and each species absorbs at a differ¬ 

ent frequency. 

EXERCISE 4.13 

The O—H stretching absorption of an alcohol in solution in CH2C12 changes with 

concentration, appearing quite broad at high alcohol concentration and becoming 

sharper as the concentration decreases. Explain this observation. 

Absorptions of alkenes in IR spectra resulting from stretching of C=C 

bonds are relatively weak (as shown for 1-hexene in Figure 4.34), because 

this functional group generally has no significant dipole moment. Indeed, 

no absorption is observed for symmetrical alkenes (such as frans-4-octene, 

Figure 4.35). Regardless of symmetry, this functional group is quite evident 

in both 13C and NMR spectra (but in the latter only if vinyl protons, 

bonded to one of the doubly bonded carbons, are present). Thus, NMR 

FIGURE 4.34 

Infrared spectrum of 

1-hexene. 

FIGURE 4.35 

Infrared spectrum of 

frans-4-octene. 



199 spectroscopy represents a generally more reliable technique for establishing 

the presence of the C=C functional group. 

EXERCISE 4.14 

The C=C stretch in the infrared spectrum of allyl alcohol is considerably stronger 

than is that of propene. Explain why this is reasonable. 

OH 

Allyl alcohol Propene 

Alkynes and nitriles both have unique, characteristic absorptions in IR 

spectra. Because of the polarity of the nitrile group, its characteristic ab¬ 

sorption around 2250 cm-1 is quite strong, whereas the absorption for the 

carbon-carbon triple bond at around 2230 cm-1 is much weaker, and is 

absent in symmetrical molecules. Representative spectra of an alkyne (1- 

pentyne) and a nitrile (isobutyronitrile) are shown in Figures 4.36 and 4.37. 

4.3 Spectroscopy 

FIGURE 4.36 
_ 

Infrared spectrum of 

1-pentyne. 

FIGURE 4.37 

Infrared spectrum of 

isobutyronitrile. 
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The presence of a terminal alkyne (as in 1-pentyne) is characterized by a 

strong absorption for the C=C—H stretch. This C—H bond is stronger 

than those to an sp3-hybridized carbon atom and therefore has a higher fre¬ 

quency of infrared absorption. 

Aromatic compounds, both benzene derivatives and other aromatic sys¬ 

tems, have characteristic absorptions in the infrared region due to the pres¬ 

ence of the cyclic 7t system. Because a bond between a hydrogen atom and 

an sp-hybridized carbon atom is stronger than that with an sp3-hybridized 

carbon atom, the former absorbs at somewhat higher frequency (recall the 

C=C—H absorption in the spectrum of 1-pentyne, Figure 4.36). The 

stretching absorptions for aromatic C—H bonds just above 3000 cm-1 are 

diagnostic of the presence of an aromatic ring, and can be seen in the IR 

spectrum of toluene (Figure 4.38). The four absorptions between 2000 and 

(a) 

FIGURE 4.38 

(a) Infrared spectrum of toluene, (b) Expansion of the 
and 1600 cm 1 in the IR spectrum of toluene. 

region between 2000 



201 1600 cm-1 are overtones arising from absorptions in the 1000-800 cm-1 

region of the spectrum. This pattern changes with the degree of substitu¬ 

tion and with the relative orientation of the substituents on the aromatic 

ring. This region of the spectrum of toluene is enlarged in part (b) of the 

figure; it is characteristically seen in spectra of monosubstituted benzenes. 

The assignment of the substitution pattern for an unknown aromatic com¬ 
pound is usually done using NMR spectroscopy. 

4.3 Spectroscopy 

EXERCISE 4.15 

Indicate which features of the *H and 13C NMR spectra would permit an unknown 

compound to be identified as one of the following. 

Most bands characteristic of functional groups appear at frequencies 

higher than 1200 cm-1. The frequencies of IR bands for functional groups 

are reasonably characteristic and are rarely found to vary from compound 

to compound; however, the intensity of the absorption and the width of the 

band do vary. Furthermore, interaction of functional groups can lead to 

changes in frequency and intensity of absorption. For example, simple 

alkenes have weak absorptions (if any at all) for the C=C bond because of 

the weak dipole, but the intensity of the absorption for this functional group 

is significantly increased in an u, /3-unsaturated carbonyl compound be¬ 

cause the C=0 group polarizes the C=C bond. 

In the region from about 1200 to 700 cm-1, complex bands character¬ 

istic of a specific molecule (rather than a functional group) are usually ob¬ 

served. This region is called the fingerprint region. A comparison of the 

IR spectrum of an unknown compound with a library of spectra of known 

compounds can often enable the unambiguous identification of both the 

functional group(s) present and the specific structure. In essence, there are 

so many possible patterns of absorption bands in the fingerprint region that 

it is highly improbable that the spectra of two different compounds would 

be the same in all details (including intensity). 

You should learn to recognize the characteristic infrared absorptions 

for a small number of functional groups. For example, a C=0 absorption 

of a carbonyl compound appears as a strong band between 1780 and 1640 

cm-1, and O—H and N—H stretches appear as bands in the range from 

3600 to 3200 cm-1. By using the information in Table 4.3, you can identify 

the presence of many of the common functional groups and eliminate from 

consideration those that are not present. For example, let’s use infrared spec¬ 

troscopy to distinguish 2-octanone from 2-octanol and, thus, determine 

whether the oxidation reaction discussed in Section 4.1 proceeded as ex¬ 

pected. The starting material, 2-octanol, will show absorption characteris¬ 

tic of the OH functional group at about 3600 cm-1. This absorption is ab¬ 

sent in the spectrum of the product, 2-octanone, which will have a strong 

absorption in the region of 1700 cm-1 resulting from stretching of the car¬ 

bonyl group. 



CHEMICAL PERSPECTIVES 

CHARACTERIZING MOLECULES IN INTERSTELLAR SPACE BY 

INFRARED SPECTROSCOPY 

The use of infrared spectroscopy is not limited to the 

chemistry laboratory; it has also been used in heat 

sensors and for remote sensing when the observer is 

at a distant location from the sample being analyzed. 

For example, infrared spectrometers aboard both 

Voyager I and Voyager II (unmanned spacecraft that 

have been exploring the solar system for more than 

10 years) detected six simple hydrocarbons (ethyne, 

ethene, ethane, propane, propyne, and butadiyne) 

and three carbon-containing nitriles (HCN, 

N=C—C=N, and HC=C—C=N) in the atmos¬ 

phere of Titan, a large moon of Saturn. Infrared spec¬ 

trometry is sufficiently sensitive that C2N2 was de¬ 

tected at the parts-per-billion (ppb) level. It is 

interesting to speculate why these specific com¬ 

pounds are produced in an atmosphere whose ma¬ 

jor constituents are N2 and CH4. 
The photo shows the design for a new IR tele¬ 

scope at the McDonald Observatory of the University 

of Texas in Austin. Using a large mirror constructed 

from many small ones, the telescope will be dedicated 

to spectroscopic analysis of deep space. 

EXERCISE 4.16 

Which region of the IR spectrum might be used to distinguish between each pair 

of compounds? 

O OCH3 

(a) and 

(c) CH3CH2NH2 and CH3C=N 

(d) and 

Visible and Ultraviolet (UV) Spectroscopy 

Radiation in the visible and ultraviolet regions of the spectrum has suf¬ 

ficient energy to promote electrons from lower- to higher-energy orbitals, 

202 especially in compounds with it bonds. The energy separation of these or- 



203 bitals is determined by the number of double bonds in conjugation in the 

77 system and by the nature of the substituents. Therefore, the frequency of 

radiation absorbed can be correlated with the structure of the 77 system of 
an unsaturated compound. 

Theoretical Background. Proceeding from the infrared to the visible 

and ultraviolet regions of the spectrum increases the amount of energy of 

the photons. The energy in the ultraviolet region is large enough to perturb 

the electronic structures of many organic molecules. Even in the lower- 

energy visible region, some organic molecules can be excited. 

In Chapters 1 and 2, you learned that the electronic structure of mol¬ 

ecules can be represented by electrons located in molecular orbitals. The 

bonding (77) and antibonding (77*) molecular orbitals formed, for example, 

by the interaction of two p atomic orbitals are equally split about the zero 

point of energy (the energy when there is no interaction). Two electrons lo¬ 

cated in the 77 orbital confer net bonding on the molecule. When a photon 

of sufficient energy (hv) interacts with a molecule, it is absorbed, promot¬ 

ing one of the electrons from a bonding to an antibonding orbital (Figure 

4.39). After this process, called photoexcitation, the bonding and antibond¬ 

ing orbitals are each singly occupied (Figure 4.40). 

4.3 Spectroscopy 

FIGURE 4.39 

Photoexcitation in the visible or ultraviolet region 

consists of the absorption of a photon, which pro¬ 

motes an electron from a filled molecular orbital to 

a vacant one. 

FIGURE 4.40 

After photoexcitation, one electron is left in the 

bonding (77) molecular orbital; the second electron 

is located in the antibonding (77*) orbital. The result¬ 

ing state (shown at the right) is called a 77,77* excited 

state. 

Because an electron has moved from a 77 to a 77* molecular orbital, this 

change is called a 77,77* (or 77—>77*) transition (read as “pi-to-pi-star”). The 

combined effect of one electron in a bonding molecular orbital and one 

electron in an antibonding molecular orbital is no net bonding interaction 

between the atomic p orbitals. (In Section 5.1 we will see how this change 

in bonding forms the chemical basis for vision.) This electronic transition 

can occur only when the energy of the absorbed photon equals that re¬ 

quired to raise a bonding electron to an antibonding orbital. A visible or 

ultraviolet spectrum is a plot of the intensity of absorption as a function of 

wavelength (corresponding to the excitation energy). Thus, in absorption 

spectroscopy, transitions between filled and vacant orbitals are measured as 

a function of wavelength. For ethylene, the 77, 77* transition requires high 
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CHEMICAL PERSPECTIVES 
-s-;-—- 

MOLECULAR OXYGEN: A STABLE TRIPLET MOLECULE 

The lowest-energy arrangement for molecular oxygen (02) is a triplet elec¬ 

tronic state in which there is only one bond between the atoms and there 

are two unpaired electrons, one on each atom. 

• • hv 
:0—O: -—» :0=0: 

Triplet Singlet 

oxygen oxygen 

By interacting with other excited molecules (sensitizers), triplet oxygen (302) 

can be converted into singlet oxygen (102), a very unstable species that re¬ 

acts rapidly with organic compounds. Virtually no organic molecules are sta¬ 

ble for long in the presence of singlet oxygen. In fact, oxidation reactions in¬ 

volving this species have been implicated in aging and in other modes of cell 

damage. Long-chain polyenes having ten or more conjugated double bonds 

(many of which, like vitamin A, are found in nature) interact with singlet 

oxygen in a special way that results in the conversion of both species into 

the triplet state. 

Singlet alkene Singlet oxygen Triplet alkene Triplet oxygen 

The triplet state of the polyene relaxes rapidly to the stable singlet state. Thus, 

polyenes serve as deactivators of 102, and their presence protects other mol¬ 
ecules from oxidation. 

energy, and the absorption appears at about 171 nm (at the high-energy 

end of the ultraviolet spectrum). We can calculate the energy (in kcal/mole) 
of radiation of this wavelength using this formula: 

r 2.86 X 104 kcal • nm • mole-1 

Wavelength (nm) 

Thus, 200 nm corresponds to 143 kcal/mole, 300 nm to 95 kcal/mole, and 

400 nm (the break between the ultraviolet and visible regions) to 72 
kcal/mole. 

Molecular-Orbital Interpretation of UV Absorption. Excitation by 

light typically involves promotion of an electron from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital 

(LUMO). Let’s consider the molecular-orbital picture for butadiene. 

Combination of four p atomic orbitals yields four 7r molecular orbitals: two 

rr bonding and two it antibonding. The designations irx, n2, tt*3, and 774 

indicate molecular orbitals of decreasing bonding (or increasing antibond- 



n bonding 

n antibonding 

171 nm 217 nm 263 nm 

h2c=ch2 h2c=ch—CH=CH2 H2C=CH—CH=CH—CH=CH2 

FIGURE 4.41 

Molecular orbitals of ethene, butadiene, and hexatriene. The relative phasing 

of the lobes of the bonding orbitals is indicated by blue and green; that of the 

antibonding orbitals is shown by red and yellow. 

ing) character. The two bonding orbitals (tti and ir2) are below and the two 

antibonding orbitals (773 and 774) are above the zero of energy (Figure 4.41). 

In the arrangement of lowest energy, bonding is continuous along a 

chain of carbon atoms (77!). The next higher level, bonding orbital 7r2, has 205 



206 a node at the center of the chain, between C-2 and C-3. (Recall that, at a 

node, orbital phase inverts. Thus, orbital phasing, indicated by color in the 

S ectrosc0t08raphy ^ figure, is reversed from one side of the node to the other.) In the antibonding 
orbital 713, bonding is maintained only between C-2 and C-3, and there is 

no bonding between adjacent carbons in 774. 
In the ground state (the lowest-energy arrangement) of butadiene, the 

four 77 electrons populate 7Ti and 7r2. Because the 7t2 orbital of butadiene 

lies at a higher level of energy than the 7r orbital of ethene, and the 773 or¬ 

bital of butadiene lies at a lower level than the 77' orbital of ethene, the en¬ 

ergy difference between the HOMO and the LUMO for butadiene is smaller 

than that for ethene. Thus, 1,3-butadiene absorbs light of longer wavelength 

and lower energy (217 nm) than does ethene (171 nm). 

Extended Conjugation. In general, the greater the extent of conjuga¬ 

tion, the smaller is the energy difference between the HOMO and the 

LUMO, and the farther the absorption is shifted to longer wavelengths. 

Figure 4.41 also illustrates the bonding and antibonding molecular orbitals 

for 1,3,5-hexatriene. As for butadiene, the six molecular orbitals are 

arranged in order of increasing energy, which corresponds to an increasing 

number of nodes. The energy required for electronic excitation of hexa- 

triene is even lower than for 1,3-butadiene, and the absorption for the triene 

is at 263 nm. 

Conjugative effects are also important in aromatic rings. For example, 

benzene has an absorption maximum at 256 nm (not far from that for 1,3,5- 

hexatriene), whereas naphthalene absorbs at 286 nm. Some characteristic 

absorption maxima of other conjugated molecules are given in Table 4.4. 

TABLE 4.4 

Representative Absorption Maxima for Typical Ultraviolet-absorbing 
Compounds 

Compound Amax (nm) Compound Amax (nm) 

286 

375 

(n, 77*) 279 

(77, 77*) 188 

(n, 77*) 315 

(77, 77*) 210 

~ 350 



/8-Carotene 

FIGURE 4.42 

An absorption spectrum of /I-carotene in the ultraviolet and visible regions. 

Extended conjugation shifts the observed absorption maximum to 

longer and longer wavelengths. Ultimately, the absorption maximum shifts 

from the ultraviolet into the visible region. A compound that absorbs some 

wavelengths of visible light is perceived by the human eye as having color. 

For example, /3-carotene has a long, conjugated hydrocarbon skeleton with 

many conjugated tt bonds (Figure 4.42). Its absorption maximum is be¬ 

tween 450 and 500 nm, which means that the energy difference between its 

HOMO and LUMO is small. This absorption maximum corresponds to 

blue light, and as a result of this absorption, /3-carotene is perceived as hav¬ 

ing a bright yellow-orange color. This pigment stains your hands when you 

peel fresh carrots. Similar compounds, such as lycopene, are responsible for 

the color of other vegetables, such as tomatoes. 

Lycopene (red) 

(20 mg/kg of tomatoes) 
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CHEMICAL PERSPECTIVES 
..——— 

CONJUGATED OXYGEN-CONTAINING PLANT PIGMENTS 

Anthocyanins are oxygen heterocycles that absorb strongly in the visible re¬ 

gion of the spectrum. They occur naturally in plants and are responsible for 

purple, mauve, and blue colors. Although highly colored, these compounds 

have not been used commercially to any extent as dyes because they degrade 

(fade) upon prolonged exposure to ultraviolet radiation. 

Cyanidine 

(an anthocyanin) 

EXERCISE 4.17 

Which compound in each of the following pairs exhibits an electronic transition 

to an antibonding orbital at the longer wavelength? 

Carbonyl Groups. In addition to unsaturated hydrocarbons, other 

functional groups absorb ultraviolet light. For example, ketones and con¬ 

jugated enones show weak absorption spectra in which the absorption max¬ 

ima are shifted to longer wavelengths than would be expected for C=C 

bonds. In addition to the promotion of an electron from the tt to the tt* 

orbital (as we have seen for hydrocarbons), such compounds also show ab¬ 

sorption resulting from the promotion of an electron from one of the non- 

bonded lone pairs of electrons on the oxygen of the carbonyl group to the 

tt orbital. For acetone, this n,7T* (or n -> if) transition (read as “en-to- 

pi-star”) results in a weak absorption band at about 279 nm. 



CHEMICAL PERSPECTIVES 

CHLOROPHYLL: A CONJUGATED NITROGEN-CONTAINING PIGMENT 

Chlorophylls are intensely green pigments found in 

plants. These complex molecules, exemplified by 

chlorophyll a, are central to the conversion of light 

energy into chemical energy via the process known 

as photosynthesis. Upon absorption of a photon of 

light, an electron in the extended tt system of a mol¬ 

ecule of chlorophyll is promoted to an antibonding 

molecular orbital, resulting in an excited state. In 

photosynthesis, an electron is transferred along a 

chain of molecules and ultimately effects the reduc¬ 

tion of carbon dioxide. Reduction of carbon dioxide 

results in the incorporation of the carbon into car¬ 

bohydrates, a process called carbon fixation. 

The position of the n,7T transition also has a molecular-orbital basis. 

The energy levels of the tt and tt orbitals of the carbonyl group are equidis¬ 

tant from zero energy (Figure 4.43). In contrast, the nonbonding electron 

pair on the carbonyl oxygen is located in an orbital that is only slightly be¬ 

low the zero of energy. The energy of the n,77* transition is therefore less 

than that of the tt,tt* transition. The absorption bands of n,7t transitions 

are usually at longer wavelengths (lower energies) than those of 77,77* tran¬ 

sitions and usually less intense. As we have seen earlier with hydrocarbons, 

further conjugation of the carbonyl group also results in a shift in the 

u . 
£ 1 
w 

Hs 

W 
c=o 

71 

FIGURE 4.43 

Energies of tt and tt molecular orbitals in formaldehyde. 209 
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absorption band to longer wavelengths. For 3-butene-2-one, the n,7r 
absorption band occurs at 315 nm and is accompanied by a stronger 
tt,7t band at 210 nm—that is, at a wavelength very similar to that seen for 

butadiene. 

Acetone 3-Buten-2-one 

(279 nm) (210 and 315 nm) 

Mass Spectroscopy 

Energies much higher than those required for electronic transitions can 
cause the expulsion of an electron from a molecule. In a technique called 
mass spectroscopy (MS), molecules are bombarded with high-energy elec¬ 
trons, resulting in the ejection of electrons from the molecule to form a 
cation radical. These highly energetic species often break into smaller 

cationic fragments. 

RH ^4 RH© + ee 

Fragments© 

The mass spectrometer measures the sizes and relative abundance of these 
fragments and records the information as a mass spectrum. The mass spec¬ 
trum can be used to identify a compound by comparison with a previously 
identified sample, to determine the exact molecular weight (and thus the 
molecular formula), and, by analyzing the fragmentation pattern, to estab¬ 
lish the structure. 

Sample 

Magnet 

|_Ionizing 
electron beam 

Recorder 

Detector 

m/z 

Mass spectrum 

FIGURE 4.44 

A schematic representation 

of a mass spectrometer. 

The Mass Spectrometer. In the most common type of mass spec¬ 
trometer (shown schematically in Figure 4.44), an ionizing electron beam 
passes through a gaseous sample. The resulting ion mixture is swept by a 
high vacuum into a strong magnetic field. The ions are deflected in a curved 
path according to their mass-to-charge (m/z) ratio and then directed to a 
detector that determines this ratio. The magnetic field is scanned, bringing 
ions of successively higher m/z ratio to the detector. The peak with the high¬ 
est molecular weight represents the molecular ion, or parent ion, an un¬ 
fragmented ion with the same mass as that of the starting material. Plotting 
ion abundance as a function of m/z gives a fragmentation pattern charac¬ 
teristic of that specific molecule. The fragmentation pattern results from 
the breakdown of the molecular ion to give ions of lower molecular weight. 

The accuracy with which the m/z ratio can be measured is determined 
by the quality of the magnet (especially its uniformity) and the sophistica¬ 
tion of the detector. In a low-resolution mass spectrum, m/z ratios are de¬ 
termined to about ±0.2 mass unit. For some purposes, this accuracy is suf¬ 
ficient for assigning molecular weights to the ions (assuming, as is generally 
the case, that the ionic charge is +1). 

Molecular Weight Determination. High-resolution mass spectrom¬ 
eters are highly sophisticated instruments that have an accuracy of a small 
fraction of a mass unit. With this level of accuracy, it is possible to distin¬ 
guish between combinations of atoms that differ only slightly. For exam- 



211 pie, carbon dioxide and propane have, to the nearest integer, the same mo¬ 
lecular weight (44). However, this weight is based on naturally occurring 
distributions of 12C and 13C, as well as 160,170, and 180 isotopes. In a mass 
spectrum, the molecular ion peak is that associated with the isotopes of 
highest abundance (in this case, 12C and ieO). With these isotopes, CO2 is 
calculated to have a mass of 43.9898 and propane (C3H8) a mass of 44.0626. 
These two masses can be readily distinguished by high-resolution mass spec¬ 
trometry, which generally has an accuracy of ±0.0001 mass unit. There is 
usually only a single (reasonable) combination of atoms that corresponds 
to any given mass. It is possible, therefore, to calculate the formula for the 
ion from the exact mass of a parent ion found in a high-resolution mass 
spectrum. 

Mass spectroscopy examines and determines the mass of individual ions 
and does not measure the average properties of a bulk sample. Thus, the 
atomic masses used in calculating an exact mass value are those of the in¬ 
dividual isotopes (for example, 12.0000 for 12C, instead of 12.011), not those 
typically used—that is, atomic masses that represent the effect of all iso¬ 
topes weighted for their relative abundances. Because individual ions are 
observed in a mass spectrometer, it is also easy to recognize the presence of 
elements such as chlorine, which exists as two abundant isotopes (35C1 and 
37C1) and is represented by two ions that are two mass units apart. 

Fragmentation Patterns. An example of a low-resolution mass spec¬ 
trum of hexane is shown in Figure 4.45. The peak with the highest molec¬ 
ular weight appears at m/z = 86. This peak represents the parent ion, ob- 

4.3 Spectroscopy 

FIGURE 4.45 
wmmmmmmmaamsm_-— 

A low-resolution mass spectrum of n-hexane. 
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tained by the simple loss of an electron without fragmentation. The much 
smaller peak that appears at m/z = 87 represents the fraction of molecules 
containing a higher-weight isotope (either 13C or 2H). The ratio of inten¬ 
sities of the parent and the parent +1 ions is defined by the natural abun¬ 
dance of 13C, 2H, and so forth, and thus by the probability that one of the 
higher-mass isotopes is incorporated in the ionized molecule. Lower-mo¬ 
lecular-weight peaks also appear in this spectrum at m/z = 71, 57, 43, and 
29. These peaks represent the sequential loss of a methyl group and then 
methylene groups along the straight chain of the parent ion. The most in¬ 
tense peak, at m/z = 57, is referred to as the base peak. Often, mass spec¬ 
tral data are reported as a series of peaks whose intensities are given as a 
fraction of this most intense base peak. Note that, even in this simple com¬ 
pound, some bonds are cleaved more readily than others. Thus, the base 
peak at m/z = 57 results from cleavage of the bond between C-2 and C-3, 
not from cleavage of the more abundant C—H bonds or one of the car¬ 
bon-carbon bonds to the two methyl groups. 

The bond cleavages that occur in a mass spectrometer are of radical 
cations in the gas phase and not of neutral molecules. Thus, it is not gen¬ 
erally possible to rely on a knowledge of organic reactions in solution to 
predict which bonds will be cleaved most readily. For example, as shown in 
the mass spectrum of benzaldehyde (Figure 4.46), the parent peak (the peak 
with the highest m/z value, 105) gives the molecular weight of the mole¬ 
cule from which the radical cation is produced. Other strong peaks in this 

_ 

A low-resolution mass spectrum of benzaldehyde. 



213 spectrum are for ions that result from cleavage on either side of the car¬ 
bonyl group, with loss of H- or C6H5\ These fragmentations correspond to 
peaks showing greater abundance than those resulting from cleavage of 
C H or C C bonds in the aryl ring. None of these bond fragmentations 
represents a normal reaction of benzaldehyde in solution. (A detailed dis¬ 
cussion of the reactions of radical cations is beyond the scope of this course.) 

Summary 

EXERCISE 4.18 

For each of the following compounds, calculate the m/z value of the parent peak 

and predict the mass of the base peak (major fragmentation) in the mass spectrum. 

(Exact mass values for the elements are included in the periodic table inside the 
front cover of the book.) 

(a) CH3CH2CH2CH2OH (c) CH3CH2CHO 

(b) CH3COCH2CH3 (d) CH3CHC1CH3 ■ 

Summary 
i.~-r ■ 

1. The identity of an organic compound can be determined by com¬ 
paring its physical and chemical properties to those of known compounds. 
In addition to simple physical properties such as melting and boiling points 
and chemical reactivity, specific structural features in a molecule can be de¬ 
finitively characterized from spectroscopic evidence obtained through the 
use of instrumentation. Techniques for structure determination, including 
spectroscopic techniques, are most effective when used to analyze pure com¬ 
pounds. 

2. Chromatography is a very versatile technique used to separate mix¬ 
tures of compounds into individual components. Chromatographic sepa¬ 
rations take place because of the differential adsorption of a mixture of 
compounds on a solid or liquid stationary phase while a fluid mobile phase 
is flowing over this fixed support, eluting the compounds at different rates. 
Column chromatography employs a solid support (usually alumina or sil¬ 
ica gel) through which a liquid solvent flows under the influence of grav¬ 
ity. In paper and thin-layer chromatography, the sample is applied to sheets 
of adsorbent (paper, or a thin layer of silica gel spread on a glass support) 
through which solvent moves by capillary action. In gel electrophoresis, a 
polar polyacrylamide gel is swollen with solvent and subjected to an elec¬ 
trical field. Different polyelectrolyte molecules migrate at different rates un¬ 
der the influence of this external electrical field, thus becoming separated 
from one another. In gas chromatography, the mixture to be analyzed passes 
through a very long column, which is either packed with a solid support or 
lined with a liquid adsorbent. An inert gas acts as a carrier to move the or¬ 
ganic molecules through the column. 

3. In chromatography, the time required for the elution of a desired 
compound is directly related to the degree of the compound’s adsorption 
on the stationary phase. Strong polar interactions and van der Waals at¬ 
tractions increase adsorption, causing longer elution times and higher ad- 
sorptivity. The retention time is therefore a rough indicator of the polarity 
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and size of a given molecule. Chromatography can be used not only as a 
purification technique, but also as an analytical method for characterizing 
mixtures, because retention times are characteristic for individual com¬ 

pounds. 

4. Spectroscopic techniques entail the interaction of some form of elec¬ 
tromagnetic energy with molecules to produce a spectrum that can be in¬ 
terpreted to reveal the presence of characteristic groups and structural fea¬ 

tures. 

5. Nuclear magnetic resonance (NMR) spectroscopy detects the nu¬ 
clear spin flipping, induced by energy in the radio-frequency range, of a 
molecule placed in a high magnetic field. Because 13C and are magnet¬ 
ically active nuclei, NMR spectroscopy can provide important structural in¬ 
formation about organic molecules. The information derived from 13C and 
!H NMR are complementary. In 13C NMR spectroscopy, each unique car¬ 
bon usually gives rise to a unique signal. The chemical shifts of these sig¬ 
nals can be predicted with considerable accuracy. In NMR spectroscopy, 
chemical shifts, as well as the multiplicity and integration of signals, pro¬ 
vide information on the type of protons, their number of nearest neigh¬ 
bors, and the number of protons responsible for an observed signal. 

6. Infrared (IR) spectroscopy is a method for observing characteristic 
stretching and bending frequencies of bonds. Because the IR spectra of 
many common organic functional groups have characteristic absorptions, 
they can be used to identify functional groups in an unknown compound. 
In addition, the fingerprint region of an IR spectrum often provides a 
unique pattern for a molecule, and this feature can be used to identify a 
compound by comparison with a known sample. 

7. Ultraviolet (UV), as well as visible, absorption spectroscopy probes 
electronic transitions from filled to vacant molecular orbitals. The absorp¬ 
tion maxima of these bands provide information about the degree of con¬ 
jugation and the types of electronic transitions possible within a compound. 

8. In mass spectroscopy, high-energy electrons collide with a given mol¬ 
ecule in the gas phase. The high-energy electrons effect ionization, pro¬ 
ducing a parent ion (a radical cation) and facilitating the determination of 
an accurate molecular weight. From isotopic abundances, high-resolution 
mass spectra also provide a molecular formula. Fragmentation patterns ob¬ 
served in the mass spectrum provide valuable information about the struc¬ 
ture of a molecule. 

Review Problems 
-—- 

4.1 Which compound in each of the following pairs will have the longer chro¬ 
matographic retention time? 

(a) 2-butanol or butanal (c) cyclohexanol or benzene 

(b) octadecane or octanoic acid (d) pyridine or guanine 

4.2 Determine whether each pair of compounds in Problem 4.1 could be sepa¬ 
rated best by gas chromatography, high-pressure liquid chromatography, or gel 
electrophoresis. Explain. 



4.3 For each of the following compounds, the molecular formula, data from a 
H NMR spectrum (s = singlet, d = doublet, t = triplet, q = quartet, m = mul- 

tiplet) and the characteristic infrared bands are given. Propose one or more 
structures consistent with the data for each compound. If the data are consistent 
with more than one isomer, suggest another spectroscopic method that might 
distinguish them. 

(a) C2H3CI3: 5 3.95 (d, 2 H), 5.77 (t, 1 H); 2950 and several below 850 cm-1 

(b) C2H4O: 8 2.20 (d, 3 FI), 9.80 (m, 1 FI); 1730 cm-1 

(c) C2H402: 8 2.10 (s, 3 H), 11.37 (s, 1 H); broad band at 3200 and strong band 
at 1710 cm-1 6 

(d) C2H402: 5 3.77 (broad s, 3 H), 8.08 (broad s, 1 H); 1745 and 1250 cm'1 

(e) C2H60. 8 1.22 (t, 3 H), 2.58 (broad s, 1 H), 3.70 (q, 2 H); broad band at 
3600 cm'1 

(f) C3H5CIO2: 8 1.73 (d, 3 H), 4.47 (q, 1 H), 11.22 (s, 1 H); broad band at 3200, 
strong band at 1710, and several below 850 cm-1 

(g) C3H5NO: 5 3.47 (s, 3 H), 4.20 (s, 2 H); 2250 and 1100 cm"1 

(h) C3H60: 5 2.72 (quintet, 2 H), 4.73 (t, 4 H); 1120 cm-1 

(i) C3H60: 8 3.58 (s, 1 H), 4.13 (m, 2 H), 5.13 (m, 1 H), 5.25 (m, 1 H), ca. 6.0 
(m, 1 FI); broad bands at 3600, 3050, 2980, and 1420 cm-1 

0) C6H6C1N: 8 3.60 (s, 2 H), 6.57 (d, 2 H), 7.05 (d, 2 H); broad bands at 3520 
and 3400, 3050, 1490, 1590, and 910 cm'1 

4.4 Give a structure for a compound with the formula Ci0H12O2 that is consis¬ 
tent with the following spectra. Would the assignment of structure be unambigu¬ 
ous from the carbon spectrum alone? 

215 
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!H NMR spectrum of C10Hi2O2 
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13C NMR spectrum of C10H12O2 

4.5 For each of the following compounds, how many peaks would you expect to 
find in the *H NMR spectrum? What would you expect their splitting and inte¬ 
gration to be? How many peaks would you expect to see in the 13C NMR spec¬ 
trum? What characteristic peaks would you expect in the infrared spectrum? 

(a) ethyl bromide 

(b) propyne 

(c) 2-propyne-l-ol 

(d) allyl bromide 

(e) 2-nitropropane 

(f) WN-dimethylformamide 

(g) methyl ethyl sulfide 

(h) 2-propanol 

(i) vinyl acetate 

(j) 2-bromobutanoic acid 

(k) 2-butanone 

(l) butanal 

(m) 3-methoxybutanol 

(n) toluene 

4.6 Suggest a spectroscopic method that will readily distinguish between mem¬ 
bers of the following pairs of compounds. Describe exactly what you would see 
for each compound using the chosen method. 

(a) n-butylamine and f-butylamine 

(b) s-butylamine and f-butylamine 

(c) methylenecyclopentane and 1-methylcyclohexene 

(d) m-methylphenol (m-cresol) and benzyl alcohol 

(e) p-methylphenol (p-cresol) and anisole (C6H5OCH3) 

(f) styrene oxide (C6H5CHCH20) and acetophenone 

(g) acetophenone and p-methoxybenzaldehyde (p-anisaldehyde) 

(h) m-xylene and p-xylene 

4.7 Propose a structure for hydrocarbon X, whose mass spectrum shows a par¬ 
ent peak at m/z = 86, with a major peak 15 mass units lower than that, and 
whose 13C NMR spectrum shows peaks at 8 19.5 and 8 34.3. Explain how other 
isomeric structures can be definitely eliminated by these data. 

4.8 Isomers A and B have the molecular formula C6H12. Isomer A has a 13C 
NMR spectrum with peaks at 8 13.7, 17.8, 23.1, 35.0, 124.9, and 131.6. Isomer B 



217 has peaks at 5 12.7, 13.7, 23.1, 29.2, 123.9, and 130.7. How many double bonds 
are present in these compounds? Propose possible structures for each isomer, ex¬ 
cluding structures specifically eliminated by the 13C data. What additional infor¬ 
mation, if any, would be of use in making an unambiguous spectral assignment? 

4.9 From the ultraviolet absorption data in Table 4.4, roughly predict the wave- 
length(s) at which each of the following common solvents would absorb. Would 
any of these be an acceptable solvent for measuring the absorption spectrum of 
naphthalene? 

(a) cyclohexane (c) toluene 

(b) tetrahydrofuran (d) acetone 

4.10 Predict the mass of the parent ion and the major mass spectral fragments 
to be expected for each of the following compounds: 

(a) pentanal (c) ethanol 

(b) acetophenone (d) ethyl ether 

Supplementary Problems 

4.11 Each of the following isomers of C4H10O2 has a unique 13C NMR spectrum. 

(a) Estimate the chemical shift values expected for each carbon of each isomer 
using the data in Table 4.1. 

(b) Select the structure that best fits each of the following observed shifts: 

(i) 5 72.3, 19.2 

(ii) 5 101.4, 52.0, 18.8 

(iii) 5 73.8,66.3,26.1,10.0 

(iv) 5 72.1,66.6,61.6,15.0 

4.12 The compounds in Problem 4.11 can be divided into three groups: diols, 
monoethers-monoalcohols, and diethers. Explain how these structural features 
can be used to help make the assignments in part (b) of Problem 4.11. 

4.13 The observed shift values in part (b) of Problem 4.11 occur as sets of four, 
three, or two unique carbon atoms. How might the number of unique carbon 
resonances in the spectrum be used to determine which structure is consistent 
with this spectrum? (Hint: Which compounds in Problem 4.11 would be ex¬ 
pected to have four resonances, which would have three, and which only two?) 

Review Problems 
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4 Chromatography and 
Spectroscopy 

4.14 The NMR spectra shown were obtained for a compound with the molec¬ 
ular formula C4HnNO. First, determine the index of hydrogen deficiency to 
determine whether rings and/or double bonds are present. Then, suggest a 
structure consistent with all of the data. Note that the three resonances at 
approximately S 77 in the 13C NMR spectrum result from the solvent used, 
CDC13. (Hint: The resonance at 5 11 in the 13C NMR spectrum could result only 
from a carbon with only one a and one (3 carbon substituent, and y substituents 
that result in a significant upheld shift.) 

ppm 

XH NMR spectrum of C4HnNO 

ppm 

13C NMR spectrum of C4HnNO 



4.15 The NMR spectra shown were obtained for a compound with the molecu¬ 
lar formula CgHioC^. First, determine the index of hydrogen deficiency and if 
the answer is not zero, use the spectral data to determine whether rings and/or 
double bonds are present. Then, suggest a structure consistent with all of the 
data. Note that the three resonances at approximately 8 77 ppm in the 13C NMR 
spectrum result from the solvent used, CDCI3. (Hint: There are only four unique 
resonances in the 13C NMR spectrum for a compound with eight carbon atoms. 
It is reasonable to presume that the compound is symmetrical.) Also, decide 
which atom is responsible for the resonances at 8 3.9 in the *H NMR spectrum 
and at 8 56 in the 13C NMR spectrum. 

ppm 

NMR spectrum of CgH10O2 

ppm 
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Review Problems 

13C NMR spectrum of C8Hio02 
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4 Chromatography and 
Spectroscopy 

4.16 The following spectra were obtained for a compound with the molecular 

formula C8Hi6. 

(a) Determine the index of hydrogen deficiency. If the answer is not zero, use 
the spectral data to determine whether rings and/or double bonds are 

present. 
(b) Suggest a structure that is consistent with all of the data presented for this 

compound. Note that the three resonances at approximately 8 77 in the 13C 
NMR spectrum result from the solvent used, CDC13. 

ppm 

Td NMR spectrum of C8H16 

150 100 50 o 
ppm 

13C NMR spectrum of C8Hi6 



221 4.17 The NMR spectra shown were obtained for a compound with the molecu¬ 
lar formula C4H7N. First, determine the index of hydrogen deficiency and if the 
answer is not zero, use the spectral data to determine whether rings and/or dou¬ 
ble bonds are present. Then, suggest a structure consistent with all of the data. 
Note that the three resonances at approximately 8 77 ppm in the 13C NMR spec¬ 
trum result from the solvent used, CDC13. 

ppm 

2H NMR spectrum of C4H7N 

Review Problems 

13C NMR spectrum of C4H7N 





Stereochemistry 

A three-dimensional tetra¬ 

hedral object reflected in a 

mirror. The reflected image can¬ 

not, regardless of rotation, be 

superimposed on the original. 

The object (and its mirror 

image) are chiral. 



Wow that you understand the composition of the principal functional 

groups of organic chemistry, we will consider three-dimensional 

structure in more detail. Some of the compounds presented in Chapters 1 

through 3 are constitutional isomers, which have the same molecular for¬ 

mula but their atoms are attached in different sequences; examples are 

methyl ether and ethanol: 

\^OH 

Methyl ether Ethanol 

In this chapter, we will look at stereochemical isomers, or stereoisomers, 
which differ only in how their atoms are arranged in space, not in atomic 

connectivity. Stereoisomers can be considered as belonging to two classes: 

conformational isomers (those that can be interconverted by rotation 

about a cr bond) and configurational isomers (those that can be intercon¬ 

verted only by the breaking and reforming of bonds). Two important sub¬ 

classes of configurational isomers are geometric isomers (those in which 

restricted rotation in a ring or at a multiple bond determines the relative 

spatial arrangement of atoms) and optical isomers (those that differ in the 

three-dimensional relationship of substituents about one or more atoms). 

Figure 5.1 summarizes this classification of isomers. 

Configurational 
isomers 

r 

r 

Optical 
isomers 

■ V'-v, 

1 
Enantiomers Diastereomers 

4% 
HO H H OH 

Geometric isomers 

FIGURE 5.1 

Isomers are divided into two main classes: constitutional and stereochemical. 
Stereoisomers are subdivided into configurational and conformational iso¬ 
mers. Configurational isomers comprise optical and geometric isomers. 



225 In this chapter, we will discuss how to recognize different types of iso¬ 

mers, consider the energy relationships between various isomers, and cor¬ 

relate chemical and physical properties with the spatial arrangement of 

atoms. In doing so, we will address three topics that are crucial to an un¬ 

derstanding of the structure and reactivity of molecules: geometric iso¬ 

merization, conformational analysis, and chirality. Because many students 

have trouble visualizing molecules in three dimensions, we will look at these 
topics in order of increasing difficulty. 

5A 

Geometric Isomerization: 
Rotation about Pi Bonds 

Geometry of Alkenes 

As you learned in Chapter 2, 7r bonding requires the overlap of two (or 

more) p orbitals on adjacent atoms. Because of the barrier to rotation about 

a double bond, geometric isomers such as cis- and trans-2-butene differ in 

how groups attached to the doubly bonded carbons are arranged relative 

to each other. The geometry of the 77 bond between two sp2-hybridized car¬ 

bons forces them to be coplanar with the four attached substituent atoms. 

The degree of twisting about the 77 bond is defined in terms of the dihe¬ 
dral angle. If C-l, C-2, and C-3 of 2-butene are viewed as forming a plane, 

the dihedral angle is the angle between this plane and that containing C-2, 

C-3, and C-4. In ds-2-butene, this dihedral angle is 0°, and in trans-2- 

butene, it is 180°: 

Dihedral angle = 0° Dihedral angle = 180° 

In both of these arrangements, the overlap of the p orbitals of the tt bond 

is at a maximum. In contrast, when the dihedral angle is 90°, there is no 

77-bonding character. 

9 Energetics of Rotation about Pi Bonds 

Rotating C-4 about the C=C bond changes the dihedral angle of 2- 

butene from 0° to 180°. We can plot the energy change as a function of the 

dihedral angle (see Figure 5.2 on page 226). This energy diagram shows 

three extremes: a maximum at 90° and two minima, at 0° and 180°. At the 

maximum, the p orbitals on C-2 and C-3 are orthogonal, and there is no 

77 bonding. Thus, the difference in energy between the geometries at 0° and 

180° (maximum overlap) and that at 90° (minimum overlap) is a rough 

measure of the 77-bond strength. 

5.1 Geometric Isomerization: 
Rotation about Pi Bonds 
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0° 90° 180° 
Dihedral angle for Me — C — C — Me 

FIGURE 5.2 

cis-2-Butene 

Energy changes induced by rotation about the C=C bond of 2-butene (Me 
is a methyl group). Activation energies for the forward (cis —» trans: AH*) 
and back (trans —> cis: AHf) reactions are indicated by the vertical arrows. 

Reaction Energetics 

Plots such as that in Figure 5.2 can also be used to describe net reac¬ 

tion energetics. In fact, Figure 5.2 describes the net reaction energetics for 

the isomerization of cis- to frans-2-butene. The energy difference between 

a reactant and a product is called the heat of reaction, AH°. In this case, 

the product, trans-2-butene, lies at a lower energy than the reactant, cis-2- 

butene, because the methyl groups in the cis isomer are too close to each 

other, causing steric strain. Steric strain results when atoms or groups of 

atoms separated by several bonds are brought into such close proximity that 

there is van der Waals repulsion. Therefore, the reaction converting the trans 

isomer of 2-butene to the cis isomer is energetically unfavorable. 

The free energy difference (AG°) for a reaction has contributions from 
both enthalpy (AH°, heat content) and entropy (AS°, disorder): 

AG° = AH° - TAS° 

For isomerization reactions, it is usual to consider only the change in en¬ 

thalpy, because the change in entropy is small. (rans-2-Butene 



227 The sign of AH° indicates whether an isomerization is endothermic ( + ) 

or exothermic ( —). In Figure 5.2, AH° is negative, so the reaction is exother¬ 

mic. However, knowing AH° provides no direct information about the en- 

ergy barrier, A FT1, which is the amount of energy required to reach the 

most unfavorable point along the path followed in the conversion of the re¬ 

actant to the product. Describing the route by which a reaction takes place 

requires knowing not only the energy difference between the reactants and 

products, but also the energy of the least favorable arrangement through 

which the atoms must pass as the reaction proceeds. This arrangement hav¬ 
ing the highest energy is called the transition state. 

In the geometric isomerization plotted in Figure 5.2, the transition state 

is the arrangement in which there is no stabilization from it bonding. This 

transition state (with p orbitals at a dihedral angle of 90°) can collapse to 

either the cis or the trans isomer without any additional energy barrier. The 

transition state is the least stable species in a reaction pathway, so no addi¬ 

tional energy is required when it is converted into a more stable species. 

The energy difference between the reactant and the high-energy tran¬ 

sition state is referred to as the energy of activation, or activation energy 

(A Hf or •Eact)- In the specific transformation plotted in Figure 5.2, the ac¬ 

tivation energy for the forward reaction (cis—> trans) is slightly less than 

that for the reverse reaction (trans —> cis). Activation energies for the for¬ 

ward and reverse reactions always differ by precisely the value of AFPof the 

reaction. 

EXERCISE 5.1 

For each of the following isomerizations, draw the transition state required for the 
conversion of the structure at the left into the structure at the right. Can you esti¬ 
mate from what you know about bond energies whether the activation energy for 
each of these reactions is larger or smaller than that for the isomerization of cis-2- 
butene to trans-2-butene? 

(c) N=N 
/ 

±=; N=N 
/ \ 

Light-Induced Isomerization of Alkenes 

The activation energy required for the interconversion of cis and trans 

isomers is larger than can usually be provided at typical reaction tempera¬ 

tures (<300 °C). However, you know from Chapter 4 that absorption of a 

photon of ultraviolet radiation by an alkene, diene, or triene is accompa¬ 

nied by promotion of a bonding electron to an antibonding orbital. In the 

simple case of an alkene with only one double bond, the resulting arrange¬ 

ment has one electron in the tt (bonding) and one in the 7r* (antibonding) 

molecular orbital, and no net bonding between the p atomic orbitals. In 

this excited state, rotation about the carbon-carbon bond occurs readily, 

even at very low temperatures. Ultimately, the electron in the energetically 

higher antibonding orbital returns to the bonding orbital, releasing most 

of the absorbed energy as heat or light. 

5.1 Geometric Isomerization: 
Rotation about Pi Bonds 
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The relatively free rotation about the carbon-carbon bond that occurs 

upon absorption of a photon has significant biological consequences: 

cis-trans isomerization forms the chemical basis for mammalian vision. 

Light-sensitive receptor cells in the eye contain 11-ds-retinal, which is chem¬ 

ically bound to the protein opsin (through an imine functional group), 

forming rhodopsin (Figure 5.3). Absorption of visible light by the 11-cis 

isomer (note its extended conjugation) results in an excited state that read¬ 

ily undergoes isomerization to the 11-frans isomer. The shape of the trans 

isomer is more extended than that of the cis, and the isomerization requires 

a change in the shape of the opsin protein. This shape change of opsin ini¬ 

tiates the release of calcium ions, whose increased concentration triggers a 

nerve impulse that is interpreted by the brain as vision. (Thus, an electronic 

transition, whose energy is defined by the energy difference between the 

filled and vacant orbitals, provides a way for inducing new reactivity in the 

excited state of the bound polyene.) 

Rhodopsin 

FIGURE 5.3 

Geometric isomerism is induced in rhodopsin by the absorption of light. 



Similar isomerizations of cis and trans alkenes can also be accomplished 

in the laboratory. The irradiation of an alkene with ultraviolet radiation of 

sufficient energy to promote an electron from a bonding to an antibond¬ 

ing 7t orbital effectively breaks the 7t bond, resulting in free rotation. 

trans-Stilbene cis-Stilbene 
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5.2 Conformational Analysis: 
Rotation about Sigma Bonds 

Geometric Isomerization 
to the Less Stable Isomer 

When the ultraviolet absorption maxima of cis and trans isomers are 

sufficiently different, the trans isomer can be irradiated at a wavelength that 

the cis isomer absorbs to a lesser extent. In this case, the rate of conversion 

of the trans isomer to the cis is greater than that of cis to trans, and the cis 

isomer dominates the equilibrium. Such a reaction can thus be used to pro¬ 

duce cis alkenes from the thermodynamically more stable trans isomers. For 

example, the ultraviolet absorption spectrum of trans-2-stilbene exhibits 

two maxima (296 and 305 nm), each approximately three times as strong 

as the single maximum in the spectrum of the cis isomer. These differences 

arise because of steric strain between the phenyl groups in the cis isomer, 

which prevents full planarity of the it systems and causes a decrease in con¬ 

jugation that increases the HOMO-LUMO gap and therefore the energy re¬ 

quired to excite an electron from the HOMO to the LUMO. 

5.2 

Conformational Analysis: 

Rotation about Sigma Bonds 

Like geometric isomers, conformational isomers have the same skeletons 

but differ with respect to the relative positions of some atoms in three- 

dimensional space. In conformational isomers, these differences can be re¬ 

moved by rotation about one or more a bonds; that is, after rotation about 
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C|~j£HEM TV® I 

#06 Ethane 
Conformations 

at least one cr bond, the atomic arrangements become identical. The process 

known as conformational analysis describes the energetics of such con¬ 

formational interconversion by relating the relative atomic positions dur¬ 

ing rotation about a a bond to changes in potential energy. 
You know from Chapters 1 and 2 that rotation about a single bond does 

not require bond cleavage and is therefore easier than rotation about a mul¬ 

tiple bond, which requires the addition of sufficient energy to break the 7r 

bond. Thus, in the interconversion of conformational isomers, changes in 

energy are relatively small, and it is often said that there is “free” rotation 

about a a bond. 

Ethane 

Let’s consider rotation about the carbon-carbon bond of ethane. 

Although there are an infinite number of conformations, there are only two 

extremes (Figure 5.4). (You should build a model of this simple molecule 

so that you can better understand the analysis that follows.) In the struc¬ 

ture at the left, called the eclipsed conformation, each C—H bond at C-l 

is aligned with one at C-2 (the dihedral angle is 0°). In the structure at the 

right, called a staggered conformation, each C—H bond at C-1 is exactly 

between two C—H bonds at C-2 (the dihedral angle is 60°). In both struc¬ 

tures, tetrahedral geometry at carbon is maintained. The structure at the 

left can be converted into the one at the right by simple rotation of 60° 

about the C—C a bond. 

FIGURE 5.4 

Two different orientations of substituents about the C—C bond of ethane. 

Newman Projections. The relative positions of the hydrogen atoms 

on C-l and C-2 in eclipsed and staggered ethane are clearly revealed by the 

representations in Figure 5.5. In the Newman projections, the C—C bond 

is directed away from the viewer, and both the carbon-carbon bond and 

C-2 are hidden behind C-l. The circle in these representations can be 

thought of as the electron density of the a bond, with the front carbon im¬ 

plied at the junction of the three bonds and the back carbon hidden. 

Newman projections show the orientation of the hydrogen atoms on the 

front carbon atom relative to those on the back carbon and are quite use¬ 

ful for conformational analysis. (These representations are named in recog¬ 

nition of the chemist Melvin Newman, of Ohio State University, who first 

showed their utility in conformational analysis.) 

Keep in mind that the bonds around the carbons do not form a plane 

and that, indeed, the Newman projections represent the same molecular 

geometry as is shown by the ball-and-stick models. In Newman projection 

A in Figure 5.5, all the hydrogen atoms of ethane are aligned with each other 



Newman Projections 
d 

c b 

d 

A 

Eclipsed 

c b e B 
Staggered 

FIGURE 5.5 

Sawhorse representations of eclipsed and staggered ethane and their corre¬ 
sponding Newman projections. (In the Newman projection of the eclipsed 
conformation, the substituents are drawn slightly rotated from perfect align¬ 
ment; otherwise, the hydrogen atoms bonded to the back carbon atom 
would be covered by those in the front.) 

in the eclipsed conformation. Since each hydrogen atom has been identi¬ 

fied with a subscript, you can see that the C—Ha and the C—Hd bonds are 

coplanar and on the same side of the carbon—carbon internuclear axis. The 

cr bonds to and He and to Hc and Hf are also coplanar. Rotation about 

the carbon—carbon a bond of this eclipsed conformation by 60° (moving 

the substituents on the back carbon) changes the relative positions of the 

hydrogen atoms in these pairs. In the resulting staggered conformation, 

shown by Newman projection B in Figure 5.5, the bonds to the front car¬ 
bon are exactly between those of the back carbon. 

EXERCISE 5.2 

Draw a Newman projection that illustrates each of the following descriptions: 

(a) eclipsed conformation of 2,2,3,3-tetramethylbutane, viewed down the 
C-2—C-3 bond 

(b) staggered conformation of 2,2,3,3-tetramethylbutane, viewed down the 
C-2—C-3 bond 

(c) staggered conformation of propane, viewed down the C-l—C-2 bond 

(d) eclipsed conformation of propane, viewed down the C-l—C-2 bond 

Torsional Strain. A change in energy is associated with the change in 

the relative positions of the atoms in eclipsed and staggered conformations. 

The electrons of the carbon-hydrogen bonds to the front and back carbons 

are closer to each other in the eclipsed conformation, resulting in greater 

electron-electron repulsion. In addition, because the hydrogen atoms are 

closer to one another, there are other electronic and nuclear interactions. 

The net result is that the eclipsed conformation is energetically less favor¬ 

able than a staggered conformation. The total change in energy due to ro¬ 

tation from a staggered to an eclipsed conformation, which can be mea¬ 

sured experimentally, is referred to as torsional strain. 

For rotation about the cr bond of ethane, we can draw a profile that re¬ 

lates the relative potential energy (degree of torsional strain) to the dihe¬ 

dral angle between a pair of hydrogen atoms, one on the front carbon and 

one on the back. In Newman projection A in Figure 5.5, Ha, C-l, and C-2 231 
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define one plane; C-l, C-2, and define a second plane; and the angle be¬ 

tween these planes is the dihedral angle, fh. We begin with a high-energy 

conformation in which the carbon—carbon bond has an eclipsed arrange¬ 

ment, with = 0 (Figure 5.6). Keeping the front carbon stationary and ro¬ 

tating the back carbon clockwise by 60° yields a staggered conformation, 

which is of lower energy because torsional strain is relieved. Rotating the 

back carbon through another 60° results in another eclipsed conformation, 

in which aligns with Hb- Because all of the hydrogen atoms are identi¬ 

cal, this eclipsed conformation is identical in energy with the first. Thus, 

the relative energy increases during rotation until it reaches the original 

value. A series of sequential 60° rotations until Ha has returned to its orig¬ 

inal position provides a smooth energy profile for the interconversion of 

the eclipsed and staggered conformations. 

FIGURE 5.6 

Energy changes resulting from rotation about the C—C bond of ethane. 

The energy difference between the eclipsed and staggered conforma¬ 

tions is about 2.8 kcal/mole (about 0.9 kcal/mole for each H—H torsional 

interaction). The staggered conformation is at the bottom of an energy well, 

whereas the eclipsed conformation is at the top of an energy hill. Indeed, 

no additional energy is required for further rotation of the eclipsed con¬ 

formation. 

The energy values used in conformational analysis are always relative 

values, generally comparing a less stable conformation with the conforma¬ 

tion of lowest energy. For example, the torsional strain of 2.8 kcal/mole in 

ethane relates the less stable eclipsed conformation to the more stable stag¬ 

gered arrangement. Furthermore, it is often presumed that the energy val¬ 

ues found experimentally for simple molecules such as ethane can be used 

to approximate the relative energies of the conformational isomers of more 
complicated molecules. 
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Newman projections are also useful for the analysis of more complex 

hydrocarbons. For example, Newman projections for butane show that ro¬ 

tation about the central carbon—carbon bond results in several different 

eclipsed and staggered arrangements (Figure 5.7). These arrangements dif¬ 

fer in energy. Conformation A in Figure 5.7 (in which two methyl groups 

are eclipsed) is energetically unfavorable—both because of interactions be¬ 

tween the bonds (torsional strain) and because of the repulsive interaction 

resulting from two large methyl groups being in the same region of space. 

FIGURE 5.7 

Newman projections and ball-and-stick representations of the eclipsed con¬ 
formations of n-butane. 

Steric Strain. Destabilization resulting from van der Waals repulsion 

of groups that are close to each other is referred to as a steric effect. Thus, 

in conformation A in Figure 5.7, known as the syn eclipsed conformer of 

butane, there is both torsional strain (because the bonds are aligned) and 

steric strain (because the methyl groups are too close to each other). 

In the other two eclipsed conformations in Figure 5.7, the methyl groups 

are eclipsed with hydrogen atoms. Because a hydrogen atom is smaller than 

a methyl group, there is less steric strain, and the total destabilization re¬ 

sulting from both torsional and steric strain in these two conformers of bu¬ 

tane is only slightly larger than that for ethane. Thus, conformations B and 

C in Figure 5.7 are both more stable than the syn eclipsed conformer. The 

eclipsing interactions can be separated into those due to hydrogens eclips¬ 

ing hydrogens and those due to eclipsing of hydrogens by methyl groups. 

By assuming that the pair of eclipsed hydrogens contributes the same degree 

of destabilization as in ethane (2.8 + 3 = 0.9 kcal/mole), we can assign the 

remaining torsional strain (3.4 - 0.9 = 2.5 kcal/mole) to a contribution of 

1.2 kcal/mole from each of the methyl-hydrogen eclipsing interactions. 

The three staggered isomers of butane are shown in Figure 5.8 (page 

234). Torsional strain is at a minimum in these staggered conformations. 

5.2 Conformational Analysis: 
Rotation about Sigma Bonds 
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FIGURE 5.8 

Newman projections and ball-and-stick representations of the staggered 
conformations of n-butane. 

Gauche and Anti Conformers. Like the eclipsed conformations of bu¬ 

tane, the staggered conformations of butane differ in energy. In conforma¬ 

tion E in Figure 5.8, the dihedral angle between the methyl groups is 180°; 

in conformations D and F, this angle is 60°. There is some steric effect in 

structures in which the dihedral angle between the methyl groups is 60°. As 

a result, conformations D and F are higher in energy than is conformation 

E, in which these groups are as far away from each other as possible. Isomers 

bearing substituents near each other in a staggered conformation (that is, 

separated by a 60° dihedral angle) are referred to as gauche conformers. 

Isomers in which substituents are separated by a 180° dihedral angle are re¬ 

ferred to as anti conformers. The two gauche conformers of butane are 

mirror images of each other and cannot be superimposed without rotation 

about the central carbon-carbon bond. (We will see this isomerism in other 

compounds later in the chapter.) 

We can now construct an energy profile for rotation about the central 

carbon-carbon bond of butane, as shown in Figure 5.9. The energy differ¬ 

ence between the gauche and anti conformers of butane is 0.9 kcal/mole, 

and the energy barrier for conversion of the gauche to the anti conformer 

(by way of the eclipsed conformer that represents the transition state) is 

about 3.4 kcal/mole. The energy of the syn eclipsed conformer, in which 

the methyl groups are aligned, is difficult to measure accurately but has been 

estimated to be about 5-7 kcal/mole higher than that of the anti isomer. 

The energy cost for each conformational interaction for ethane and bu¬ 

tane is given in Table 5.1. These values come from experimentation and can 

be assumed to be reasonable approximations for similar interactions in 

other molecules. The value for the methyl-methyl gauche steric strain is 

based on the energy difference between the anti and the gauche isomers of 

butane. The value for the methyl-hydrogen eclipsed interaction (steric and 
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FIGURE 5.9 

5.2 Conformational Analysis: 
Rotation about Sigma Bonds 

Energy changes induced by rotation about the C-2-C-3 bond of n-butane. 

torsional strain) is derived from AH° between anti-butane (in which both 

steric and torsional strain are considered to be absent) and the eclipsed con- 

former (in which there is a 120° dihedral angle between the two methyl 

groups). The gauche strain thus obtained is corrected for the contribution 

of hydrogen-hydrogen eclipsing taken from the value for ethane (0.9 

kcal/mole) and partitioned equally to the two gauche interactions. The es¬ 

timate for the methyl-methyl syn eclipsed interaction is derived from AH° 

for the conformers at 0° and 180°, corrected for the two hydrogen-hydro¬ 

gen eclipsing interactions. 

TABLE 5.1 

Approximate Energy Costs for Steric Interactions 

Type of Interaction 

Hydrogen-hydrogen steric strain (gauche) 

Methyl-methyl steric strain (gauche) 

Hydrogen-hydrogen torsional strain (eclipsed) 

Methyl-hydrogen steric and torsional strain (eclipsed) 

Methyl-methyl steric and torsional strain (eclipsed) 

Energy, AFT 
(kcal/mole) 

0 

0.9 

0.9 

1.25 

—3-5 
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EXERCISE 5.3 

Suppose that, instead of viewing butane down its C-2—03 bond, you view hexane 
down its C-3—C-4 bond. Draw the energy profile you obtain, and qualitatively 
compare the magnitudes of the hills and valleys in your profile with those in Figure 
5.9. a 

Equilibrium Ratios of Gauche and Anti Conformers. The free-en- 

ergy difference between two isomers determines their relative abundance at 

equilibrium, and an equilibrium constant can be calculated from the dif¬ 

ference in free energy between the reactants and the products. That is, in 

the equilibration of two species, such as reactant A and product B, the rel¬ 

ative amounts of A and B present at equilibrium depend directly on the size 

of the free-energy difference, AG°, between them. 

kf 
A B 

K 

The concentrations of the species A and B (reactant and product) are re¬ 

lated to the equilibrium constant K: 

K_ [product] 

[reactant] 

The equilibrium constant K can also be calculated from the equation 

AG0 = —RT In K (1) 

where AG° = AH° — TAS°. Thus, equation 1 can be used to relate the 

change in free energy, AG°, and the concentrations of reactants and prod¬ 

ucts. Note that the dependence of the equilibrium constant on AG° (the 

difference in free energy between reactant and product) is exponential. 

Thus, small differences in AG° result in large changes in K. 
In many cases, AG° is approximated by the difference in enthalpy, be¬ 

cause entropy differences are often comparatively small. Thus, equation 1 
becomes 

AH° = -RTIn K 

and 

ble conformer as a function of the energy difference between them, we ar¬ 

rive at the values shown in Table 5.2. By interpolating from the values in 
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Conformational Equilibrium Ratios 
as a Function of Energy Differences 

Percentage of 
AH° More Stable Isomer* 

(kcal/mole) (at 25 °C) 

0.0 

0.65 

1.3 

1.7 

2.7 

4.1 

50.0 

75.0 

90.0 

95.0 

99.0 

99.9 

5.2 Conformational Analysis: 
Rotation about Sigma Bonds 

^Calculated from K—e AH°IRT. 

the table, we find that the energy difference of 0.9 kcal/mole between the 

gauche and anti conformers of butane corresponds to an equilibrium in 

which the anti conformer is favored over either of the gauche conformers 

by a factor of about 4:1. Because there are two gauche conformers and only 

one anti one, the anti: gauche ratio is approximately 2:1. That is, the equi¬ 

librium mixture is composed of about 66% of the anti conformer and 34% 

of the two gauche conformers. The high-energy syn eclipsed conformation 

(AH° = 5-7 kcal/mole) does not significantly contribute to the conforma¬ 

tional equilibrium: the ratio of the staggered (anti) to the eclipsed con¬ 

former is greater than 1000:1. 

Note in equation 2 that the equilibrium constant depends on the val¬ 

ues of both AH° and T. Thus, the ratio of isomers in equilibrium varies 

with the temperature. We can arrive at a qualitative appreciation of the ef¬ 

fect of temperature on the equilibrium constant by using values for the pos¬ 

sible extremes of temperature. At very high temperatures, the exponent in 

equation 2 becomes very small, and K thus approaches 1 (e° = 1). As the 

temperature approaches 0 K, the equilibrium constant goes to 0 (e~°° = 0). 

Thus, the ratio of conformations in equilibrium increases with decreasing 

temperature and decreases with increasing temperature. At higher temper¬ 

atures, the contribution of less stable species to the conformational equi¬ 

librium increases. 

EXERCISE 5.4 

Using the data in Table 5.2, estimate the energy difference required to give the fol¬ 
lowing equilibrium distributions of a more stable conformer A with a higher- 
energy conformer B at 25 °C: 

(a) a 55:45 mixture of A and B 

(b) a 70:30 mixture of A and B 

(c) a 99.99:0.01 mixture of A and B 
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(b) 

FIGURE 5.10 
_ 

Ball-and-stick representa¬ 
tions of (a) planar and (b) 
puckered cyclobutane. 
Minimization of torsional, 
steric, and angle strains re¬ 
sults in the puckered form of 
cyclobutane. 

Planar 

5.3 
■ — —-■ 

Cycloalkanes 

The factors that control the conformational equilibrium of butane (namely, 

torsional and steric strain) also apply to cycloalkanes. The eclipsing inter¬ 

actions that induce torsional and steric strain favor staggered over eclipsed 

conformers and also play a role in the three-dimensional arrangements of 

small- and large-ring saturated hydrocarbons. 

Two factors control conformational preference in small rings: angle 

strain (caused by distortion from the angle of maximum overlap dictated 

by the hybridization of the ring atoms) and torsional strain. (Steric strain 

does not play a role in small-ring hydrocarbons, because there are no non¬ 

bonding interactions not already accounted for by torsional strain.) In cy¬ 

clopropane, the carbon atoms are coplanar because three points determine 

a plane, and the C—H bonds are eclipsed. The ring strain in cyclopropane 

is therefore caused both by angle strain (as described in Chapter 1) and by 

torsional strain. Similarly, planar cyclobutane is destabilized by angle strain, 

because the bond angles (90°) are smaller than the ideal tetrahedral angle. 

Furthermore, additional destabilization (torsional strain) results from the 

eclipsing of substituents of all four bonds at each carbon in planar cy¬ 

clobutane (see Figure 5.10). Torsional strain resulting from eclipsing is re¬ 

duced in the puckered conformation of cyclobutane in which one atom is 

moved out of the plane of the other three. This puckered form has less 

eclipsing and thus lower torsional strain, although angle strain is increased 

because the bond angles are smaller than 90°. The energy due to decreas¬ 

ing torsional strain and increasing angle strain is minimized in a confor¬ 

mation for cyclobutane that is substantially distorted from planarity. 

A completely planar conformation of cyclopentane has all C—FI bonds 

eclipsed (Figure 5.11), whereas a puckered form (the envelope conforma¬ 

tion) in which one of the carbon atoms lies out of the plane defined by the 

remaining ring carbon atoms has less torsional strain. Of nearly equal en¬ 

ergy to the envelope is another conformation of cyclopentane (called a half¬ 

chair) that has two atoms out of the plane of the other three, one above 

and one below. See if you can build it using your molecular models. 

Half-chair 

The envelope and half-chair conformations of cyclopentane are preferred 
because the sum of the strains is minimized. 
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one plane have C C—C bond angles dictated by the geometry of regular 
polyhedra, and any deviation from planarity reduces some or all of these 
angles. For four- and five-member rings, the planar conformations have an¬ 
gles (90° and 108°) smaller than tetrahedral. For a six-member planar ring, 
the angle dictated by geometry is 120°, clearly larger than the tetrahedral 
angle of 109.5° of sp3-hybridized carbons. Flowever, the nonplanar form of 
cyclohexane has angles close to 109.5°, smaller than those of the planar 
form. Similar nonplanar conformations also exist for even larger cycloalkane 
rings. Deviation from the plane thus decreases angle strain for large rings 
but increases it for small rings. For six-member and larger rings, deviation 
from planarity results in a conformation that is lower in energy because of 
a reduction in both angle strain and torsional strain. 

For four- and five-member rings, deviation from planarity results in a 
conformation that balances a decrease in torsional strain with an increase 
in angle strain. As a result, four- and five-member rings must adopt con¬ 
formations that are not ideal. Furthermore, the differences in energy be¬ 
tween these low-energy conformations and the planar form are much 
smaller than for cyclohexane, and interconversions between the various con¬ 
formations of cyclobutane or cyclopentane are much more rapid than for 
cyclohexane. 

We can compare the effects of bond-angle strain and eclipsing interac¬ 
tions for different ring systems by examining the heat of combustion per 
methylene group, listed in Table 5.3. This value decreases with increasing 
ring size and reaches a minimum for cyclohexane (in which torsional and 
angle strains are relieved in a nonplanar conformation). The difference be¬ 
tween the heat of combustion per methylene group for cyclobutane and 
that for cyclohexane is 7 kcal/mole. Because there are four CH2 groups in 
cyclobutane, there is ring strain equal to 28 kcal/mole (4X7 kcal/mole) in 
this four-member ring, the sum of the energetic costs of bond-angle dis¬ 
tortions from the ideal 109.5° and torsional strain caused by partial eclips¬ 
ing. The same calculation for cyclopropane yields a value of 30 kcal/mole 

of ring strain. 

5.3 Cycloalkanes 

TABLE 5.3 

Fleat of Combustion per Methylene Group 
in Cycloalkanes 

Compound 

Heat Released 
per CH2 

(kcal/mole) 

Cyclopropane 167 

Cyclobutane 164 

Cyclopentane 159 

Cyclohexane 157 

Cycloheptane 158 

Cyclooctane 159 
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EXERCISE 5.5 

Make models of cyclobutane and cyclopentane, and manipulate them so that they 
represent the conformations discussed in the text. 

Six-Member Carbon Rings 

We have seen that there is a delicate conformational balance in four- and 

five-member rings between a preference for bond angles as near as possi¬ 

ble to 109.5° (best in planar structures) and one for torsional angles of 60° 

(best in nonplanar structures). Six-member rings are different: both angle 

and torsional strains are minimized in nonplanar structures. 

Cyclohexane 

Planar cyclohexane has all bonds eclipsed, as we have seen for planar 

three-, four-, and five-member rings. However, in contrast to the situation 

for smaller rings, the C—C—C bond angles of planar cyclohexane are larger 
(120°) than the ideal tetrahedral angle. Moving some of the carbon atoms 

out of the plane reduces these angles and thus reduces angle strain; the same 

movement also decreases torsional strain. 

Chair Conformation. Moving one carbon atom up from the plane of 

the cyclohexane ring while moving the carbon atom at the other side down 

yields a conformation with ideal bond and torsional angles (Figure 5.12). 

Because line structures of these staggered conformations look roughly like 

the back, seat, and footrest of a chair, these conformations of cyclohexane 
are called chair conformations. 

Chair conformation 

FIGURE 5.12 

Evolution of an unstable planar conformation of cyclohexane to the preferred 
chair conformation with bond angles near 109.5° and staggered C—C bonds. 

We can draw a Newman projection that shows the view down two of 
the parallel bonds of chair cyclohexane (Figure 5.13). 



241 

(a) Newman projection showing two of the bonds in the chair conformation 
of cyclohexane, (b) A ball-and-stick representation of this conformer. 

Boat and Twist-Boat Conformations. A different conformation of 
cyclohexane results from moving two of the carbon atoms simultaneously 
in the same direction (Figure 5.14). This arrangement is known as the boat 

conformation of cyclohexane because the line structure bears some re¬ 
semblance to a boat. 

FIGURE 5.14 

Boat conformation 

A boat conformation is formed from planar cyclohexane by moving two car¬ 
bon atoms in the same direction away from the plane. 

Although angle strain is relieved in the boat conformation, two bonds 
are still eclipsed (those forming the sides of the boat), as revealed by the 
Newman projection and ball-and-stick model in Figure 5.15. 

(a) Newman projection showing two of the bonds in the boat conformation 
of cyclohexane, (b) A ball-and-stick representation of this conformer. 
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Some of the torsional strain of the boat conformation is relieved in the 

twist-boat conformation of cyclohexane. The twist boat is formed from 

the boat by grabbing and twisting the hydrogen atoms that point up on the 

ffontmost and rearmost carbon atoms (called the flagpole hydrogens, in 

analogy to a boat), moving one to the left and the other to the right (Figure 

5.16). 

Hydrogens in flagpole positions 

FIGURE 5.16 

Boat (center) and twist-boat (left and right) conformations of cyclohexane. 

EXERCISE 5.6 
ins 

Build a model of cyclohexane, including all twelve of the hydrogen atoms. Move 
the carbon atoms until you have a boat conformation. Twist the flagpole hydro¬ 
gens as described in the text, and note how the torsional angles change. Do any 
bond angles change as the boat is converted to a twist boat? 

Interconversion of Chair, Boat, and Twist-Boat Conformations. 
The three conformations of cyclohexane are all in equilibrium, although 

the energy barriers to interconversion are significantly higher than for 

acyclic and smaller-ring alkanes. The lowest-energy pathway for conversion 

of the chair to the boat and twist-boat conformations proceeds through the 

half-chair, a conformation in which five of the six carbon atoms are copla- 

nar. If we start with a model of the chair conformation, we can arrive at the 

half-chair by taking any one carbon atom and moving it until it is in the 

plane of its four closest neighbors (Figure 5.17). (Alternatively, we can start 

with the planar conformation and move one of the atoms out of the plane 

of the other five.) By continuing to move this carbon atom in the same di- 

Half-chair conformation 

FIGURE 5.17 

Conversions of the chair (left) and planar (right) conformations of cyclo¬ 
hexane to the half-chair conformation. 



243 rection and imparting a twist, we arrive at a twist-boat conformation. The 
twist boat can then interconvert with another twist boat by passing through 
the boat conformation as a transition state. 

The activation energies and the energy differences between various con¬ 
formations for the conformational interconversions of chair to twist boat 
and of twist boat to twist boat are summarized in Figure 5.18. There are 
several points worth noting in this energy profile. The energy of activa¬ 
tion for the conversion of the chair conformation to the half-chair is 11 
kcal/mole, substantially higher than any conformational barrier that we have 
encountered so far. Thus, this transformation of cyclohexane occurs about 
a million times more slowly than rotation about the carbon-carbon bond 
of ethane. On the other hand, the barrier to interconversion of the twist- 
boat conformations (through the boat) requires only 1.6 kcal/mole and is 
thus faster than rotation in ethane. 

The energy difference between the chair and twist-boat conformations 
of cyclohexane is sufficiently large that the twist boat constitutes only a 
small fraction of the equilibrium concentration at room temperature. 
Chemists consider the typical conformation of cyclohexane to be the chair. 

5.4 Six-Member 
Carbon Rings 

FIGURE 5.18 

An energy profile for the interconversions of the various conformations of 

cyclohexane. 
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EXERCISE 5.7 

With your molecular models, try to flip cyclohexane from one chair conformation 
to another and from one boat conformation to another. As you work with your 
model, it will become clear that it is possible to convert one chair to another by 
proceeding through intermediate twist-boat and boat conformations. 

Monosubstituted Cyclohexanes 

Now let’s consider the various conformations of a cyclohexane ring with 

a methyl group attached to C-1. There are two unique chair conformations 

of methylcyclohexane, which do not have the same energy. In one confor¬ 

mation, the methyl group points away from the “seat” of the chair, whereas 

in the other conformation, the methyl group is roughly coplanar with the 

seat. These two positions of the methyl group are called axial and equato¬ 

rial, respectively. The two chair conformations can be interconverted sim¬ 

ply by flipping the atoms of the ring back and forth. (Use a model to con¬ 

vince yourself that a ring flip converts each axial substituent into an 

equatorial position and changes each equatorial substituent into an axial 

one.) 

Looking down the C-l—C-6 bond of axial methylcyclohexane, as 

shown in the Newman projection in Figure 5.19, reveals a gauche-type in¬ 

teraction of the methyl group with the axial hydrogen atom on C-5 (a sim¬ 

ilar interaction occurs with the hydrogen on C-3). This steric interaction is 

not present when the methyl group is in the equatorial position, where its 
relative orientation to C-5 (and C-3) is anti. 

Equatorial methylcyclohexane 

The axial isomer is therefore destabilized by two steric interactions, which 

are referred to as 1,3-diaxial interactions. Each of these has about the same 

energy as a gauche butane interaction. Indeed, the equatorial isomer of 

methylcyclohexane is more stable than the axial isomer by about 1.8 

kcal/mole, an experimental value that matches what would be predicted 

from two gauche butane interactions (2 X 0.9 kcal/mole). (Again, the use 

of molecular models will help you see that a 1,3-diaxial interaction is very 

similar to the interaction that destabilizes gauche butane.) 

The chair conformations of methylcyclohexane, both axial and equa¬ 

torial, lack the strong destabilizing eclipsing interactions of the boat and 
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FIGURE 5.19 

(a) Ball-and-stick (from two perspectives) and (b) space-filling models of 
axial methylcyclohexane. The steric repulsions between the hydrogen atoms 
shown in green are responsible for the higher energy of the axial conforma¬ 
tion compared with the equatorial isomer, (c) The Newman projection at 
the lower center is obtained by visualizing down the C-l—C-6 bond, with 
C-l shown in the front and C-6 hidden from view by C-l. The overlapping 
arcs between the methyl group and the hydrogen at C-5 represent repulsive 
interaction between these groups. An identical interaction between the 
methyl group and the axial hydrogen on C-3 is not shown. 

twist-boat conformations. In the boat isomer, shown in Figure 5.20, there 

is highly unfavorable steric interaction between the C-1 methyl group and 

one of the hydrogen atoms on C-4 (both shown in green). 

Because of 1,3-diaxial interactions, chair cyclohexanes with equatorial 

substituents are more stable than those with axial substituents. In general, 

FIGURE 5.20 

Interaction of flagpole hydrogens (shown in green) in one boat conforma¬ 

tion of methylcyclohexane. 

5.4 Six-Member 
Carbon Rings 



TABLE 5.4 

Energy Cost of a Single 
1,3-Diaxial Interaction 

1,3-Diaxial Energy 
Interaction (kcal/mole) 

Hydrogen and 
methyl group 0.9 

Hydrogen and 
ethyl group 1.0 

Hydrogen and 
isopropyl group 1.1 

Hydrogen and 
phenyl group 1.5 

Hydrogen and 
t-butyl group 2.7 

either of these chair conformations is more stable than the other confor¬ 

mational possibilities—that is, the boat and twist-boat conformations. The 

energy difference between a conformation having a substituent in an axial 

position and one having the substituent in an equatorial position depends 

on the steric requirement, or size, of the substituent. The larger the sub¬ 

stituent, the greater is the steric strain resulting from 1,3-diaxial interac¬ 

tions. Table 5.4 lists values representing the contribution of each 1,3-diax¬ 

ial interaction to the relative destabilization of the axial conformation. 

(Recall from Table 5.2 how these energy differences affect the conforma¬ 

tional equilibrium.) Some substituents are so large that they effectively act 

as conformational anchors, or locks. For example, the energy difference be¬ 

tween an axial and an equatorial position for a f-butyl group is very large. 

Although ring flipping between the chair conformations is still rapid, the 

equilibrium is so strongly dominated by the conformer bearing the t-butyl 

group in the equatorial position that that conformation is considered 

“locked,” with all other substituents fixed in axial or equatorial positions as 

determined by the preference of the anchoring f-butyl group for the equa¬ 

torial orientation. 

EXERCISE 5.8 

Note in Table 5.4 that the 1,3-diaxial interactions between a hydrogen atom and a 
methyl, ethyl, or isopropyl group are all approximately the same (0.9-1.1 
kcal/mole), whereas the interaction of a hydrogen with a t-butyl group is much 
larger (2.7 kcal/mole). Use molecular models to explain why the f-butyl group is 
different from the other three alkyl substituents. (Hint: Don’t forget that rotation 
is possible about the a bond between the ring and the substituent.) 

Disubstituted Cyclohexanes 

We can extend the ideas developed in considering the conformations 

of monosubstituted cyclohexanes to disubstituted cyclohexanes. In cis-1,4- 

dimethylcyclohexane, one methyl group is in an equatorial position and the 

other is axial. Chair-chair ring-flipping changes the position of each of these 

substituents, converting the axial position to an equatorial one, and mov¬ 

ing the equatorial methyl group to an axial position. The pattern of axial 

and equatorial substituents is completely inverted by a ring-flip: 

Inversion of Axial (blue) and Equatorial (red) Substituents by Ring-Flipping 
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Thus, ring-flipping of cis- 1,4-dimethylcycJohexane results in a confor¬ 

mation that is identical in all respects with the first (Figure 5.21). The sit- 
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trans-1,4-dimethylcydohexane 

Equatorial 

FIGURE 5.21 

Chair conformations of cis- and trans-1,4-dimethylcyclohexane. 

uation is quite different for ircms-1,4-dimethylcyclohexane because both 

methyl groups must be either equatorial or axial. Thus, we would expect 

the energy difference between these two chair conformations to be large. 

The conformation with two equatorial methyl groups is clearly more sta¬ 

ble. 
In cis- and trans-1,3-dimethylcyclohexanes, the trans isomer has one 

axial and one equatorial substituent in both chair conformations (Figure 

5.22). On the other hand, the cis isomer has a conformation in which both 

methyl groups are equatorial. This diequatorial conformer is more stable 

than the alternative, in which both methyl groups are axial (Figure 5.22). 

trans-1,3-dimethylcydohexane 

cis-1,3-dimethylcydohexane 

FIGURE 5.22 
----- 

Chair conformations of trans- and cis- 1,3-dimethylcyclohexane. 247 
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EXERCISE 5.9 

Indicate which of the following pairs of isomers is conformationally more stable, 
and draw a line structure showing its preferred conformation. 

(a) cis-l-f-butyl-2-methylcyclohexane or trans-l-f-butyl-2-methylcyclohexane 

(b) cis- 1,4-diisopropylcyclohexane or tvans- 1,4-diisopropylcyclohexane 

(c) cis- 1,3-dibromocyclohexane or trans- 1,3-dibromocyclohexane 

(d) ds-l-t-butyl-3-ethylcyclohexane or trans-l-t-butyl-3-ethylcyclohexane 

Fused Six-Member Rings: Decalins 

Knowledge of the conformations of 1,2-dimethylcyclohexanes is useful 

in the conformational analysis of fused, saturated rings. For example, we 

can visualize trans-decalin, a hydrocarbon in which two cyclohexane rings 

have two carbon atoms in common, as being related to the most stable con¬ 

formation of trans- 1,2-dimethylcyclohexane by mentally extending the two 

methyl groups, with two additional carbons, into another ring (Figure 5.23). 

The trans ring fusion is clearly indicated by the relative positions of the hy¬ 

drogen atoms at the bridgehead positions, that is, attached to the carbon 

H 

FIGURE 5.23 

A comparison of the conformations of trans- and cis-decalin with the chair 
forms of trans- and cis- 1,2-dimethylcyclohexane, respectively. 



atoms common to both rings. Unlike dimethylcyclohexane, however, tvans- 
decalin cannot flip to another, stable chair-chair form. Although the two 

additional carbons forming the second six-member ring of trans-decaYm 
can bond to two adjacent equatorially oriented carbons on the first ring 

without strain, they cannot form sufficiently long links with two adjacent, 

axial carbons. (Use models to convince yourself that this is the case.) As a 
result, ring-flipping is blocked in frans-decalin. 

In a similar fashion, we can visualize czs-decalin (Figure 5.23) as being 

formed from d5-l,2-dimethylcyclohexane by the addition of two carbons, 

which provide a chain long enough to reach between the axial and equato¬ 

rial methyl groups. In cis-1,2-dimethylcyclohexane, one of the methyl 

groups is axial and the other equatorial. In this isomer, chair—chair ring- 

flipping takes place quite readily. The conformers of cis-decalin can undergo 
similar interconversions. 

EXERCISE 5.10 

Draw line structures for 2-methyl-ds-decalin and 3-methyl-ds-decalin (using the 
skeletal numbering scheme shown here) with the methyl groups cis to the hydro¬ 
gen atom at C-l and with the methyl groups trans to the hydrogen atom at C-l. 

10 H 2 

7 H 5 

For all four structures, let both rings undergo a ring-flip, and draw the ring-flipped 
isomer. In each case, decide which ring-flipped structure is conformationally more 
stable. 

5.5 

Chirality 

A final type of stereoisomerism is found in molecules that are chemically 

and physically identical except for their interaction with polarized light. In 

these isomers, all the connectivities of the atoms are the same, but the iso¬ 

mers cannot be interconverted by bond rotation, the atoms in the two iso¬ 

mers are not superimposable on one another, and the shapes of the mole¬ 

cules are related as mirror images. Molecules (and other objects) having 

nonsuperimposable mirror images are said to be chiral. Chiral molecules 

are frequently encountered in nature. 
One way of recognizing chirality in objects is to look for “handedness.” 

Your left and right hands are clearly different even though each of the com¬ 

ponent parts (for example, the thumbs) appear to be the same (Figure 5.24, 

on page 250). A hand is chiral because one of its ends (the fingers) is dif¬ 

ferent from the other end (the wrist), its thumb is different from its little 

finger, and its back is different from its palm. Thus, although your left hand 

is very similar to your right hand, the hands cannot be superimposed. Right- 
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► 

FIGURE 5.24 
_____ 

(a) Your left and right hands are not the same, (b) A clock is not identical 
to its mirror image. The hands on the clock run in a clockwise direction, 
whereas the hands on the mirror image run counterclockwise. Also note 
that the numbers are backwards in the mirror image. (Is there an achiral 
number?) 

and left-handed gloves also are chiral, and thus different: a right-handed 

glove fits your right hand, not your left. The difference between your hands 

is maintained no matter how they are oriented—for example, with the 

thumbs up or down. Although your two hands are not the same, they are 

related: they are mirror images of each other. Gloves that are completely 

flat, like those worn by children, have a mirror plane and can be used on 

either hand. However, even then, if a glove is transferred from one hand to 

the other, the face of the glove that was on the palm of the left hand cov¬ 

ers the back of the hand when worn on the right hand. Many everyday ob¬ 

jects are chiral, such as the clock (and its mirror image) in Figure 5.24. 

The presence of a mirror plane through an object assures that it will 

be superimposable on its mirror image. A mirror plane is a plane running 

through a three-dimensional object such that each part of the object on one 

side of the plane is mirrored by an identical part on the opposite side. If a 

human hand were completely flat and the back were identical with the palm, 

the hand could have a mirror plane through the palm and fingers. If hands 

were like this, the same glove would fit both the right and left hands iden¬ 

tically. If there is no mirror plane through an object, it can be considered 

“handed”—that is, chiral. 

Molecules (or objects) are either chiral or not. There is no in-between 

state. A molecule is considered achiral (not chiral) as long as at least one 

of its energetically accessible conformations has a mirror plane of symme¬ 

try, even if the others lack such a plane. 

When an atom has substituents oriented in three dimensions such that 

there is no mirror plane through the atom, then (except in very special 

cases) it will not be possible to find a mirror plane for the molecule as a 

whole. Because of this center of chirality, the molecule is chiral. Such atoms 

are sometimes referred to as chiral atoms, or chiral centers, but chirality is 

a property only of a complete object, not of its parts. Therefore, the ex¬ 

pression center of chirality is used in this book to emphasize that an atom 

contributes to the overall handedness of the molecule. (The term stereogenic 
center is also used instead of chiral atoms, but center of chirality is based on 

an established English word, chirality, whereas stereogenic is not.) 



251 Any atom that is sp- or sp2-hybridized has a mirror plane (that con¬ 

taining the bonded atoms). Therefore, the carbons of an alkene or alkyne 

are not centers of chirality, irrespective of substituents. On the other hand, 

an sp3-hybridized carbon does have the three-dimensionality necessary to 

impart chirality to a molecule, provided that the four substituents are dif¬ 
ferent. 

Let’s consider carbon atoms bonded to three or two identical atoms; 

examples of such compounds are shown in three dimensions in Figure 5.25 

as pairs of mirror images. In both cases, the molecule at the right of the 

mirror can be superimposed on the molecule at the left by a 180° rotation 
about the vertical axis. 

5.5 Chirality 

Mirror images of a carbon atom with (a) three and (b) two identical sub¬ 
stituents (the gray spheres, perhaps hydrogen atoms). 

Two molecules are superimposable if a conformation exists in which 

each of four substituents of one can be placed over the same substituent of 

the other. The atoms of the molecule are thus oriented in exactly the same 

way in space. (Use molecular models to confirm that this is so.) In the ex¬ 

amples in Figure 5.25, mirror planes can pass through each molecule such 

that everything on one side of the plane has an exact counterpart on the 

other side. Any molecule (and any object) that has such a mirror plane is 

achiral. 

Achiral molecules have a mirror plane 

Enantiomers 

Any sp3-hybridized carbon atom that bears two identical substituents 

has a mirror plane through which one of the substituents is a reflection of 

the other. That plane contains the tetrahedral carbon and the two other 

substituents, X and Y. Thus, for an sp3-hybridized carbon atom to be a cen- #08 Intro to 

ter of chirality, it is necessary and sufficient that four different groups be Stereochemistry 
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Mirror images of tetrahedral carbon bearing four different substituents. 
These molecules are not superimposable and are therefore chiral. 

bound to carbon. Figure 5.26 shows a generalized example with four dif¬ 

ferent substituents (represented by colored spheres) arranged at a tetrahe¬ 

dral center of chirality. 

EXERCISE 5.11 

Locate one or more mirror planes in each of the following molecules: 

(a) ethylene (b) benzene (c) anti-butane (d) propyne 

Each representation in Figure 5.26 shows a unique way that four groups 

can be oriented in three dimensions. These representations are mirror im¬ 

ages of each other and cannot be superimposed. For example, if we place 

the two blue and green spheres on top of each other by rotation about the 

vertical axis, the red and white spheres will be in the wrong places. Indeed, 

no matter how we move and turn one of these images, we cannot overlap 

it with its mirror image. These two molecules are stereoisomers, molecules 

that differ only in the way in which the four substituent groups are oriented 

in space. Stereoisomers related to each other as nonsuperimposable mirror 

images are referred to as enantiomers. 
Enantiomers can be interconverted only by switching the positions of 

two substituents, a process that requires the breaking and reforming of cr 

bonds at the center of chirality. Specifically, enantiomers are not intercon¬ 

verted by rotations about a bonds and in this respect differ significantly 

from conformational isomers. In analyzing a molecule for the presence of 

a center of chirality, we are free to use any conformational representation 

(for example, eclipsed or staggered) to compare structures without worry¬ 

ing that we are changing the chiral center, because enantiomers are inter¬ 

converted only by breaking a bonds. 

Representing Enantiomers 
in Two Dimensions 

Describing three-dimensional molecules with two-dimensional draw¬ 

ings requires the use of certain conventions and styles. For example, we can 

use a wedge bond to emphasize that the bond is projecting out of the plane 

of the paper and toward the viewer, and a hatched line to indicate a reced¬ 
ing bond, as for 2-butanol: 



CHEMICAL PERSPECTIVES 

STEREOCHEMISTRY IN ODOR RECOGNITION 

Human olfactory receptor sites are very sensitive to 
the shape of gaseous molecules. For example, a flo¬ 
ral odor is caused by molecules that are spherical at 
one end and elongated at the other, somewhat like a 
miniature guitar, whereas a peppermint-like odor is 
produced by ellipsoidal molecules. For many com¬ 
ponents of perfume, shape seems to be more impor¬ 
tant than chemical composition: hexachloroethane, 
( + )-camphor, and cyclooctane have nearly the same 
odor, even though their molecular formulas are quite 
different. However, all of these molecules are roughly 
bowl-shaped, which allows a reasonable fit with the 
receptor site for what perfumers call “camphora- 
ceous” molecules. 

Cl 

Cf'4 
Cl 

flci 
-T 

Cl 

Hexachloroethane Camphor 

Cyclooctane 

The ability to detect the presence of small 
quantities of molecules at various olfactory recep¬ 
tor sites varies. People gifted in this sense are well- 
respected (and highly paid) by the perfumers in the 

south of France and by wineries throughout the 
world. 

Because stereochemistry significantly affects the 
shape of a molecule, a molecule’s absolute configu¬ 
ration also strongly affects its odor. Enantiomers, for 
example, can elicit quite different responses: the 
characteristic aromas of oil of caraway and oil of 
spearmint are due to the separate enantiomers of 
carvone. 

( + )-Carvone 

(from oil of caraway) 

(—)-Carvone 

(from oil of spearmint) 

It is not necessary to use both a hatched and a wedge bond to indicate three- 

dimensional arrangements—one or the other is sufficient, as in the two rep¬ 

resentations at the right. These short-cuts are often used, but keep in mind 

that the clearest representation will be one that gives a “feeling” of three 

dimensions. 
253 
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5 Stereochemistry 

EXERCISE 5.12 

In each of the following molecules, indicate the location of a center of chirality 

with an asterisk. 

J5.6 

Absolute Configuration 

Because a molecule that has a center of chirality has two different enan¬ 

tiomers, chemists need to be able to refer uniquely to one or the other of 

the enantiomeric pair—just as you can specify, for example, a left or right 

shoe. An unambiguous method for specifying absolute stereochemistry 
was developed by three chemists and is known as the Cahn-Ingold-Prelog 

rules. (Vladimir Prelog was awarded the Nobel Prize in 1975 for his con¬ 

tributions to organic stereochemistry.) In contrast, relative stereochemistry 
refers only to the relation between two molecules; for example, saying that 

two molecules are enantiomers does not specify which is which. 

The specification of absolute stereochemistry makes use of the same 

priority rules employed to describe E and Z isomers in Chapter 2. In ap¬ 

plying these rules, we look first at the atoms directly attached to the center 

of chirality and assign priority on the basis of atomic number. In cases where 

two (or more) of these atoms have the same atomic number, we proceed 

along the chain until a difference is found. Thus, —CH2CH3 has higher pri¬ 

ority than —CH3, because the highest-priority substituent of the carbon 

atom of the ethyl group is C, whereas on the methyl group it is H: 

-fCH3 H3C—H2C4- 

H C 

H versus H 

H H 

When we encounter a double bond, we count the atom a second time, cre¬ 

ating a “dummy” or “phantom” atom. Thus, an aldehyde carbon (—CHO) 

has higher priority than a primary alcohol (—CH2OH): 
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-f-CH2OH HC-f- 5.6 Absolute Configuration 

O O 

H versus O 

H H 

In accord with these rules, priority is assigned to each of the four groups 

attached to the center of chirality, which are then uniquely defined as 1,2, 

3, and 4. Let’s assume that the substituents A, B, C, and D have priorities 

that decrease in that order. We view the molecule by looking down the bond 

between the central carbon atom and the substituent of lowest priority (D), 

putting this substituent as far away as possible. This perspective for the iso¬ 

mer on the left in Figure 5.26 is shown in Figure 5.27. (Make a model to 

convince yourself that this is so.) When the assigned priorities (proceeding 

from highest to lowest) for the remaining three substituents are arranged 

in a counterclockwise direction (A —> B —> C), as in Figure 5.27, the isomer 

is designated S (from the Latin sinister, for “left”). The structure is referred 

to as the S isomer and as having the S configuration at its center of chi¬ 

rality. 

Orienting a center of chirality to 
assign absolute configuration 
with priorities as A > B > C > 
D. The center has the S configura¬ 
tion. 

FIGURE 5.28 
_ 

Orienting a center of chirality to 
assign absolute configuration 
with priorities as A > B > C > 
D. The center has the R configura 
tion. 

We assign a configuration to the structure on the right in Figure 5.26 

in the same way, viewing down the bond from the center of chirality to sub¬ 

stituent D, as shown in Figure 5.28. Here, the direction A —> B —> C is clock¬ 

wise, and the isomer is assigned the stereochemical designation R (from the 

Latin rectus, “right”) and has the R configuration. 
Let’s consider a specific example by assigning an absolute configuration 

to an isomer of 2-bromobutane. 

Br H 

!1 

1 3 

(J?)-2-Bromobutane 
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5 Stereochemistry 

Our first task is to identify the center of chirality in the molecule. Carbon- 

1 bears three hydrogen atoms and cannot be a center of chirality. Carbon- 

2, which bears four different substituents, is a center of chirality, as indi¬ 

cated by the asterisk. Carbon-3 bears two hydrogen atoms and is therefore 

not a center of chirality, nor is carbon-4, which bears three hydrogen atoms. 

Using the atomic-number rule to assign priority, we find that the sub¬ 

stituents at carbon-2 have the priorities Br > CH3CH2 > CH3 > H. 

Because hydrogen is of lowest priority, we must visualize the molecule by 

looking down the C—H bond, that is, from C-2 toward hydrogen. From 

this orientation, the direction from bromine to ethyl to methyl is clockwise; 

thus, the isomer shown is the R enantiomer. 

Br A 

Assignment of priority 
in (J?)-2-bromobutane 

Now that we have a three-dimensional representation of (R)-2- 
bromobutane, it is easy to draw the S isomer. We simply exchange any two 

substituents of the R configuration, as shown in the following six three- 

dimensional representations of (S)-2-bromobutane. 

(S) -2-Bromobutane 

Because the interconversion of enantiomers requires the breaking of a 
bonds, it is quite difficult to accomplish in most cases. 

It is important for you to be able to assign absolute configuration to a 

given center of chirality, as this will aid your understanding of the relation 

between structures drawn in various ways. 

EXERCISE 5.13 

Apply the Cahn-Ingold-Prelog rules to assign absolute stereochemistry to each cen¬ 
ter of chirality in the following molecules: 

OCH3 



257 EXERCISE 5.14 

Draw a three-dimensional representation of each of the following stereoisomers: ^ Polarimetry 

(a) (R)-2-bromopentane (c) (f?)-2-fluoro-2-chlorobutane 

(b) (S)-3-bromo-3-chlorohexane (d) (,R)-l-bromo-(S)-2-fluorocyclohexane 

5J 

Polarimetry 

Because all the chemical bonds in a chiral molecule are also present in its 

enantiomer, two enantiomers might be expected to have identical physical 

properties. This is generally true except when chiral molecules interact 

with other chiral objects. The circularly polarized components of plane- 

polarized light are chiral, and the plane of polarization is rotated to the right 

by one enantiomer and to the left by the other. Figure 5.29 shows a schematic 

representation of the operation of a polarimeter capable of measuring this 
optical effect. 

FIGURE 5.29 

Schematic representation of a polarimeter. Normally, light is composed of 
rays that have electromagnetic fields oscillating in all directions. A polarizer 
inserted between the light source and the sample tube passes only light vi¬ 
brating in one plane, as shown at the left. The direction of alignment of the 
polarizer defines the incident plane of the light as it passes into the cell con¬ 
taining the sample. As the plane-polarized light passes through an optically 
active sample, the light is rotated because of electronic interaction with the 
chiral molecules present, and the plane of polarized light emerging from the 
sample tube is rotated from its original plane of polarization. A second po¬ 
larizer (at the right) placed at the sample-tube exit is rotated by the observer 
until the light intensity is greatest. The degree of rotation of the second po¬ 
larizer relative to the first represents the measured rotation of the sample. 
(In practice, it is often easier to adjust the second polarizer until the light in¬ 
tensity is at a minimum. The relative rotation of the two polarizers must 
then be corrected by 90°.) 

Ordinary light behaves like an electromagnetic wave that oscillates in 

all directions perpendicular to the path of propagation. When a light beam 

passes through a polarizer, the waves whose vibrations are not directionally 

aligned with the polarizer are absorbed (or reflected). The light beam that 

emerges from the polarizer has all electric and magnetic oscillations in the 

same plane. As this plane-polarized light passes through a chiral medium, 
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SEPARATION OF ENANTIOMERS IN THE LABORATORY 

The first resolution (separation of 
enantiomers constituting a racemic 
mixture) conducted in a laboratory 
was done by Louis Pasteur, whose 
contributions to microbiology (fer¬ 
mentation, pasteurization of milk, 
sterilization of surgical instruments, 
development of a rabies vaccine, and 
many others) are even better known 
than his contributions to chemistry. 
Pasteur decided to investigate the 
crystals that form in wine barrels 
during fermentation and aging (and 
on the corks of wine bottles). These 
crystals are called racemic acid, from 
the Latin word racemus, for “grapes.” 
All the crystals were found to have the 
same molecular formula, which cor¬ 
responded to a mixed sodium am¬ 
monium salt of tartaric acid, 
H02CCH(0H)CH(0H)C02H. However, when viewed carefully under a mi¬ 
croscope, the crystals appeared to consist of two different sets, differing in 
their three-dimensional shape. In fact, these shapes were mirror images of 
each other. With tweezers, Pasteur painstakingly separated the two different 
types of crystals and showed that they had exactly the same physical and 
chemical properties, except that in solution they rotated a plane of polarized 
light in opposite directions. 

the asymmetrical nature of the chiral molecule causes the plane of vibra¬ 

tion to rotate from its original position. A polarizer placed behind the sam¬ 

ple is rotated so as to compensate for the induced rotation of the plane of 

polarization by the sample. The observed rotation will depend both on the 

rotating ability of the chiral molecules encountered by the light and on their 

number. 

Optical Activity 

Only objects that are chiral can rotate a plane of polarized light, and 

chiral molecules are often referred to as being optically active. The extent 

of rotation observed depends on the magnitude and asymmetry of a sam¬ 

ple’s electric field (which is characteristic of the particular molecule being 

measured), the wavelength of the light, and the number of optically active 

molecules in the sample. The specific rotation of an optically active com¬ 

pound is defined as the observed rotation divided by the concentration of 

the sample and the path length through which the light passes. 

cX / 
Specific rotation = [a] = (3) 



259 where a is the observed rotation (at the wavelength of the polarized light), 

c is the concentration (in g/mL), and / is the path length (in dm). 

The yellow light emitted by a sodium lamp is often used as the polar¬ 

ized light, because the light source is inexpensive and the light can be eas¬ 

ily filtered so that only a single wavelength of light (the o-line) can be used. 

The specific rotation induced by this light is called [a:],,. Once the specific 

rotation has been measured for a pure, optically active compound, the an¬ 

ticipated rotation of a particular sample can be calculated: 

Observed rotation — [a] X c X l (4) 

The specific rotation can differ for dilute and concentrated solutions of the 

same compound, especially for molecules that self-associate through hy¬ 

drogen bonding. Temperature can also influence the degree of association. 

For these reasons, it is common practice to report the concentration (in 

g/mL) and temperature at which a measurement was made. 

[a]l5=-13 (c = 0.25) 

Enantiomers differ only with respect to the sign of the specific rotation, 

that is, the direction of rotation of a plane of polarized light. A pure sam¬ 

ple of one enantiomer of a pair rotates a plane of polarized light to a de¬ 

gree exactly equal to that of the other member but in the opposite direc¬ 

tion. A 50:50 mixture of enantiomers does not show optical activity, because 

the two compounds have effects of equal magnitude but opposite direction. 

For an equimolar mixture of two enantiomers, the rotation induced by one 

enantiomer exactly cancels that of the other, and the mixture does not ro¬ 

tate the plane of polarized light. Such a 50:50 mixture of enantiomers is 

optically inactive and is referred to as a racemic mixture, a racemic mod¬ 

ification, or simply a racemate. By definition, a racemic mixture is opti¬ 

cally inactive, and its rotation is always 0°. 

5.7 Polarimetry 

Optical Purity 

A mixture of enantiomers in a 75:25 ratio will have an observed rota¬ 

tion that is 50% of that for a single enantiomer (determined under identi¬ 

cal conditions). For this reason, such a mixture is said to have an optical 

purity (o.p.) of 50%. In general, we can calculate the optical purity of a 

mixture of enantiomers as follows: 

a 
o.p. 

[«]XcXZ A 
X 100% (5) 

where a is the measured rotation of a sample, and [a] X c X l is the ob¬ 

served rotation calculated from the specific rotation of a single enantiomer 

(equation 4, above). 
Because optical purity is related to the excess of one enantiomer over 

the other, we can use it to determine enantiomeric excess (e.e.). For ex¬ 

ample, in a 75:25 mixture, there is 50% more of one enantiomer than of 

the other. In the past, optical purity was often equated with enantiomeric 

excess, but the latter has taken on a slightly different meaning with the ad¬ 

vent of modern methods that allow the physical separation of enantiomers 

A : i? 

3 : I 

A 



260 

5 Stereochemistry 

by chromatography and the observation of unique signals for each enan¬ 

tiomer in NMR spectra. Enantiomeric excess is defined as: 

e.e. = % of major enantiomer — % of minor enantiomer 

Note that for a racemic mixture, the enantiomeric excess is 0%. A racemic 

mixture has both an optical purity and an enantiomeric excess of 0%. 

EXERCISE 5.15 

(a) Calculate the optical purity of an enantiomeric mixture in which the specific 
rotation of one enantiomer is +100° and the observed rotation of the mixture 
is +10°. 

(b) Calculate the optical purity of an enantiomeric mixture in which the specific 
rotation of one enantiomer is +200° and the observed rotation of the mixture 
is +50°. 

(c) Calculate the enantiomeric excess for a sample in which the ratio of enan¬ 
tiomers determined by chromatography is 3.5 :1. 

Designating Configuration 

Enantiomers are stereoisomeric molecules that have nonsuperimposable 

mirror images. The members of the pair are separate compounds whose 

disposition in three-dimensional space must be individually defined. The 

use of the Cahn-Ingold-Prelog rules to do this has been covered in the pre¬ 

ceding section. In this section, we will look at ways of specifying relative 

configuration and extend the method of assigning absolute configuration 

at a single center of chirality to specifying configuration when molecules 

contain more than one center of chirality. 

A Single Center of Chirality: 
Relative Configuration 

As we have seen, the absolute configuration of a chiral molecule can be 

specified by applying the Cahn-Ingold-Prelog rules to designate the con¬ 

figuration as R or S. This method specifies absolutely the direction of groups 

in space without relation to physical properties. An alternative way of re¬ 

ferring uniquely to one member of the enantiomeric pair is to specify its 

relative configuration, which is based on the sign of its specific rotation. 

Thus, the enantiomer that rotates a plane of polarized light in a clockwise 

direction (when the observer looks at the light) is called the ( + )-isomer; 
its mirror image, which rotates the plane of polarized light in a counter¬ 

clockwise direction, is called the (-)-isomer. A ( + ) or (-) designation does 

not specify how the groups are arranged spatially but simply relates one 

structure to the sign of its specific rotation. It is important to note that no 
simple relation exists between the sign of the optical rotation (±) and the ab¬ 
solute configuration (R,S) of an enantiomer. 

An equivalent representation is to use lowercase d, for dextrorotatory 
(from the Greek for “right rotating”) to indicate the ( + ) enantiomer and 
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Configuration 

THE ABSOLUTE CONFIGURATION 
IN CHIRAL NATURAL PRODUCTS 

Only in the 1930s did it become possible, by using x-ray crystallographic 
analysis, to determine the actual arrangement of atoms in three-dimensional 
space about a center of chirality. Long before, however, chemists were draw¬ 
ing three-dimensional representations of molecules based on whether they 
were related to ( + )- or ( — )-glyceraldehyde. A molecule was said to belong 
to one of these series if it could be converted into another compound al¬ 
ready in that series by reactions that were not expected to change the stere¬ 
ochemistry. The original assignment of the arrangement for each series was 
made arbitrarily but ultimately was shown to be correct (a 50:50 chance). 

lowercase l, for levorotatory (from the Greek for “left rotating”) to indicate 

the (—) enantiomer. A third representation for relative configuration at cen¬ 

ters of chirality is d or l, based on correspondence with naturally occurring 

glyceraldehyde, which is dextrorotatory. 

Multiple Centers of Chirality: 
Absolute Configuration 

A molecule can have more than one center of chirality. Let’s consider 

the possible configurations for 2-bromo-3-chlorobutane: EM TV® I 

Br \ 
Cl 
/ 

Br 
\ 

Cl 
/ 

Br 
\ 

Cl 
/ 

Br 
\ 

Cl 
/ 

H'7 \"H H'7 \"CH3 h3C'7 \"H H3c"r- V CH 

h3c ch3 h3c H H ch3 H H 

2R,3S 2R,3R 2S,3S 2S,3R 

#09 Diastereomers 

Note that this molecule contains two centers of chirality: one at C-2 and 

one at C-3. We can draw four different three-dimensional representations 

in which the carbon-halogen bonds are held in the plane of the paper. With 

every additional asymmetric center in a molecule, the number of possible 

stereoisomers doubles. Thus the maximum possible number of stereoisomers 
for n centers of chirality is equal to 2 raised to the nth power, or 2”. 

Note that for 2-bromo-3-chlorobutane the 2R,3R and the 2S,3S isomers 

are an enantiomeric pair and the 2R,3S and the 2S,3R isomers are another 

enantiomeric pair. However, the 2R,3R isomer is not an enantiomer of the 

2R,3S isomer, nor are the 2S,3S and the 2S,3R isomers enantiomers. 

Stereoisomers that are not mirror images are referred to as diastereomers. 

Thus, the relation between the 2R,3R and the 2R,3S isomers of 2-bromo- 

3-chlorobutane is diastereomeric, as is the relation between the 2S,3S and 

2S,3R isomers. Although, except for the sign of their specific rotation, enan¬ 

tiomers have identical physical properties (melting points, boiling points, 

and so forth), diastereomers have different physical properties. 
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Resolution of Enantiomers 

It is not possible to separate enantiomers by the usual methods of pu¬ 

rification. Because they have identical melting points, boiling points, and 

solubilities, enantiomers cannot be purified by recrystallization or the usual 

chromatographic techniques. On the other hand, because diastereomers do 

not have identical physical properties, they can be separated by various phys¬ 

ical methods, including chromatography and recrystallization. By using a 

little ingenuity, chemists make use of these physical differences between 

diastereomers to separate the enantiomers. For example, a mixture of en¬ 

antiomers can be converted into diastereomers by reaction with a single, 

optically active enantiomer as a reagent, as when the acid-base reaction 

of a racemic mixture of 2-chloropropanoic acid with one enantiomer of 

u-phenethylamine produces a mixture of diastereomeric salts. 

In this acid-base reaction, the configuration does not change at the center 

of chirality in either the acid or the amine, because bonds are neither bro¬ 

ken nor made at these carbon atoms. The salts formed from the racemic 

starting material retain the original configuration at each center of chiral¬ 

ity. 

The two salts (R,R and R,S) formed are not mirror images and are there¬ 

fore diastereomers. At this stage, they can be separated because diastere¬ 

omers have different physical properties. Here, repeated recrystallization of 

the salts can yield a single diastereomer as a pure, crystalline solid. The sep¬ 

arated diastereomers can then be reconverted into their components, the 

carboxylic acid and the amine. (How could you accomplish this process in 

the laboratory?) 

This method of resolution (a technique for separating enantiomers) by 

forming and then separating diastereomers, followed by regeneration of the 

original reactants, makes use of a fundamental difference between stereoiso- 

meric pairs that are diastereomers and those that are enantiomers. 

Diastereomers can be separated because they have different physical prop¬ 

erties; enantiomeric pairs cannot be separated because their physical prop¬ 

erties are identical except for the sign of optical rotation. 

An alternative method for resolving a racemic mixture into individual 

enantiomers relies on diastereomeric interactions that take place when 
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SPONTANEOUS RESOLUTION 

5.8 Designating 
Configuration 

On rare occasions, a racemic mixture will undergo spontaneous resolution. 
In this process, one enantiomer, by chance, forms crystals before the other. 
These seed crystals then fragment into many additional seed crystals that 
“pull” one of the enantiomers from solution. Such separations are both rare 
and capricious. One salt used by Pasteur, sodium ammonium tartrate, can 
be separated into enantiomers by spontaneous resolution only at tempera¬ 
tures below 28 °C. At higher temperatures, this salt crystallizes in a form 
known as a true racemate, in which each individual crystal contains an equal 
proportion of each enantiomer. Below 28 °C, crystals are formed of which 
each contains only a single enantiomer. When equal quantities of these leff- 
and right-handed crystals are present, the mixture is called a conglomerate. 

enantiomers are adsorbed on a chiral chromatography column. One enan¬ 

tiomer usually interacts more strongly with the chiral stationary phase than 

does the other, so that the less strongly adsorbed enantiomer elutes from 

the column first. 

Meso Compounds 

The rule that there are 2” stereoisomers for a compound with n centers 

of chirality does not hold when two (or more) identically constituted cen¬ 

ters are present. For example, let’s consider 2,3-dibromobutane. We can 

draw three-dimensional representations of 2,3-dibromobutane that are 

analogous to those shown earlier for 2-bromo-3-chlorobutane. 

Br 
\ 

Br 
/ 

Br 
\ 

Br 
/ 

H"y \"CH3 h3c"/ \"H 
h3c H H CH 

2R,3R 2S,3S 
Br Br Pair of d,l enantiomers 

HTWv'H 
H3C ch3 Br Br Br Br 

i 4 

H'y \"H = H3C"^“ Y"CH 
Meso H3C ch3 H H 

2R,3S 2S,3R 
Meso compound 

3 

The 2R,3R and 2S,3S isomers are nonsuperimposable mirror images—that 

is, they are enantiomers and, individually, they are optically active. When 

present in equal amounts, they constitute a racemate, which is referred to 

as a d,l pair. The representations of the 2R,3S and the 2S,3R isomers are 
analogous to (2R,3S)- and (2S,3£)-2-bromo-3-chlorobutane. They are not 

different isomers because they are superimposable and thus represent only 

a single stereoisomer. (Make a model to convince yourself that this is so.) 

This stereoisomer of 2,3-dibromobutane has a mirror plane of symmetry 
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THALIDOMIDE: DISASTROUS BIOLOGICAL ACTIVITY 
OF THE “WRONG” ENANTIOMER 

A dramatic and unfortunate consequence of absolute stereochemistry was 
revealed by the use of thalidomide, a drug produced as an antidepressant. 
Because of the keen insight of Frances Kelsey, a researcher at the U.S. Food 
and Drug Administration, thalidomide was never approved for use in the 
United States. However, this prescription drug was already in use in the 1950s 
in Canada and Europe, and, despite strong warnings against prescribing 
thalidomide for pregnant women or even women likely to become pregnant, 
it was being used to treat “morning sickness.” 

H H 

Unfortunately, thalidomide was marketed as a racemate. As the story un¬ 
folded, it became clear that one enantiomer acted as an antidepressant; the 
other was both a mutagen and an anti-abortive. The net result of the use of 
thalidomide was the birth of many very seriously deformed children, often 
having vestigial arms and legs. Curiously, the observation that Kelsey had 
used to hold back approval of thalidomide was that it caused abortions at 
high doses in rats. Clearly, human beings differ from rats in more ways than 
just size. 

in the center of the molecule. Through this mirror plane (perpendicular to 

the C-2—C-3 bond), each center of chirality is reflected, R to S and S to R. 

As a consequence of this symmetry, there is no distinction between the des¬ 

ignations 2R,3S and 2S,3R, because they describe the same molecule, dif¬ 

fering only in the end of the carbon chain from which numbering begins. 

Because this stereoisomer of 2,3-dibromobutane contains a plane of 

symmetry, it is optically inactive, despite the presence of centers of chiral¬ 

ity. The term meso compound is used to designate such a stereoisomer. A 

meso compound has a mirror plane or center of symmetry interrelating cen¬ 

ters of chirality in the molecule. A meso compound is, by definition, opti¬ 

cally inactive. The enantiomers (the d,l pair 2R,3R and 2S,3S) and the meso 

compound (2R,3S = 2S,3R) are not superimposable on one another, nor 

are they related as mirror images: they are thus diastereomers and can be 

separated by the usual methods of purification. However, members of the 

d,l pair are enantiomers and can be separated only by resolution. For com¬ 

pounds with meso stereoisomers, the number of possible stereoisomers is 

reduced from the maximum of 2" by one for each meso compound. 
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Calculate the number of possible stereoisomers for each molecule in Exercise 5.12. 

EXERCISE 5.17 

Of the following compounds, identify those that are optically active and those that 
are meso compounds. (Methyl and ethyl groups are abbreviated Me and Et, re¬ 
spectively.) 

Cl Me 
4-H 

(g) Et OH 
L 

Hy \ H'7- v H 
Me Cl HO Et 

(f) HO OH 

H"7-^"H 
Me Me 

EXERCISE 5.18 

For each stereoisomer in parts (e), (f), and (g) of Exercise 5.17, draw a Newman 
projection in which the hydrogen atoms at the centers of chirality are eclipsed. 

Fischer Projections 

Stereoisomers with more than one center of chirality can often be rec¬ 

ognized and compared through the use of a stick notation called a Fischer 
projection, which indicates absolute configuration. In a Fischer projection, 

the intersection of two orthogonal lines indicates the position of a chiral 

carbon. By convention, the horizontal lines indicate substituents directed 

toward the observer, and the vertical lines indicate substituents directed 

away from the observer. A prototype center of chirality bearing substituents 

A, B, C, and D is shown in the margin as a Fischer projection and as the 

equivalent hatch/wedge representation. 
The carbon skeleton in a Fischer projection involving more than one 

carbon atom is usually arranged vertically with C-l at the top, and the sub¬ 

stituents are arranged horizontally. The three stereoisomers of 2,3-dibro- 

mobutane depicted earlier can be represented by the following Fischer pro¬ 

jections. With the Fischer notation, it is easy to see the plane of symmetry 

between C-2 and C-3 in the meso compound. 

Fischer 
projection 

Me 

Me 

2R,3R 

Me 

Me 

2S,3S 

Me 

Br— —H H— — Br H— 

H— — Br Br— —H H— 

Me 

Meso 

5.8 Designating 
Configuration 

C 

aH-b 

D 

Hatch/wedge 
representation 
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The structures at the left and center are enantiomers constituting a d,l pair. 

Both stereoisomers are chiral and are diastereomeric to the achiral meso 

compound at the right. Note that in a Fischer projection all of the bonds 

in sequential centers of chirality are eclipsed. The Fischer projection thus 

represents an unstable conformation, but is nonetheless useful for recog¬ 

nizing configurational isomers. 

EXERCISE 5.19 

Determine whether the members of each of the following pairs of compounds are 
enantiomers, diastereomers, constitutional isomers, or identical. 

EXERCISE 5.20 

Draw Fischer projections that represent the compounds shown in parts (e), (f), 
and (g) of Exercise 5.17. 

5h9 

Optical Activity in Allenes 

In a meso compound, centers of chirality are present in a molecule that is 

itself achiral and optically inactive. Conversely, it is possible, although un¬ 

usual, for molecules that lack chiral tetrahedral carbon atoms to be chiral 

and optically active. For example, the two isomers of 2,3-pentadiene (Figure 

5.30) are not superimposable and are related as mirror images. Thus, they 

are enantiomers and are optically active. A necessary condition for chiral¬ 

ity, and thus for optical activity, is the absence of a molecular mirror plane 

of symmetry, a feature that 2,3-pentadiene clearly lacks. In principle, there¬ 

fore, one should look at the symmetry properties of the molecule, since they 

determine whether chirality is present. In practice, it is usually easier to rec¬ 

ognize potential sites of chirality at tetrahedral carbon atoms. 
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(a) (b) 

FIGURE 5.30 

(a) Schematic representation of 2,3-pentadiene, H3CCH=C=CHCH3, 
and its mirror image (the methyl groups are portrayed as black spheres). 
(b) Ball-and-stick models of the enantiomers. 

5.10 

Stereoisomerism at Heteroatom Centers 

Elements other than carbon can also be centers of chirality. A nitrogen atom 

with three different substituents exists in a pyramidal arrangement. 

However, considering the lone pair of electrons to be a fourth group yields 

a tetrahedral arrangement that is chiral. 

A specific example of a chiral amine is ethylmethylamine. The lone pair 

of electrons, a hydrogen atom, a methyl group, and an ethyl group repre¬ 

sent four different groups. Simple amines cannot be resolved into separate 

enantiomers because of the rapid inversion at nitrogen that proceeds 

through a planar sp2 arrangement. This process converts one enantiomer 

into the other so rapidly that it is generally impossible to obtain neutral 

amines in optically active form. 
A pyramidal amine 

and its mirror image 
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WHY YOUR MOTHER TELLS YOU TO EAT YOUR BROCCOLI 

The body is a marvelous chemical “factory.” A vast array of chemical trans¬ 
formations required for life is constantly taking place. In addition, the body 
must deal effectively with unwanted and unneeded chemicals that are con¬ 
sumed, a task taken on in major part by the liver, where a complex series of 
oxidations and hydrolyses convert relatively nonpolar, lipophilic molecules 
into much more water-soluble products that can be easily excreted in the 
urine. Many different enzymes catalyze these reactions, but some enzymes 
are specifically responsible for degrading carcinogenic compounds. A com¬ 
pound known as sulforaphane, isolated from broccoli, has been shown to 
induce increased activity by these detoxification enzymes. 

Isothiocyanate 

Sulforaphane 

Note that sulforaphane has a sulfoxide group and that four different groups 
are arranged about the sulfur (the oxygen, a four-carbon chain terminated 
by isothiocyanate, a methyl group, and the lone pair). Thus, the sulfur in this 
compound is a center of chirality. As with most naturally occurring chiral 
compounds, only one enantiomer (R) is found in the plant. 

Quaternary ammonium ions with four different substituents are chiral 

and can be resolved into individual enantiomers. However, if one of the 

substituents is a hydrogen atom, a rapid sequence involving deprotonation, 

inversion of the tertiary center, and reprotonation will convert a single enan¬ 

tiomer of such a salt into a racemic mixture. Thus, ammonium ions can be 

obtained in optically active form only when none of the substituents is a 

hydrogen atom. 

R i 

e 
\ 

r3 
r2 

A single enantiomer of a 

quaternary ammonium ion 

Inversion is slower for third-row elements. Thus, phosphines (R3P) and 

sulfoxides (R2S=0) can be obtained in optically active form. 

CH3CH2CH2"/\ 
CH3CH2 

Phosphine 

O 

H3C CH^CH' 

Sulfoxide 
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Summary 

1. Stereoisomers are isomers that differ not in atomic connectivity but 

rather in the three-dimensional disposition of atoms. Classes of stereoiso¬ 

mers include geometric isomers, conformational isomers, and configura¬ 
tional isomers. 

2. The energy difference between geometric isomers is estimated as 

an enthalpy difference, AH°. The energy required to accomplish an inter- 

conversion of geometric isomers is that required to overcome a barrier to 

reaching the highest-energy intermediate, the transition state, along the re¬ 

action coordinate. The energy of activation (AH*) defines the energy dif¬ 

ference between the starting state and the transition state. 

3. Conformational isomers are interconverted by rotations about a 
bonds. 

4. Eclipsed and staggered conformations differ with respect to tor¬ 

sional strain caused by electron repulsion. The staggered conformation of 

ethane is more stable than the eclipsed conformation by about 2.8 kcal/mole. 

5. The most stable staggered conformation of butane is favored by 

about 5-7 kcal/mole over the least stable, eclipsed conformation. 

6. The energies of various staggered conformations may differ because 

of different steric interactions resulting from van der Waals repulsions. The 

actual energy of a conformation depends on the dihedral angle separating 

bulky substituents. A gauche isomer is one in which there is a 60° dihedral 

angle between carbon substituents; in an anti isomer there is a 180° dihe¬ 

dral angle. The energy difference between gauche- and anti-butane is about 

0.9 kcal/mole, and the energy barrier for interconversion between these iso¬ 
mers is about 3.4 kcal/mole. 

7. Conformational equilibria for cyclohexane and other cyclic satu¬ 

rated compounds are also governed by torsional and steric interactions. For 

cyclohexane, torsional strain is minimized in the chair conformation. The 

alternative boat and twist-boat conformations have fully or partially eclipsed 

bonds, and therefore appreciable torsional strain. 

8. Ring-flipping from one chair conformation of cyclohexane to an¬ 

other has the effect of converting each axial substituent into an equatorial 

one, and vice versa. The axial substituents are destabilized by 1,3-diaxial in¬ 

teractions, whereas equatorial groups are not. Therefore, those conformers 

whose large substituents are in equatorial positions are most stable. 

9. Chirality is a characteristic of molecules that lack a mirror plane. 

Such molecules usually have a center of chirality. An sp3-hybridized atom 

bearing four different substituents constitutes a center of chirality. 

10. Stereoisomers that are mirror images of each other are called enan¬ 

tiomers, and stereoisomers that are not mirror images are called diastere- 

omers. 

11. Enantiomers differ with respect to the direction of rotation of 

plane-polarized light and how they interact with other chiral molecules, but 

otherwise enantiomers have identical physical and chemical properties. 

Diastereomers have different physical and chemical properties. 
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12. Diastereomers can be separated by physical and chromatographic 

methods; enantiomers are usually resolved bv a process that converts the 

enantiomers into diastereomers, which are then separated. Reversal of the 

reaction used to form the diastereomers then regenerates the starting ma¬ 

terials in optically pure form. 

13. A chiral molecule is optically active—that is, it rotates plane-po¬ 

larized light by a value characteristic of that particular compound. This spe¬ 

cific rotation can be used to gauge optical purity of a sample by compari¬ 

son with the observed rotation. 

14. There are several methods for uniquely identifying an enantiomer. 

The absolute configuration of a specific enantiomer is specified by the use 

of the Cahn-Ingold-Prelog rules. Alternatively, the designations ( + ) and 

( —) or d and / can be used to indicate the direction of rotation of the 

plane of polarized light for a given compound. However, there is no direct 

connection between the (±) designation or the d,l designation and the 

absolute arrangement specified by the R,S designation. 

15. A stereoisomer bearing centers of chirality but having a mirror 

plane is optically inactive and is called a meso compound. 

16. For a molecule with n centers of chirality, there are in principle 2" 

possible stereoisomers (but the number of meso compounds must be sub¬ 

tracted). 

17. Two methods can be used for three-dimensional representations of 

molecules: Newman projections and Fischer projections. Newman projec¬ 

tions show conformational relations (those resulting from rotation about 

a bonds) and can effectively illustrate the dihedral angles between sub¬ 

stituent groups about cr bonds. Fischer projections enable us to recognize 

the existence of mirror planes within molecules; they are a convenient means 

of representing the stereochemical relations of molecules containing mul¬ 

tiple centers of chirality. 

18. Although optical activity is encountered at atoms other than sp3- 

hybridized carbon (for example, in allenes, quaternary ammonium salts, 

and sulfur and phosphorus compounds), its occurrence is relatively rare. 

Review of Reactions 

Photochemical trans-cis Isomerization 

Acid-Base Reaction 

RC02H + RNH2 ?=± RC02e + RNH3® 

Review Problems 

5.1 Crotonic acid, CTtyCH^CHCOiH, a compound found in Texas clay and 
formed by the dry distillation of wood, exists as the E isomer. Draw a correct 
geometric representation of this molecule. 



271 5.2 (a) Draw Newman projections, visualizing down the C-2—C-3 bond, of the 
most stable and least stable conformations of 2,3-dimethylbutane. (b) Using the 
values in 'fable 5.1, calculate the energy difference between these conformers, and 
estimate the equilibrium ratio of the most stable to the least stable. 

5.3 Draw an approximate potential-energy diagram to describe a 360° rotation 
about the C-2—C-3 bond of 2,2,3,3-tetramethylbutane. 

5.4 The preference of a methyl group for an equatorial rather than an axial posi¬ 
tion on cyclohexane is related to the number of gauche interactions in these two 
isomers. Draw a three-dimensional representation of 1-methylcyclohexane in its 
preferred conformation and in the conformation attained by flipping the ring. 
Then draw a Newman projection for each conformer, visualizing down the 
C-l—C-2 bond. From the structures, count the number of gauche and anti inter¬ 
actions that are like those considered in this chapter for butane. 

5.5 Explain in each case why the indicated isomer is the more stable one. 

(a) trans- 1,2-dimethylcyclohexane is more stable than the cis isomer 

(b) cis- 1,3-dimethylcyclohexane is more stable than the trans isomer 

(c) trans- 1,4-dimethylcyclohexane is more stable than the cis isomer 

5.6 For the following substituted cyclohexanes, label each substituent as axial or 
equatorial. If a ring-flip will produce a more stable conformation, draw a three- 
dimensional representation of that conformation. 

5.7 Despite the usual preference for equatorial positions for substituents on 
chair cyclohexanes, 2-hydroxypyran exists predominantly in a chair conforma¬ 
tion with the hydroxyl group axial. Draw this conformation, indicating the direc¬ 

tionality of the lone pairs on oxygen. 

2-Hydroxypyran 

5.8 For each center of chirality in the following molecules, assign an R or S con¬ 
figuration according to the Cahn—Ingold—Prelog rules. 

CH2OH (c) 
H02C 

co2h 

H NH, 

Aspartic acid 

Review Problems 

Ascorbic acid 

(vitamin C) 

HO 

H OH 

a-o-Glucose 
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(d) \ 
N 

Quinine 

(f) 

H- 

H0- 

H- 

CHO 

OH 

-H 

-OH 

CH2OH 

Xylose 

5.9 Draw a Fischer projection that represents each of the following compounds: 

(a) (S)-2-pentanol (d) (i?)-3-methylheptane 

(b) (jR)-serine, HOCH^CHlNH^jCOOH (e) (2f?,3i?)-dihydrox)rbutane 

(c) (S)-glyceraldehyde (2-hydroxypropanal) (f) n!eso-2,3-dihydroxybutane 

5.10 For each of the following pairs of structures, identify the relation between 
them. Are they enantiomers, diastereomers, structural isomers, or two molecules 
of the same compound? 

(h) 



5.11 The basic structure of cholesterol, the principal sterol found in all mam¬ 
mals, is shown here. Identify all centers of chirality, and calculate the number of 
possible stereoisomers. 

Supplementary Problems 

5.12 Use the following reaction profile for the conversion of compound A to 
compound C through B to determine: 

(a) whether A, B, or C is the most stable chemical species 

(b) whether the reaction requires or releases energy 

(c) the activation energy for the reaction 

(d) whether B is a reactive intermediate or a transition state 

5.13 Name the compound represented by each of the following Newman 
projections: 

5.14 Estimate the energy difference between A and B as 0-0.5 kcal/mole, 0.5-1.5 
kcal/mole, or > 2 kcal/mole for each equilibrium concentration ratio: 

(a) iAU 
[B] 

(b) 
[A]  

[B] 
(c) 

IAL 
[B] 

= 10 (d) 
]A|_ 

[B] 
= 100 
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5.15 Draw Newman projections to represent each of the following conformers: 

(a) gauche conformer of hexane, visualized down the C-3—C-4 bond 

(b) anti conformer of pentane, visualized down the C-2—C-3 bond 

(c) eclipsed conformer of butane, visualized down the C-2—C-3 bond 

(d) chair conformation of methylcyclohexane with the methyl group in an axial 
position 

(e) boat conformation of methylcyclohexane with the methyl group in an equa¬ 
torial position 

5.16 Draw a three-dimensional representation of each of the following com¬ 
pounds and its ring-flipped conformer: 

(a) czs-l,3-dimethylcyclohexane (c) methylcyclobutane 

(b) mms-1,2-dichlorocyclohexane 

5.17 Provide a complete name, including assignment of absolute configuration 
to any centers of chirality, for each of the following compounds: 

5.18 Determine whether each compound in Problem 5.17 is optically active. 
Draw the enantiomer of each optically active compound. For each optically inac¬ 
tive compound, determine why it is inactive (no center of chirality or a meso 
compound). 

5.19 For each of the following compounds, identify any centers of chirality, and 
calculate the number of possible optical isomers: 

CH3 

N 

Ceftriaxone 

N 
OH 

O 

(b) 
OH 

N- 

h2n n 

co,h 

H 

Dihydrofolic acid 
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Gramicidin A 

5.20 For each of the following compounds, assign absolute configuration to each 
center of chirality: 

5.21 Calculate the observed rotation expected in each of the following situa¬ 
tions, assuming that a standard 1-dm cell is used. 

(a) Ten grams of a 75:25 mixture of enantiomers is dissolved in 100 mL of sol¬ 
vent. The major enantiomer has a specific rotation of +100°. 

(b) Ten grams of a 50:50 mixture of enantiomers is dissolved in 100 mL of sol¬ 
vent. The enantiomers have specific rotations of +100° and —100°. 

(c) Ten grams of a 75:25 mixture of enantiomers is dissolved in 100 mL of sol¬ 
vent. The major enantiomer has a specific rotation of —50°. 

(d) Ten grams of a 9:1 mixture of enantiomers is dissolved in 100 mL of solvent. 
The major enantiomer has a specific rotation of +200°. 

5.22 Can the following pairs of compounds be separated in theory? By chroma¬ 
tography on an achiral support? Only by resolution? Not at all? 
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5.23 Draw Newman projections viewed along the N—O bond to represent the 
possible conformations of hydroxylamine, H2N—OH. From what you know 
about conformational analysis, speculate on the relative stabilities of these 
structures. 

5.24 Draw sawhorse representations of the following conformations of ethanol: 

5.25 At room temperature, the anti conformer of butane is more stable than the 
gauche conformer by a little less than 1 kcal/mole. This leads to an equilibrium 
constant of about 4.6 favoring the anti isomer. As the temperature is raised, will 
the value of this equilibrium constant increase or decrease? Explain. 

5.26 The NMR spectra on the opposite page were obtained for a compound 
with the molecular formula CgH180. It is known to be one of the following 
compounds: 

HO 

E 

Select the structure that best corresponds to the spectral data. Then explain how 
the structure is consistent with the compound (that is, which structural subunits 
are responsible for which resonances). {Hint: It is often easier and quicker to de¬ 
cide which structures do not fit the data and exclude these.) 
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'H NMR spectrum of C8HI80 
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13C NMR spectrum of C8H180 





Understanding 
Organic Reactions 

In the Diels-Alder reaction, a 

diene and an alkene combine 

to form a single product, first 

passing through a highly orga¬ 

nized transition state, like this, 

in which the new bonds be¬ 

tween the starting materials 

are shown in green. 



( i\l ow that you have some knowledge of the structure of organic mole- 

V cules, we will turn to their reactions. In particular, we will consider 

some general principles that help explain why certain reactions proceed and 

others do not. We will also look at what controls the rates of reactions and 

how the structure and reactivity of a molecule are related. It is helpful to 

look at the driving forces that cause a given reaction to occur, such as the 

changes in energy content of products versus reactants (thermodynamics) 

and the pathway and rate by which the molecules become transformed from 

reactants to products (kinetics). 

6.1 
189*3 

Reaction Profiles (Energy Diagrams) 

To visualize the progression from reactant to product, we can construct a 

reaction profile (also called an energy diagram) by plotting the change in 

potential energy as the reaction proceeds, just as we did for conformational 

interconversions in Chapter 5. The measure of how far a reaction has pro¬ 

ceeded is called the reaction coordinate. For example, the reaction coordi¬ 

nate can follow how far a critical bond that is breaking in the reaction has 

stretched or how much a bond angle has expanded as an atom rehybridizes 

its orbitals from sp3 to sp2 as the reaction occurs. 

Free Energy 

The energy content of a molecule is usually expressed as its free energy. 

Free energy (AG°) is a measure of the potential energy of a molecule or 

group of molecules, and it is partitioned between enthalpy (AFP) and en¬ 
tropy (AS°): 

AG° = AFP — TAS° (1) 

Although free energy (AG°) has both enthalpy (AFP, bond energies) and 

entropy (AS°, disorder) components, most organic reactions proceed with 

only very small entropy changes, when the number of moles of products 

equals the number of moles of reactants. Therefore, potential energy (ffee- 

energy) changes can often be approximated by enthalpy changes. Enthalpy 

relates to bonding (bond energies), whereas entropy relates to the degree 

to which a molecular system is ordered. As the amount of disorder increases, 

entropy increases. The entropy contribution to free energy depends on tem¬ 

perature, because AS° is multiplied by the temperature T (in kelvins). As 

the temperature increases, the TAS° term becomes larger and can some¬ 
times dominate over the AFP term. 

Thermodynamics: Initial and Final States 

Thermodynamics and kinetics are important factors in describing how 

various energy components affect reactions. Thermodynamics focuses on 

the relative energies of the reactants and products, whereas kinetics de¬ 

scribes the rate at which a reaction proceeds. For a reaction to be practical, 

thermodynamics must favor the desired product and the reaction rate must 

be fast enough, not only for the reaction to be complete within a reason¬ 

able time but also for it to win out over competing reactions. 280 
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FIGURE 6.1 

Potential energy diagram for an exothermic reaction. 

6.1 Reaction Profiles 
(Energy Diagrams) 

We can use reaction profiles to compare the thermodynamic changes 

for various types of reactions—that is, compare the reactants and the prod¬ 

ucts. When free energy is released in a reaction, the conversion is said to be 

exergonic and the reaction will proceed to product. When entropy changes 

are negligible (as is common in many organic reactions), the reaction is said 

to be exothermic if energy is released (if the total bond energy content of 

the products is lower than that of the reactants, Figure 6.1). 

Several values occur repeatedly on energy diagrams. The change in en¬ 

ergy from starting material to product is AH°, and for exothermic reactions, 

A H° < 0. Two other important values are: AHf, or the activation energy 

barrier for the forward reaction (that is, the energy difference between start¬ 

ing material and transition state), and AH$, or the activation energy bar¬ 

rier for the reverse reaction (the energy difference between product and 

transition state). 
When free energy must be supplied to drive a reaction, the conversion 

is said to be endergonic. The term endothermic describes a reaction in 

which the bond energy content of the products is higher than that of the 

reactants (and the change in entropy is small compared with the change in 

enthalpy, Figure 6.2). A thermoneutral reaction is one in which the reac¬ 

tants and the products have the same energy content (Figure 6.3). 

FIGURE 6.3 

Potential energy diagram for an endothermic reaction. Potential energy diagram for a thermoneutral reaction. 
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Kinetics: The Reaction Pathway 

The rate of a reaction increases when heat is applied by increasing the 

temperature or energy is otherwise added to the system (a concept clear to 

anyone who has grilled a steak or baked a cake). For a very large number 

of reactions, the rate of reaction also increases as the concentration of the 

reactants increases. Kinetic theory is the result of the desire to explain these 

observations. The temperature (energy) dependence of reactions is ex¬ 

plained in terms of transition state theory, described in Section 6.3; the de¬ 

pendence of reaction rates on the concentration of reactants is examined 

in Section 6.9. 
An explanation of these experimental observations requires a consid¬ 

eration of the pathway—the molecular processes—by which reactants are 

converted to products. A reaction can proceed in one step from reactant to 

product—that is, as a concerted reaction—or through a sequence of steps 

that includes the formation of one or more intermediates. The nature of 

these species formed along the course of the reaction profile and the ease 

of their formation determine the rate at which a reaction proceeds. 

The Transition State 

When a reactant is converted directly to product in one step, the reac¬ 

tion profile appears as a smooth curve connecting reactants and products. 

Thus, the energy diagrams in Figures 6.1 through 6.3 describe concerted re¬ 

actions. The top of the smooth curve that connects reactants and products 

in a concerted reaction corresponds to the transition state of the reaction. 

A transition state is the species of highest energy along the reaction path¬ 

way. Because the transition state is at an energy maximum, it is very un¬ 

stable and has only a transient existence. 

The energy required to reach the transition state from the reactant en¬ 

ergy minimum is defined as the activation energy (sometimes written as 

Tact) • The activation energy is a free-energy term with contributions from 

both enthalpy and entropy components. However, the activation energy can 

often be approximated by the enthalpy of activation (AH*) encountered 

in reaching the transition state in reactions in which entropy changes are 

small. In the conversion of a reactant to a product, enough energy must be 

supplied to reach the transition state and thus to overcome the barrier sep¬ 

arating these species. The higher the activation energy of a reaction, the 

more difficult it is to reach the transition state and the slower the reaction. 

The barrier is thus often called the activation energy barrier, an expres¬ 

sion used interchangeably with activation energy. In a thermoneutral reac¬ 

tion, the activation energy barriers for the forward (AH*) and reverse 

(AHf) processes are identical, as shown in Figure 6.3. In an exothermic re¬ 

action (Figure 6.1), the activation energy barrier for the forward reaction 

is lower than for the reverse reaction; the reverse is true of an endothermic 

reaction (Figure 6.2). 

For exothermic and thermoneutral reactions, there is not necessarily a 

connection between the enthalpy change in the reaction (AH°) and the ac¬ 

tivation energy (AH*). On the other hand, we know that the activation en¬ 

ergy of an endothermic reaction must be at least as large as AH°. This is an 

important relationship because it establishes a minimum energy of activa¬ 

tion for an endothermic reaction, which cannot be done for thermoneutral 
and exothermic reactions. 
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THERMODYNAMICS AND KINETICS IN EVERYDAY LIFE 

By now you probably have had your first exam in this course. Perhaps you 
put off studying until the last minute, in which case you were experiencing 
an activation energy barrier” to getting started. Once started, however, you 
may have forged ahead, dedicating yourself with gusto to the task, having 
found yourself galvanized by the release of energy in the transition from pro¬ 
crastination to study. 

As you continue in this course, set aside 1 to 1!/2 hours every day to read 
the text, study your notes, and work the exercises and problems. (Take off 
one day of your choice each week to relax.) You will be rewarded for your 
good study habits because you will find that reviewing for your next exam 
will be much easier. Honest. 

6.1 Reaction Profiles 
(Energy Diagrams) 

Reactive Intermediates 

A reaction that takes place in several stages includes the formation of 

one or more reactive intermediates—species that exist at the bottom of a 

potential-energy well and thus have a real-time existence. Unlike a transi¬ 

tion state, an intermediate must overcome some energy barrier, however 

small, before it can follow the reaction pathway and proceed onward to 

product (or backward to starting material). It is these barriers that give the 

intermediate a measurable lifetime and form the walls of the energy well in 

the reaction profile. The intermediate thus exists at an energy minimum. 

In the reaction profile in Figure 6.4, a reactant, R, is converted to a prod¬ 

uct, P, through an intermediate, I, in a transformation that is exothermic 

overall. From this plot, we can follow the change in energy as the reaction 

progresses. In this case, there is an intermediate, I, of higher energy than ei¬ 

ther the reactant or the product. Because the entire reaction in Figure 6.4 

(R P) takes place in two steps (R —> I and I —> P), it can be broken down 

A step-by-step (nonconcerted) reaction, showing transition states 1 and 2. 
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TV® II 

#10 Tautomerization 

into two simpler reactions: an endothermic step for R —> I and an exother¬ 

mic step for I —» R Neither step involves an intermediate, so each is a con¬ 

certed reaction. 

EXERCISE 6.1 

Draw a reaction profile representing each of the following situations: 

(a) an exothermic reaction with a small activation barrier 

(b) an exothermic reaction with a large activation barrier 

(c) an endothermic reaction with a small activation barrier 

(d) a thermoneutral reaction with a large activation barrier 

6.2 

Thermodynamic Factors 

Free energy has both enthalpy (bond energy) and entropy (disorder) com¬ 

ponents. Enthalpy changes are almost always important in chemical reac¬ 

tions, but entropy changes are usually significant in organic reactions only 

when the number of product molecules differs from the number of reac¬ 

tant molecules. Let’s consider some examples of reactions that illustrate the 

significance of enthalpy and entropy changes. 

Enthalpy Effects: Keto-Enol 
Tautomerization 

As you encounter new reactions, it will be important to understand why 

the reactions proceed in one direction—for example, from A to B—rather 
than vice versa. 

The direction of a reaction is determined by thermodynamics—reactions 

proceed toward the more stable species. For a simple reaction, we can de¬ 

termine whether A or B is more stable by contrasting the strengths of the 

bonds that must be broken with those that are formed as a reactant is con¬ 

verted to product. When the relevant bond energies are known, the calcu¬ 

lation of the heat of reaction is straightforward. If the new bonds formed 

in the product(s) are stronger than those that must be broken in the reac¬ 

tants), the reaction is exothermic and, consequently, thermodynamically 

favorable. The same kind of calculation can be used for multistep reactions, 

because only the relative energies of the starting material(s) and final prod¬ 

ucts) determine the overall thermodynamics of the reaction. We cannot 

learn from these calculations anything about reaction rates, which are gov¬ 

erned by the energies of transition states rather than the energies of reac¬ 
tants or products. 

Let’s consider a specific example. Upon treatment with base (often an 

alkoxide ion), a proton can be removed from the a position of a carbonyl 
compound: 
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h3c 

H 

Oe 

H 

Carbonyl compound Base Enolate anion resonance contributors 

6.2 Thermodynamic 
Factors 

In the enolate anion formed, two chemically different sites bear a partial 

negative charge, as indicated by the resonance contributors. It is therefore 

possible to reprotonate at either of these sites (that is, at carbon or at oxy¬ 

gen) to form two distinct products (Figure 6.5). When reprotonation oc¬ 

curs at carbon, the original carbonyl compound is formed again. When re¬ 

protonation occurs at oxygen, an enol is generated, so named because of 

the presence of a hydroxyl group attached to a doubly bonded carbon 

(alkene). An isomerization proceeding via deprotonation at the C—H bond 

adjacent to a carbonyl group and protonation at the carbonyl oxygen is 

called a keto-enol tautomerization. The keto and enol forms shown in 

Figure 6.5 are tautomers because they differ only with respect to the posi¬ 

tion of an acidic hydrogen. 

Enolate anion 
Carbonyl compound 

(a ketone) 

FIGURE 6.5 
mmmmmmmm--- 
Protonation of an enolate anion forms either an enol (attachment of the 
proton to oxygen) or a carbonyl compound (attachment of the proton 
to carbon). The interconversion between a ketone and its enol form is 

tautomerization. 

In this case, a hydrogen atom is shifted from one atom (carbon) to an¬ 

other atom (oxygen) that is two atoms away (a 1,3-shift), and the process 

is specifically referred to as proton tautomerization. 

Carbonyl compound 

H 

Enol 
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Proton tautomerization can be induced by treatment with acid or base. With 

base, the a carbon is deprotonated in the first step, producing an enolate 

anion that is reprotonated at oxygen in a second step. With acid, the car¬ 

bonyl oxygen is protonated in the first step, with removal of the a hydro¬ 

gen occurring in the second step (Figure 6.6). 

Acid-Catalyzed 

Base-Catalyzed 

r^n—oh 

FIGURE 6.6 

Protonation is followed by deprotonation in the conversion of a ketone to 
an enol in the presence of acid. The sequence is reversed in the presence of 
base. 

We can use bond strengths to determine whether the keto or enol form 

dominates this tautomeric equilibrium: 

179 kcal/mole 
H .99 kcal/mole 

111 kcal/mole 

86 kcal/mole 

83 kcal/mole ^ fj H 146 kcal/mole ^ H 

179 + 83 + 99 = 361 
-343 = 86 + 146 + 111 
+ 18 kcal/mole 

The ketone has a carbon-oxygen double bond, whereas the enol has a car¬ 

bon-oxygen single bond (179 versus 86 kcal/mole, Table 3.2). The ketone 

has a carbon-carbon single bond, whereas the enol has a carbon-carbon 

double bond (83 versus 146 kcal/mole). The ketone has a carbon-hydro- 

gen bond, whereas the enol has an oxygen-hydrogen bond (99 versus 111 

kcal/mole). All other bonds are the same in the two species. In total, as 

shown above, the bonds of the ketone are stronger than those of the enol 

by 18 kcal/mole. Thus, the ketone is more stable and is the dominant species 
at equilibrium. 
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Referring to the bond strengths in Table 3.2, predict whether each of the following 
reactions is endothermic or exothermic: 

(c) + Br2 ■» + HBr 

EXERCISE 6.3 

Write the structure of a tautomer for each of the following compounds: 

6.2 Thermodynamic 
Factors 

Entropy Effects: The Diels-Alder Reaction 

The entropy changes of most organic reactions are smaller than the en¬ 

thalpy changes. As a result, the change in free energy, AG°, can be approx¬ 

imated using only the enthalpy contribution, AH°. One exception is the 

Diels-Alder reaction, in which two hydrocarbon reactants combine to form 

a cyclic product without proceeding through any intermediate that can be 

isolated, or even inferred from experimental data. In its simplest form, the 

Diels-Alder reaction combines butadiene with ethylene to form cyclohex¬ 

ene. However, you will learn in Chapter 10 that higher yields are obtained 

if one reactant is substituted with an electron-withdrawing group. 

Butadiene Ethylene Cyclohexene 
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Partial bonds being formed and broken in the transition state are indicated 

by dashed lines. Because the Diels-Alder reaction is concerted, it does not 

include the formation of an intermediate. The structure in brackets, be¬ 

tween the reactants and product, is a transition state that has no real-time 

existence. The progression of this reaction is indicated by the full-headed 

curved arrows showing the motion of each electron pair as the 77 electrons 

of each reactant are delocalized in the cyclic, conjugated transition state. 

The rules for determining aromaticity explained in Chapter 2 also apply to 

transition states; because the transition state of the Diels-Alder reaction in¬ 

volves six electrons (4n + 2), it is stabilized. 

The reactants have a total of four carbon-carbon a bonds (three in bu¬ 

tadiene and one in ethylene) and three carbon-carbon tt bonds (two in bu¬ 

tadiene and one in ethylene). The product has six carbon-carbon a bonds 

in the carbon skeleton and one carbon-carbon tt bond. Therefore, two car¬ 

bon-carbon 77 bonds have been converted into two u bonds. Because the 

average bond strength of a carbon-carbon tt bond is lower than that of a 

carbon-carbon crbond by 20 kcal/mole (63 versus 83 kcal/mole), the change 

in bond energies, AH°, is —40 kcal/mole. The Diels-Alder reaction is highly 

exothermic. 

But what is the contribution of entropy to the free-energy change in 

the Diels-Alder reaction? Two molecules are converted into one, and thus 

the reaction is disfavored by entropy. The effect of entropy on the change 

in free energy is usually small compared to that of enthalpy (AG° = AH° — 

TAS°); however, in this reaction, the relative rotational and translational 

freedoms of the two reactants do not exist in the product. 

As a specific example, let’s consider the reaction of cyclopentadiene with 

itself in a Diels-Alder reaction to form dicyclopentadiene, an important 

component of many polymers: 

Cyclopentadienes Dicyclopentadiene 

The product is somewhat atypical of those formed in many Diels-Alder re¬ 

actions, because there is significant strain in its tricyclic ring structure. Thus, 

the change in bond energies is only -18.4 kcal/mole, not the -40 kcal/mole 

that we just calculated based on the net conversion of two carbon-carbon 

77 bonds to two carbon-carbon a bonds. The entropy change that accom¬ 

panies the reaction ( + 34 cal/K) contributes +10.2 kcal/mole at room tem¬ 

perature (TAS°), and thus AG° is -8.2 kcal/mole (-18.4 kcal/mole + 10.2 

kcal/mole). Even with this relatively small value of AG°, the product is fa¬ 

vored in the equilibrium by ~ 106:1. The contribution of entropy to AG° 

is temperature-dependent and increases at higher temperatures. However, 

to increase the contribution of entropy to the point where it exceeds that 

of enthalpy—and thus invert the equilibrium in this Diels-Alder reaction— 

would require a temperature in excess of 270 °C. 
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CRACKING DICYCLOPENTADIENE 

A convenient method for preparing cyclopentadiene is from dicyclopenta- 
diene, an inexpensive bulk chemical. Simply heating dicyclopentadiene in a 
distillation apparatus to a temperature near its boiling point (170 °C) results 
in a reverse, or retro, Diels-Alder reaction, and cyclopentadiene collects in 
the receiver of the apparatus. The equilibrium between dicyclopentadiene 
and cyclopentadiene favors the former at this temperature, but the reaction 
is effectively reversed because of Le Chatelier’s principle. Cyclopentadiene 
rapidly distills from the dimer and is thus removed from the equilibrium, 
because its boiling point (42 °C) is substantially below that of the distilla¬ 
tion pot. 

Dicyclopentadiene is prepared commercially from cyclopentadiene, 
which itself is prepared by passing gaseous cyclopentane over transition metal 
oxides on an alumina support. (The other product is H2.) 

Entropy’s effect on the activation energy can be significantly larger than 
its effect on the change in free energy of the reaction. For an exothermic 
reaction such as the Diels-Alder reaction, the transition state resembles the 
starting materials. (See the discussion of the Hammond postulate in the 
next section.) Thus, there is little bond making and bond breaking at the 
transition state, as can be seen by the long forming bonds (shown in green) 
in the transition state for the Diels-Alder reaction of cyclopentadiene with 
maleic anhydride. On the other hand, the organization of the two reactant 
molecules required to form one product molecule is fully developed at the 
transition state, and the negative contribution of entropy to the activation 
energy is maximal and the same as that in the overall reaction (AS* = AS°). 

O 

Cyclopentadiene Maleic 
anhydride 

EXERCISE 6.4 __ 

Calculate the entropy change (in cal/K) that would be necessary to reverse a reac¬ 
tion A + B —> C for which AH° at room temperature is: 

(a) — 1 kcal/mole (b) -3 kcal/mole (c) -lOkcal/mole 

6.2 Thermodynamic 
Factors 

' 
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Organic Reactions Characterizing Transition States: 

The Hammond Postulate 

A transition state has only a transitory existence because it represents the 

energy maximum along a reaction pathway. No additional energy is required 

for the changes that occur as the transition state proceeds to the product 

(or reverses to the starting material), and, indeed, energy will be released. 

Transition states have no real lifetime, and there are no physical techniques 

by which they can be directly characterized. As a result, chemists must in¬ 

fer the transition state’s structure by relating it to the stable (or metastable) 

species to either side of it on the reaction pathway. The validity of this view 

cannot be rigorously proven, but it is logical. Bonds broken in the reaction 

must be only partially broken at the transition state, and the same is true 

for bonds formed. Thus, the transition state will have characteristics of the 

starting material imparted by the partial bonds still present and character¬ 

istics of the product imparted by the partially formed bonds. 

The degree to which the starting material and product of a reaction 

contribute to the structure of the transition state was set forth by George 

Hammond, a noted American chemist. According to the Hammond pos¬ 
tulate, a transition state most closely resembles the stable species that lies clos¬ 

est to it in energy. Thus, the Hammond postulate asserts that, in an en¬ 

dothermic reaction, the transition state is more similar to the product than 

to the reactant, and in an exothermic reaction, the transition state is more 

similar to the reactant. These transition states are referred to as late (prod- 

uct-like) and early (reactant-like), respectively, to indicate how far along the 
reaction coordinate each one lies. 

Let’s consider how the geometries of the two transition states in a two- 

step reaction like that depicted in Figure 6.4 might resemble that of either 

the reactant or the product. We start by dividing the reaction into the R —> 

I and the I —» P steps. Because the R —»■ I conversion is endothermic, the 

transition state between R and I closely resembles the “product” of that step 

of the reaction—the intermediate, I. Because the second step is highly 

exothermic, the Hammond postulate tells us that its transition state more 

closely resembles the “reactant” of the second step—that is, the intermedi¬ 

ate, I—than the final product, P. Thus, if we wish to understand the step- 

by-step conversion of R to P, it is essential that we understand intermedi¬ 

ate I, because both transition states in this two-step reaction more closely 

resemble the intermediate, I, than either the reactant, R, or the product, P. 

EXERCISE 6.5 

Consider the reaction of an alcohol, ROH, with a hydrogen halide, HX: 

ROH + HX —^ RX + HOH 

From the bond energies given inside the back cover of this book, calculate the en¬ 

ergy changes for the reaction when X = (a) Cl, (b) Br, and (c) I. For each, state 

whether the reaction is endothermic, exothermic, or thermoneutral. 
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6.4 Types of Reactive 

Types of Reactive Intermediates intermediates 

Knowledge of the molecular and electronic structures of the most common 

organic intermediates will help you understand how reactions occur. In 

some multistep reactions, the intermediate is sufficiently stable to be iso¬ 

lated. However, more frequently the intermediate is highly energetic and re¬ 

active. If it cannot be isolated, the intermediate must be characterized in¬ 

directly, either by spectroscopic methods or by piecing together inferences 

from a series of experiments. Common intermediates in organic reactions 

include carbocations, radicals, carbanions, carbenes, and radical ions. 

Because a reactive intermediate is by definition relatively unstable, its 

concentration in the reaction medium is often quite low. Thus, most of the 

spectroscopic techniques covered in Chapter 4 are not appropriate for ex¬ 

amining reactive intermediates. The exceptions are visible and ultraviolet 

spectroscopy, whose inherent sensitivity allows them to be used to detect 

very low concentrations. Also, the presence of ketyls (radical anions of ke¬ 

tones) can be detected readily by their intense absorption of visible light. 

For example, adding sodium to a solution of benzophenone in ether gen¬ 

erates the ketyl, which is deep blue in color. Unfortunately, ultraviolet and 

visible spectroscopy do not provide the rich structural detail afforded by 

infrared and especially 13C and 'H NMR spectroscopy. 

Carbocations and Radicals 

Recall from Chapter 3 that both a carbocation and a radical contain a 

carbon atom bearing three substituents in a trigonal planar arrangement 

(Figure 6.7). The sp2-hybridized atom in a carbocation or radical is elec¬ 

tron-deficient (compared with carbon’s valence-shell requirement), and the 

stability of these intermediates is increased by substitution with alkyl 

groups. For both carbocations and radicals, the observed order of stability 

is tertiary > secondary > primary > methyl. 

Carbocation Radical Carbanion 

FIGURE 6.7 

The three-dimensional structures of a carbocation, a radical, and a carbanion. 

Carbanions 

Like a carbocation or a radical, a carbanion often has three a bonds, 

but it also bears an unshared electron pair (Figure 6.7) and is not electron- 

deficient because its valence shell is filled. [One way to prepare carbanions 
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A FOUNTAIN OF YOUTH FOR FLEAS 

Controlling fleas can be a constant nuisance to pet 
owners, especially those with cats and dogs that like 
to roam outside. And fleas aren’t easy to kill manual¬ 
ly, as their “skin” is really a tough exoskeleton made 
up primarily of chitin (a complex polysaccharide 
that also forms the outer shell of cockroaches). 
Pesticides, while effective in killing adult fleas, don’t 
kill the eggs, and so repeated treatments must be 
made of both the animal and the home. 

For some years, Sandoz (primarily a manufac¬ 
turer of pharmaceuticals) has been marketing (S)- 
methoprene (Precor), a synthetic compound that 
mimics the action of a natural flea-growth regulator 

known as a juvenile hormone. Juvenile hormones are 
important in the development of many insects; such 
a hormone regulates the transition from one state to 
another—from larval to pupal stages, for example. 
When treated with Precor, the larvae never develop 
further and eventually starve to death. (Note that 
Precor is a doubly unsaturated ester.) 

(S)-Methoprene (Precor) 

Yet another solution to the flea problem has 
been developed by Ciba-Geigy, another major phar¬ 
maceutical company. Lufenuron is a synthetic 
compound that interferes with the production of 
chitin, and thus of the flea’s exoskeleton, without 
which it cannot live. 

Cl 

Lufenuron 

is to remove a proton, H®, from a C—H bond (deprotonation) by treating 

the starting compound with a strong base. The electrons originally in the 

C—H bond then become a nonbonding lone pair on carbon.] Although 

both the electron-deficient carbocation and the radical are sp2-hybridized, 

a simple carbanion is pyramidal. With three a bonds and a lone pair, a car- 

banion is electronically similar to an amine; the carbanion and the amine 

are therefore said to be isoelectronic. Like an amine, a simple alkyl car¬ 

banion is sp3-hybridized with a doubly occupied sp3-hybrid nonbonding 

orbital directed at approximately a tetrahedral angle away from the bond¬ 

ing orbitals. Because the trigonal carbon of a carbanion bears a formal 

charge of — 1, it is often strongly associated (ion-paired) with a positively 

charged metal counterion. When the carbanionic carbon is adjacent to a 7r 

system, sp2 hybridization is preferred so that the negative charge can be dis¬ 

tributed by resonance throughout the p orbital array. Resonance structures 

are used to describe the electron distribution in the resulting conjugated 
anion. 
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Because a simple carbanion is sp3-hybridized, the carbanionic carbon 

can in principle be a center of chirality; in contrast, the carbon center of a 

carbocation or a radical, having symmetry about the plane of the carbon 

atom and its three substituents, cannot be a center of chirality. In most cases, 

however, inversion of configuration of carbanions is rapid and results in a 
racemic mixture. 
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EXERCISE 6.6 

Draw the structures of all significant resonance contributors for the anions formed 

by deprotonation of each of the following compounds. (The protons to be removed 

are shown in red.) Show the location of formal charge in each ion. 

EXERCISE 6.7 

Draw a three-dimensional structure for each of these reactive intermediates: 

(a) allyl cation, 0CH2CH=CH2 (c) cyclopropyl cation 

(b) cyclopropyl anion (d) allyl anion 

Carbenes 

Carbocations and radicals are trigonal planar, having three cr bonds at 

carbon, and carbanions are pyramidal, with three a bonds and a fourth hy¬ 

brid orbital occupied by a lone pair of electrons. Carbenes, another class 

of neutral reactive intermediates, have only two cr bonds. A carbon atom 

with two a bonds results in a geometry called digonal. For a digonal car¬ 

bon to be neutral, two nonbonding electrons must be present in addition 

to those participating in the two covalent bonds. A neutral digonal inter¬ 

mediate, a carbene, is highly electron-deficient (despite its neutrality), be¬ 

cause it lacks two electrons from the octet needed for an inert-gas config¬ 

uration. Like cations and radicals, a singlet carbene (in which the 

nonbonded electrons are spin-paired) is sp2-hybridized. In this hybridiza¬ 

tion, a p orbital is oriented perpendicular to the plane containing the two 

cr bonds and the additional sp2-hybrid orbital (Figure 6.8). The electron 

pair is generally in the sp2-hybrid orbital (rather than in the p orbital). The 

greater s character (33%) of an sp2-hybrid orbital places the electrons closer 

to the positively charged nucleus than they would be in a p orbital, making 

the former arrangement more stable. 
A molecule in the singlet state must have all electrons paired, and gen¬ 

erally two electrons of opposite spin are paired in each molecular orbital. 

(The spin state of a molecule is determined by adding one to the total num¬ 

ber of electrons that are not spin-paired.) In a singlet carbene, the elec¬ 

trons of the a bonds are paired, as are the two electrons that occupy the 

nonbonding sp2-hybrid orbital (Figure 6.8). This pair of electrons imparts 

nucleophilicity to a singlet carbene. On the other hand, there is a vacant p 

orbital that is an electrophilic center. (The vacant p orbital of the singlet 

carbene in Figure 6.8 can be compared to that of the carbocation in Figure 

Singlet carbene 

FIGURE 6.8 

Orbital occupancy in a 

singlet and a triplet car¬ 

bene. 
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TRAPPING REACTIVE INTERMEDIATES 

Although carbenes are highly reactive intermediates, 

they are sufficiently stable to be studied by spectro¬ 

scopic means if they are isolated from each other and 

from other molecules with which they might react. 

When trapped in a frozen matrix of solid argon or 

other inert species, very reactive species can be char¬ 

acterized in the laboratory by absorption or infrared 

spectroscopy. Although cyclobutadiene can be pre¬ 

pared in the laboratory in the gas phase, it reacts 

rapidly with itself to form a dimer. However, cy¬ 

clobutadiene can be frozen in argon immediately af¬ 

ter it is formed. 

The infrared spectrum of cyclobutadiene is con¬ 

sistent with a rectangular, planar structure. Thus, this 

cyclic collection of four s/F-hybridized carbon atoms 

has distinct single and double carbon-carbon bonds, 

unlike benzene, in which all of the carbon-carbon 

bonds are identical. 

The parent carbene is methylene, :CH2. 

Methylene and several other very reactive molecules 

have been found in outer space, where very low tem¬ 

peratures and the low density of molecules inhibit 

intermolecular reactions. 

6.7.) Carbenes are therefore reactive in an ambiphilic sense—that is, toward 

both electron-rich and electron-poor reagents. 

In a triplet carbene, the two nonbonding electrons have the same spin. 

Therefore, these unshared electrons occupy different orbitals, with one elec¬ 

tron in the p and one in the s/T-hybrid orbital. With two electrons in sep¬ 

arate orbitals, triplet carbenes have radical-like reactivity. 

EXERCISE 6.8 

Calculate the formal charge (see Chapter 1) of carbon in each carbene: 

(a) :CH2 (b) :CC12 ■ 

Radical Ions 

Reactive intermediates can be formed by addition or removal of an elec¬ 

tron. For example, an electron can be removed from the 7rbond of an alkene, 

resulting in a species with only one tt electron. Because the resulting struc¬ 

ture has one electron fewer than needed for neutrality, it is positively 

charged, and because it contains a single electron in one orbital, it is also a 

radical. We can write resonance contributors for this radical cation that lo¬ 

calize the odd electron on either of the two atoms of the tt system, with the 294 
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FIGURE 6.9 

6.4 Types of Reactive 
Intermediates 

Removal of an electron from an alkene produces a radical cation. 

positive charge borne formally at the other atom (Figure 6.9). (The symbol 

O is used to indicate the overall charge and odd electron of a radical cation.) 

The hybrid of these two resonance structures of the radical cation of an 

alkene has positive charge spread equally between the two carbon atoms 

and a single electron shared equally, in effect, as one-half of a 7r bond. The 

77 system has unpaired-electron character (and therefore the species behaves 

as a radical); the species is also electron-deficient (like a carbocation) and 

can therefore act as an electrophile. 

A radical anion is produced by adding an electron to an alkene, re¬ 

sulting in a structure in which three electrons must be accommodated in 

the 77 system. Two of the three electrons fill the 77 bonding orbital, and the 

third electron must be placed in the 77* antibonding orbital. Thus, we can 

no longer use a simple orbital picture (as we did for the radical cation, with 

p orbital overlap representing a tt bonding orbital) to represent the three 

electrons of the radical anion, because we need two orbitals to hold the 

three electrons. Both the bonding and antibonding orbitals are required, as 

shown in Figure 6.10. 

Antibonding 

Bonding 

+e 

FIGURE 6.10 

Addition of an electron to an alkene produces a radical anion with two 

electrons in trie 77 bonding orbital and one electron in the tt antibonding 

orbital. 
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The electron density in the anion radical is distributed equally between 

the two carbon atoms, with equal sharing of the bonding pair of electrons 

and the antibonding electron. The effect of the antibonding electron on the 

stability of the structure is opposite to that of one of the bonding electrons. 

Thus, the anion radical of an alkene has one-half of a ~ bond between the 

carbon atoms, exactly like the cation radical. 
When the rr system to which the electron is added is a carbonyl group, 

the resulting radical anion is known as a ketyl: 

A ketyl 

The two resonance structures are not the same, for in one the negative 

charge resides on the oxygen atom, and in the other it is on the carbon 

atom. Because oxygen is the more electronegative atom, these two contrib¬ 

utors are not of equal energy, and the electron density in a ketyl is polar¬ 

ized toward oxygen. As a result of the unequal contribution of resonance 

structures for this radical anion, the oxygen atom has anionic character and 

the carbon atom has radical character. 

EXERCISE 6.9 

Draw all significant resonance contributors for each radical: 

(a) benzene cation radical 

(b) naphthalene anion radical 

(c) acetone anion radical (a ketyl) 

6.5 

Kinetics: Relative Rates 
from Reaction Profiles 

In a reaction that takes place without the formation of intermediates, there 

is only a single transition state, and the energy required to reach this point 

from the starting material(s) governs the rate of the reaction. In a reaction 

that takes place in more than one step, the step in which the transition state 

is of highest energy determines the overall reaction rate. This slowest step 

is called the rate-determining, or rate-limiting, step and is the “bottleneck' 

in a sequence of steps. For a multistep transformation to occur, the transi¬ 
tion state of highest energy must be reached. 

In the reaction profile shown in Figure 6.4, the formation of transition 

state 1 is the rate-determining step. According to the Hammond postulate, 

that transition state can be approximated best by the intermediate, I, be¬ 

cause, as we have seen, the transition state lies close in energv to this inter¬ 

mediate. If a similar reaction proceeded via the same general pathway but 

through a more stable intermediate, the transition state would be lower in 

energy. Thus, the corresponding activation barrier would also be lower, and 

the reaction would proceed more rapidly. This can be seen graphically in 
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◄ 

Activation energy barriers for the formation of intermediates of varying rel¬ 
ative stabilities. 

the three curves in the energy diagram in Figure 6.11. The more stable the 

intermediate, the more stable is the transition state from which it is formed. 

The reaction leading to the red intermediate is faster than that leading to 

the blue, which in turn is faster than that leading to the black. We will find 

exceptions to this trend that the more exothermic (or less endothermic) re¬ 

action will have the lower activation energy, but, in general, it is a good rule 

of thumb. 

EXERCISE 6.10 

Draw energy diagrams for three similar reactions that proceed in a single exother¬ 
mic step to three products, each of different energy. Using transition-state theory 
(the transition state is related to both starting material and product), determine 
the energy differences in the transition states and thus which reaction will be fastest 
and which slowest. Use the Hammond postulate to determine if the difference in 
rates will be the same, larger, or smaller than it would be if the reactions were all 
endothermic. 

EXERCISE 6.1 1 

Identify the rate-determining step from each of the following reaction profiles: 

6.5 Kinetics: Relative 
Rates from Reaction 

Profiles 

Reaction coordinate 
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6.6 

Kinetic and Thermodynamic Control 

A study of the changes in bond energy that accompany the conversion of a 

starting material to a product provides information about AH°, but not 

about the energy of the relevant transition state or any possible reactive in¬ 

termediates. Nonetheless, as we study various reactions, you will learn em¬ 

pirically (that is, from experimental observations) which reactions are rapid 

and which are slow. Such observations can be extrapolated (within limits) 

to predict rates for similar reactions. 

Reactions are generally considered to take place under either kinetic or 

thermodynamic control. This distinction is based on the extent to which 

the reverse reaction (from product to reactant) takes place under the spec¬ 

ified reaction conditions. If the reverse reaction is rapid, equilibrium is es¬ 

tablished quickly. If equilibrium is reached rapidly, the reaction is said to 

be under thermodynamic control. If the reverse reaction cannot occur (or 

does so very slowly) with the given reaction conditions, the reaction is said 

to be under kinetic control. The difference in the rates of the forward and 

reverse reactions is determined by the difference in activation energies for 

these two processes, which is always uniquely equal to the change in energy 

from starting material to product. Thus, for a reaction where AH° = 0, the 

forward and reverse rates are identical, and the reaction is under thermo¬ 

dynamic control. Conversely, for a highly exothermic reaction, where AH° 

is very large, the reverse reaction will be very slow, and the reaction will be 

under kinetic control. 

It is important to note that the distinction between kinetic and ther¬ 

modynamic control is temporal: with sufficient time, all reactions can 

achieve thermodynamic control. For many reactions, it is possible to switch 

between kinetic and thermodynamic control by changing reaction condi¬ 

tions—either time or temperature, or both. For example, the Diels-Alder 

reaction of cyclopentadiene and furan proceeds at room temperature to 



produce the endo isomer, but at higher temperature and after a longer time, 
the product is the more stable exo isomer. 
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Cydo- 

pentadiene Furan exo Isomer 

6.6 Kinetic and 
Thermodynamic Control 

The distinction between kinetic and thermodynamic control is most 

relevant when a reaction can yield two products of different stabilities, as 

in the case of the Diels-Alder reaction just discussed. In general terms, a 

reaction proceeds under thermodynamic control when the difference in ac¬ 

tivation energies for two competing forward and reverse reactions is small; 

in this case, the energy difference between products governs which product 

predominates. The equilibrium thus established is governed by AG°, the dif¬ 

ference in free energy between the two products. 

In contrast, a reaction proceeds under kinetic control when a large dif¬ 

ference in activation energies allows one transition state to be reached more 

readily than the other. No equilibrium is established between products, and 

the preference for one product over another is determined by the relative 

heights of the activation energy barriers for the two processes. As stated in 

Section 6.1, in an exothermic reaction, the activation energy barrier for the 

forward reaction is less than that for the reverse reaction (by AH°). For AH° 

values larger than a few kilocalories per mole, the rates of the forward and 

backward reactions become so different that equilibrium is generally diffi¬ 

cult to establish within a reasonable period of time. Reactions with large 

AH° values are thus generally considered to be under kinetic control. Such 

reactions are finished, for practical purposes, once the energy barrier from 

the reactant to the transition state has been surmounted. 

Let’s construct a reaction profile to illustrate these two types of reac¬ 

tion control. Suppose that a reactant, R, can be converted into either of two 

products having different stabilities, Pi or P2. A specific example of this gen¬ 

eral type is the protonation of an enolate anion (R) to form either a ketone 

(Pj) or an enol (P2), a reaction whose thermodynamics we considered ear¬ 

lier in this chapter. 
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The ketone is more stable than the enol, but the conversion of the enolate 

anion into the ketone requires a higher activation energy than that needed 

to convert the enolate anion into the enol (Figure 6.12). If sufficient energy 

is supplied for the reactant to overcome both barriers, A and A Ht, then 

enough energy is available to interconvert the ketone, the enol, and the 

enolate, and so equilibrium is established. Under these reversible condi¬ 

tions, the more stable product (the ketone) is ultimately formed, with the 

distribution between the two products being governed by the enthalpy dif¬ 

ference, AAH° = AH5 ~ AITi (assuming AAS° ~ 0). Because this differ¬ 

ence is greater than a few kilocalories per mole, the product mixture is com¬ 

pletely dominated by the more stable product. The reaction is then 

considered to proceed under thermodynamic control. Here, thermody¬ 

namics favors the weaker acid (pKa of the ketone ~ 19) over the stronger 

acid (pKj of the enol ~ 10). 

Reaction coordinates 

FIGURE 6.12 

Kinetic (R P2) and thermodynamic (R —> P,) control of the protonation 
of the enolate anion of acetone. 



301 There are four simple, single-step reactions in Figure 6.12: 

1. Deprotonation of the enol to form the enolate anion 

2. Protonation of the enolate anion to form the ketone 

3. Deprotonation of the ketone to form the enolate anion 

4. Protonation of the enolate anion to form the enol 

Of these, protonation of the enolate anion to form the enol has the lowest 

activation energy and, therefore, the fastest rate. If we could force this step 

of the reaction to be slow, we would be able to produce the enol from the 

enolate anion. Under these conditions (for example, at very low tempera¬ 

ture), the reaction would be under kinetic control. If, on the other hand, 

we had chosen a higher temperature at which all four reactions proceed 

rapidly, an equilibrium would be established that favored the more stable 

ketone. For some reactions, it is possible to switch between kinetic and ther¬ 

modynamic control. Conducting a reaction at low temperature generally 

favors kinetic control, but the specific temperature at which thermody¬ 

namics dominates depends on the specific reaction being considered. In the 

specific case of protonation of the enolate anion, it is not usually possible 
to effect kinetic control under reasonable conditions. 

The distinction between kinetic and thermodynamic control is some¬ 

times a qualitative one, because few reactions are so exothermic that equi¬ 

librium cannot be achieved under any conditions. In practice, the term ki¬ 

netic control refers to reactions in which the conversion of reactant into one 

product that is less stable than other possible products can be driven es¬ 

sentially to completion under certain laboratory conditions before signifi¬ 

cant reverse reaction takes place. 

EXERCISE 6.12 

Suggest a chemical reason why protonation of the enolate anion to form the enol 
may be faster than protonation to form the ketone. (Hint: Think about charge den¬ 
sity in the resonance-stabilized enolate anion.) 

EXERCISE 6.13 

From each of the following reaction profiles, indicate whether kinetic or thermo¬ 
dynamic control is more likely for the overall reaction forming Pi and P2 from R. 

6.6 Kinetic and 
Thermodynamic Control 

Reaction coordinate 
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(c) 

Reaction coordinate 

■M 

6J 

Chemical Equilibria 

Relating Free Energy to an 
Equilibrium Constant 

Equilibrium is defined as the state in which the forward and reverse re¬ 

action rates are equal. At equilibrium, the concentrations of starting mate¬ 

rials and products do not change, and thus the ratio of these concentra¬ 

tions is constant. 

Changes in free energy control chemical reactions—that is, the more 

exergonic a reaction (the more negative is AG°), the larger is its equilibrium 

constant K and the more the equilibrium favors the product: 

AG° = -RT\n K = AH° - T\S° (2) 

where R is the ideal gas constant (1.987 cal/K), and T is the temperature in 

kelvins. Because the contributions of enthalpy are usually more important 

than those of entropy to free-energy changes in organic reactions, changes 

in bond energies can often be related to equilibrium constants. Specifically, 



303 A(7J or AH° can also be related to the equilibrium constant K by equation 

2. For example, if we know that K= 1000 at 22 °C (295 K), we can solve 

for AC/J (and, if A5° is negligible, the result of this calculation is also AH°): 

AG° = -1.987 cal/K X 295 K X ln(1000) 
= -4050 cal/mole = -4.05 kcal/mole 

Conversely, if we know AG° = +10 kcal/mole, we can solve equation 2 for 
the equilibrium constant, K: 

K = e~AG°/RT 

— e -10,000 cal/o.987 cal/K X 295 K) 

= 3.9 X 10-8 

For a reversible reaction between A and B to produce C and D (equation 

3), the equilibrium constant, K, can be written either in terms of concen¬ 

trations of reagents at equilibrium (equation 4) or as a ratio of the forward 

(k\) and reverse {k-\) reaction rate constants (equation 5). 

6.7 Chemical 
Equilibria 

k, 
C + D (3) 

k-1 

[CUD] 
(4) 

[A] [B] 

h 
(5) 

EXERCISE 6.14 

For a general reaction, A + B ^ C + D, taking place at room temperature, calcu¬ 
late K for each of the following conditions: 

(a) k\ = 1010 (mole/L)-1 • sec-1; k2 = 108 (mole/L)-1 • sec-1 

(b) initial concentration of A = initial concentration of B; final concentrations of 
C and D = 0.5 X initial concentration of A 

(c) AG° = — 1 kcal/mole 

(d) AG° = —10 kcal/mole 

(e) AG° = — 30 kcal/mole 

Acid-Base Equilibria 

In acid-base equilibria, one of the principal types of chemical equi¬ 

libria, a proton is transferred from an acid to a base. Cleavage of an H—X 

bond in an organic acid (to generate an anionic intermediate bearing a lone 

pair of electrons on X0) forms the conjugate base (the deprotonated form, 
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X ) of the acid. Such anionic intermediates are more reactive toward other 

functional groups than are their protonated precursors, and the initiation 

of reaction sequences bv deprotonation of H—X to form X is a critical 

step in many organic transformations. 
Bond cleavage of a general acid, HA, to generate an anion requires a 

base, a species active as a proton acceptor or as an electron-pair donor. The 

flow of electrons in the reaction of a base with an acid is as follows: 

B: ^ H—A —H + *• A r (6) 

In equation 6, the anion, A a is the conjugate base of the acid H A. More 

specifically an equilibrium for a general acid, HA, with water acting as a 

base, can be written as follows: 

A © 
H.O: -H—A H20—H + :Ae 

The equilibrium constant, K, is defined in the usual way (see equation 

8, and compare with equation 4). In addition, because the concentration of 

water is constant in aqueous solution, we can define another equilibrium 

constant, Xa, as K times the water concentration (equation 9). 

[Ae][HjQ^l 

[HA] [HA)] 

Xa - K[H20] = 
■ A , H ;Q ; 

[HA] 
(9) 

For example, applying this equation to acetic acid, CH^CCTH, gives A, — 

10-5 (equation 10). 

Aa(CH3CO:H) 
CHAiO- TbO 

[CH3CO:H] 
10-5 (10) 

A convention has been adopted to use a negative logarithm scale to describe 

acidity, in which pAa is defined as the negative logarithm of Aa ^equation 

11). 
pXa^-logXj (11) 

pAa(CH3CO;H) = 5 

Instead of saying that the A’a of acetic acid is 10“'', we say that the pAa of 

acetic acid is 5. Thus, a small Aa corresponds to a large pA\. The acid dis¬ 

sociation constant, Ka, of acetic acid is quite small, but the Aa values for 

most organic acids are even smaller. The smaller the A\ of an acid, the larger 

is the positive value of its pKA and the less acidic it is. 

EXERCISE 6.15 

Calculate the p A, values of acids having the following acid dissociation equilibria: 

(a) K= 4 X 1(T6 (c) A'= 1250 (e) K= 5 

(b) K = 3 X 10~40 (d) K = 1 3 
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Acidity 

A Quantitative Measure of 
Thermodynamic Equilibria 

A convenient way to describe the relative acidity of two organic com¬ 

pounds is to order them according to pKa. Such a ranking of pKa values de¬ 

scribes how easily heterolytic cleavage of an H—X bond can occur. On this 

scale, the less positive for more negative) the pKa, the stronger is the acid 

and the easier it is to cleave the H—X bond. The more stable the anion X-, 

the more acidic is the hydrogen bonded to X. Thus, because acidity is di¬ 

rectly related to the stability of the anion generated, this scale can be used 

to interrelate the relative reactivity of various anions as bases. 

Mineral acids typically have negative pKa values, suggesting that their 

acid dissociation equilibria lie far to the right in the equilibrium described 

by equation 7, and that they are, therefore, very strong acids. Different func¬ 

tional groups have different characteristic pfQ values. Those of carboxylic 

acids are typically around 5, those of phenols (aromatic alcohols) are at 

about 10, and those of aliphatic alcohols are around 16. More values are 
listed in Tables 6.1 and 6.2 (on page 307). 

6.8 Acidity 

TABLE 6.1 

Approximate p K-d Values of Organic and In organic Acids 

Compound P*a Compound 

H0S020—H -10 CH3COO—H 

Sulfuric acid Acetic arid 

I—H -10 HOCOO—H 

Hydroiodic acid Carbonic arid 

Br—H -9 HS—H 

Hydrobromic acid Hydrogen sulfide 

Cl—H -7 ArS—H 

Hydrochloric acid Thiophenol 

ArS020—H —6.5 H3bD—H 

An aryisulfonic acid Ammonium ion 

H2Os—H -1.7 

X
 

u
 

111 
2

 

Hydronium ion Hydrogen cyanide 

02NO—H —1.5 O O 
II II 

Nitric acid AA 
F—H 3 H H 

Hydrofluoric arid 2,4-Pentanedione 

PK 

4.8 

<- 
o 

7 

7 

9 

9 

9 

Compound pIQ 

AxO—H 10 

A phenol 

H H 

Methyl acetoacetate 

H H 

Dimethyl malonate 

CH30—H 15.5 

Methanol 

(continued) 



TABLE 6.1 

Approximate pKa Values 

Compound 

HO—H 

Water 

H H 

Cyclopentadiene 

CH3CH20—H 

Ethanol 

(CH3)2CHO—H 

2-Propanol 

o 

H 

H 
H 

H 

Acetaldehyde 

o 

N 

H 

Acetamide 

(CH3)3CO—H 

t-Butanol 

of Organic and Inorganic Acids (continued) 

pKa Compound 

15.7 

16 

16 

16.5 

17 

17 

18 

19 

N=CCH2—H 

Acetonitrile 

O 

h3co 

H 

Methyl acetate 

H 

H 

CH3C=C—H 

Propyne 

o 

h3c. 
'N 

H 

H 

H 
CH3 

N,N-Dimethylacetamide 

Ph3C—H 

Triphenylmethane 

H 

1, 3-Pentadiene 

H—H 
Molecular hydrogen 

H2N—H 

Ammonia 

((CH3)2CH)2NHH 

Diisopropylamine 

33 

35 

38 

40 

pKa Compound pKa 

25 PhCH2—H 41 

Toluene 

Ph—H 43 

25 
Benzene 

Vf" 
43 

25 
Propene 

H H 

)-( 44 

H H 

30 
Ethene 

H3C—H 48 

Methane 

CH3CH2—H 50 

32 Ethane 

H 

51 

Cyclohexane 

In the following sections, we consider electronic and structural features 

that influence the pKa values of various molecules. The strength of an acid 

(its pKa value) depends directly on the extent to which a proton is trans¬ 

ferred from the acid to a base, which in turn is determined by the stability 

of the resulting anion. First, we consider how acidity is influenced by chang¬ 

ing the atom to which the acidic proton is attached. Then we examine more 

subtle effects by keeping constant the atom to which the acidic proton is 

attached, thereby minimizing the effect of electronegativity. This allows us 

to consider the effects on acidity of several other factors: bond energies, 

inductive and steric effects, hybridization, resonance stabilization, and 

306 aromaticity. 
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Inductive Effects on Acidity 6.8 Acidity 

Compound p Ka Compound p Ka 

Cl 

Trichloroacetic acid 

0.4 
OH 

2-Chlorobutanoic acid 

2.9 

O 

Cl 

Dichloroacetic acid 

1.3 Cl O 

OH 

3-Chlorobutanoic acid 

4.1 

O 

H 

Cl 
OH 

H 

Chloroacetic acid 

2.9 

OH 

4-Chlorobutanoic acid 

4.5 

O 

H 

H 
OH 

H 

Acetic acid 

4.8 

OH 

Butanoic acid 

4.9 

EXERCISE 6.16 

Identify the most acidic hydrogen atom in each of the following molecules. Then 

use Table 6.1 to determine which member of each pair has the lower pKa. 

o o 
(a) X °r /CH3 

h3c nh2 h3c n 

ch3 

o o 
(w X or 

h3c ch3 h3c oh 

ch3 
/ 

(c) H3C—NH2 or H3C—N 

CI-I3 
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Electronegativity 

The bond connecting a proton to an electronegative atom is highly po¬ 

lar, usually making the molecule a strong acid. For example, the acidities of 

compounds containing second-row elements—CH4 (pKa about 48), NH3 

(38), H20 (16), and HF (3)—increase steadily as the atom to which the pro¬ 

ton is attached becomes more electronegative. (Remember that pKa values 

are logarithms; thus, HF is about 1045 times as acidic as CH4.) 

Bond Energies 

Within a single column of the periodic table, the trend in acidity is op¬ 

posite to what is expected solely from electronegativity. As the atomic weight 

increases down a column, the ability of an atom to bear negative charge in¬ 

creases because of the atom’s larger size, even though its electronegativity 

decreases. The H—X (and C—X) bond-dissociation energy also decreases 

in the progression down the periodic table from HF to HI because of the 

increasingly mismatched orbital sizes. Thus, the acidity of HI (pKa ~ —10) 

is greater than that of HBr (pKa ~ —9), which is greater than that of HC1 

(pKa ~ —7), which, in turn, is greater than that of HF (pKd ~ +3). 

EXERCISE 6.17 

Predict which member of each of the following pairs of compounds is more acidic, 

and give reasons for your choice. 

(a) H2S or PH3 (d) CH4 or SiH4 

(b) H20 or HC1 (e) CH3OH or CH3NH2 

(c) H20 or H2S (f) HI or H2S * 

Inductive and Steric Effects 

Acidity is also influenced by the presence of polar functional groups, 

which induce a shift of electron density within the molecule. We can see 

the effect of electron-donating and -releasing groups on acidity by com¬ 

paring a series of similarly constructed acids. For example, we can see from 

the pKa values of butanoic acid, 4-chlorobutanoic acid, 3-chlorobutanoic 

acid, and 2-chlorobutanoic acid (Table 6.2) that the electronegative chlo¬ 

rine atom enhances acidity and that its effect is greater the closer it is to the 

acidic carboxyl group. The electronegative atom (chlorine) withdraws elec¬ 

tron density through the series of cr bonds. This inductive effect—a charge 

polarization through a series of cr bonds—causes a shift of electron density 

from the acidic site and thus stabilizes the anion formed by deprotonation. 

An even stronger electron-withdrawing substituent, such as a nitro group 

(—N02), enhances the acidity of a carboxylic acid even more. The pKa 

of nitroacetic acid, 02NCH2C02H, is 1.68; that of chloroacetic acid, 
C1CH2C02H, is 2.9. 

O 

wWc -oy 
-Hr 

o 

civ ^c: . 

Electron withdrawing by chlorine in 4-chlorobutanoic acid and its anion 
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greater when transmission is through fewer bonds. Thus, the effect is greater 

when the electronegative element is closer to the acidic site. Furthermore, 

the greater the number of electronegative atoms, the greater is the stabi¬ 

lization of the anion by electron withdrawal. Thus, acidity increases in the 

series: acetic acid < monochloroacetic acid < dichloroacetic acid < 

trichloroacetic acid (Table 6.2). Compared with changes due to the atom X 

involved in the H—X bond, these inductive effects are small, but nonethe¬ 

less important. For example, trichloroacetic acid is ten times as acidic as 
dichloroacetic acid. 

EXERCISE 6.18 

Predict which compound in each of the following pairs is more acidic. Give rea- 
sons for your choice. 

O O 
(a) 

OH °r OH 

Cl O O 

(b) or VOH 

Cl 

(c) F3CCH2—OH or H3CCH2 — OH 

The acidity of alcohols decreases as the degree of substitution of the 

carbinol carbon increases. Thus, the solution-phase acidities of methanol, 

ethanol, 2-propanol, and f-butanol decrease by more than two pfCa units as 

the carbon bearing the OH group becomes more fully alkylated: 

P Ka 

H 
\ 

H—C—OH 15.5 
/ 

H 

Methanol 

H 
\ 

H3c—c —OH 16 
/ 

H 

Ethanol 

H3C 
\ 

H3C—c —OH 16.5 
/ 

H 

2-Propanol 

H3C 
\ 

H3c—c —OH 

H3C 

f-Butanol 

18 



CHEMICAL PERSPECTIVES 

ACIDITY AND WINE MAKING—ACIDS ON THE PALATE 

The conversion of grape juice (“must” in wine-mak¬ 

ing nomenclature) into wine is a far more complex 

process than is the formation of alcohol from car¬ 

bohydrates, which occurs by the action of yeasts in 

primary fermentation. For example, a second stage, 

referred to as malolactic fermentation, is desirable for 

nearly all red wines and often sought for white wines. 

In this fermentation, a bacterium belonging to the 

genus Lactobacillus converts malic acid to lactic acid. 

Malic acid is perceived as being softer and smoother 

in the mouth than lactic acid, even though there is 

very little difference in acidity between them. (The 

pH of wine varies from 2.8 to 3.8.) 

OH 

Malic acid 

(p/Q 3.40 and 5.11) 

Lactic acid 

(pK. 3.08) 

However, the order of acidity in solution (MeOH > EtOH > z-PrOH > 

f-BuOH), where solvation and intermolecular association are important, is 

reversed in the gas phase, where isolated molecules are observed. The pKd 

in solution must therefore be sensitive to intermolecular effects. The re¬ 

placement of a hydrogen atom by a group of comparable electronegativity, 

but much larger size, stabilizes an ion in the gas phase but induces a pro¬ 

nounced destabilizing steric effect on the solvation of the same anion (con¬ 

jugate base) in solution. The presence of alkyl substituents on the carbinol 

carbon pushes the solvent molecules away from the negatively charged oxy¬ 

gen atom of the alkoxide and thus inhibits the stabilizing interaction of the 
solvent with the anion (Figure 6.13). 

(a) (b) 

FIGURE 6.13 

(a) Methoxide ion and (b) t-butoxide ion, each with the three water mole¬ 

cules that constitute the inner solvation shell. The additional alkyl groups in 

the f-butoxide ion interfere with solvation, increasing the energy of this an¬ 

ion. (Carbon is shown as black, hydrogen as off-white, and oxygen as red. 

Some of the hydrogen atoms on the water molecules are not visible.) 
310 
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Potassium hydroxide (KOH) is very soluble in water (107 g/100 mL at 15 °C), quite 
soluble in methanol and ethanol (but less so than in water), and hardly soluble at 
all in f-butanol. Explain this trend in solubility. (Hint: First consider why an ionic 
compound such as KOH dissolves in water.) 

6.8 Acidity 

Hybridization Effects 

The pKa values in Table 6.1 show that the hybridization of the carbon 

atom attached to a hydrogen greatly influences the acidity of that hydro¬ 

gen—with more p character, the acidity of a C—H bond decreases appre¬ 

ciably. Thus, acidity increases appreciably from alkanes through alkenes to 

alkynes. The pKa of ethane (with an sp3-hybridized C—H bond) is about 

50, that of ethene (with an sp—hybridized C—H bond) is about 44, and 

that of ethyne (with an sp-hybridized C—H bond) is about 25. 

The explanation for this order is that, in each case, the acid-dissociation 

equilibrium generates an anion whose lone pair of electrons is held in a dif¬ 

ferent kind of hybridized orbital. We saw in Chapter 2 that sp-hybridized 

atoms are more electronegative than sp2- or sp3-hybridized atoms. Thus, a 

lone pair in an sp3-hybrid orbital (25% s character) is held farther from the 

nucleus than one in an sp2-hybrid orbital (33% s character), which is far¬ 

ther from the nucleus than one in an sp-hybrid orbital (50% s character). 

Because it is more favorable for the negative charge of an anion to be in an 

orbital closer to the positively charged nucleus, an sp-hybridized anion is 

more stable than an sp-hybridized anion, which is more stable than an sp- 

hybridized anion. 

■ Resonance Effects 

We saw in Chapter 3 that allyl cations and radicals are stabilized by res¬ 

onance. 

Allyl cation Allyl radical 

The allyl anion, formed by the deprotonation of propene, is also stabilized. 

The electron pair released by deprotonation is accommodated in a p orbital 

formed as the original sp-hybridized center becomes sp-hybridized. 

Propene Allyl anion 

Delocalization of negative charge along the three-atom system, together 

with equal contributions from the two resonance structures, appreciably 

enhances the stability of this anion. The stabilization accompanying this de- 

localization causes both the allyl and enolate ions to be planar because, in 
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the flat geometry, orbital interaction is strongest. Thus, the sp3-hybridized 

C—H bond in propene (pKa 43) is more acidic than that in propane (pJCa 

50). When the conjugation of the allyl anion is extended further, the addi¬ 

tional resonance contributors stabilize the anion and make the protonated 

form more acidic. Thus, deprotonation of 1,3-pentadiene (pKa ~ 33) is eas¬ 

ier than that of propene, because of the additional resonance stabilization 

of the more highly conjugated anion derived from the diene. 

Pentadienyl anion 

There is also resonance stabilization of the anion that results from de¬ 

protonation of a C—H group adjacent to a carbonyl group. The resulting 

anion is stabilized not only because of delocalization like that encountered 

in the allyl anion, but also because one of the resonance contributors has 

negative charge on the more electronegative oxygen atom. 

O 

H3C Cq *-* H3C 

H H 

Ketone Enolate anion 

This anion, referred to as an enolate anion, is one of the most important 

anions of organic chemistry. Despite the fact that deprotonation adjacent 

to the carbonyl group of an aldehyde or a ketone requires breaking a C—H 

rather than an O—H bond, the acidity of the a hydrogen is sufficiently en¬ 

hanced that it is only about five pKa units less acidic than a hydrogen of an 

OH group. 

Oe 

H,C 

O 

M 
cv 

/ V 
H H : B © 

EXERCISE 6.20 

Identify the most acidic hydrogen atom in each of the following molecules. Draw 
the significant resonance contributors for the enolate anion generated by deproto¬ 
nation of each molecule. 

O 

(a) H3C 
,ch3 

N 

ch3 

o 

(d) H3C OCH 

O 

(b) H3C CH3 (e) CH3 

o 

(c) H3C H 
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Predict which hydrogen is most acidic in each of the following compounds: 
6.8 Acidity 

Enolate Anion Stability 

Let’s consider in more detail how the structure of the carbonyl group 

influences the acidity of an a hydrogen. Typical pKa values for an aldehyde 

(17), a ketone (19), an ester (25), and a diketone (9) are listed in Table 6.1. 

The difference between values observed for aldehydes and ketones is the re¬ 

sult of compensating factors—that is, an alkyl group attached to a carbonyl 

carbon of a ketone behaves as if it were electron-releasing, compared to a 

hydrogen atom, stabilizing the ketone relative to the aldehyde. 

Indeed, the two bonds (cr and ir) between the carbon and oxygen of 

the carbonyl group in a ketone are together worth 179 kcal/mole, whereas 

those bonds in an aldehyde are worth 176 kcal/mole, and those in formalde¬ 

hyde are worth only 173 kcal/mole. 

O O O 

Ketone Aldehyde Formaldehyde 

Although alkyl substituents also stabilize alkenes (Chapter 2), they do so by 

releasing electrons, which is much less important in the negatively charged 

enolate anion. 

O 

I H 
C + :Be R 

H H H 

A ketone Enolate anion 

(R = alkyl, aryl, or H) 

To compare the acidity of an aldehyde or a ketone with that of a typi¬ 

cal ester or amide, we must keep in mind that an acid derivative bears a 

heteroatom bonded to the carbonyl group. Oxygen or nitrogen can influ¬ 

ence acidity by an inductive effect, but we must also consider the resonance 

interaction of the adjacent heteroatom with the carbonyl 7rbond. Resonance 

contributors such as those shown at the far right for the ester and amide 

groups diminish the ability of the carbonyl oxygen to accommodate fur¬ 

ther charge, which is necessary for the stabilization of the enolate anion. 

O0 
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R 

Resonance structures of an ester enolate anion 

HR HR HR 

Resonance structures of an amide enolate anion 

Thus, the acidities of a hydrogens of esters (pKa 25) and amides (pKa 
30) are somewhat lower than those of a hydrogens of aldehydes (pK& 17) 
and ketones (piCj 19). Nitrogen (in an amide) is better able than oxygen (in 
an ester) to act as a 7r-electron donor to a carbonyl group; that is, electron 
donation from the less electronegative nitrogen atom induces greater par¬ 
tial double bond character in the C—N bond of an amide. The greater con¬ 
tribution of amide resonance compared to ester resonance (both of which 
act against enolate stabilization) is responsible for the lower acidity of the 
a hydrogen in an amide compared to that in an ester. (This argument ap¬ 
plies only to tertiary amides because, in primary and secondary amides, the 
hydrogen on nitrogen is more acidic than the hydrogen a to the carbonyl 
group.) 

When two carbonyl groups are adjacent to the same carbon atom in a 
1,3 relationship, deprotonation results in an anion with charge delocaliza¬ 
tion over three atoms (two oxygen atoms and one carbon atom) in the same 
way as in the pentadienyl anion. 

The anion resulting from deprotonation of a 1,3-diketone is more stable 
than a simple enolate anion, and as a result, 1,3-diketones (and other 1,3- 
dicarbonyl compounds) are more acidic than simple ketones. However, the 
effect of the second carbonyl group on acidity is not as great as that of 
the first. 

H H 

A diketone 

(PN9) 

o 

H H 

A ketone 
(PN 19) 

H H 

A hydrocarbon 

(P*a 51) 



Aromaticity 

Aromaticity can contribute significantly to the stability of an anion. For 

example, deprotonation of cyclopentadiene generates the cyclopentadienyl 

anion, which contains six (that is, An + 2) electrons in a Hiickel aromatic 

system. The pKa of cyclopentadiene (16) is much lower than that of 1,3- 

pentadiene (33) and is, in fact, very close to that of water (15.7), despite the 
cleavage of a C—H rather than an O—H bond. 

Cyclopentadiene 

Cyclopentadienyl anion resonance contributors 

Deprotonation of cycloheptatriene results in an anion for which we can 
draw seven identical resonance contributors: 

315 

6.8 Acidity 

Nonetheless, cycloheptatriene has a pKa of about 40 and is thus significantly 

less acidic than cyclopentadiene. This decreased acidity is the direct result 

of the difference in the number of electrons in the two anions; six in cy¬ 

clopentadienyl anion, corresponding to a Hiickel aromatic system {An + 2, 

n = 1), and eight in cycloheptatrienyl anion {An, n = 2), a system that, 

though delocalized, is not a Hiickel aromatic. The large difference in acid¬ 

ity (1024) can thus be attributed directly to the effects of aromaticity on the 

stabilization of cyclopentadienide as a cyclic, conjugated, planar, delocal¬ 

ized aromatic anion. 

EXERCISE 6.22 

Draw the other six resonance contributors for the cycloheptatrienyl anion: 

© 
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EXERCISE 6.23 

Which member of each of the following pairs of compounds is more readily de- 
protonated? 

Thus, several factors govern the acidity of a given functional group and, 

as a result, the position of its chemical equilibrium with its conjugate base. 

Acidity is important not only as a concept used to illustrate thermodynamic 

equilibria, but also as a means for ranking the relative stabilities of anions 

and the thermodynamic feasibility of various reactions under acidic and 

basic conditions. 

In summary, the following effects control relative acidity. Everything 

else being equal, HX is a stronger acid than HY if: 

1. X is a more electronegative atom than Y. 

HF > H20 > NH3 > CH4 

2. The H—X bond is weaker than the H—Y bond. 

HI > HBr > HC1 > HF 

3. X bears more electronegative atoms closer to the site of negative 
charge in its conjugate base than does Y. 

4. X° is less sterically blocked from solvation than is Y0. 

H H H3C H3C 

H-^ OH > H3C^)—OH > H3C^-OH > H3C-^OH 

H H H H3C 

5. X® has a greater fractional s character than does Y0. 

H3C—C=C—H 
\ / 

> c=c 
/ \ 

H3c h 

H 
/ 

> H3C—H2C—C—H 
\ 
H 



6. The negative charge in X can be delocalized over a larger number 
of atoms than it can in YQ. 

7. The negative charge in X can be delocalized onto a more elec¬ 
tronegative atom than it can in Ye. 

CH3 ch3 

8. The negative charge in X0, but not that in Ye, is stabilized by arom¬ 
aticity. 

Look carefully at Table 6.1 for other examples that illustrate these effects. 

Reaction Rates: Understanding Kinetics 

The rate at which a reaction proceeds is governed by the energy of the 

highest-lying transition state. The best method for controlling reactivity de¬ 

pends on whether the rate-determining step involves a single species or 

whether it requires collision of two or more species. A reaction having only 

a single species in the rate-determining step is referred to as unimolecular. 

A reaction requiring a collision between two species in the rate-determin¬ 

ing step is referred to as bimolecular. Reactions requiring collision between 

more than two species are rare. 

Unimolecular Reactions 

Typically, a unimolecular reaction consists of either homolytic cleavage 

to radical fragments or heterolytic cleavage to ionic fragments, followed by 

fast conversion of these reactive intermediates into products. In either case, 

the rate is governed by the number of reactant molecules per unit time hav¬ 

ing sufficient energy to overcome the activation energy barrier that sepa¬ 

rates reactants and products. Estimation of the energy required for this 
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transformation is derived from transition-state theory, which recognizes 

that a given reaction proceeds efficiently only if the energy necessary for a 

reactant to approach the transition state is available. 

In general, the facility with which a unimolecular reaction takes place 

can be enhanced either by increasing the fraction of molecules that can pass 

over an activation energy barrier or by decreasing the barrier. The former 

is accomplished by changing the temperature; the latter is effected by al¬ 

tering the structure of the substrate undergoing the reaction or the way in 

which the reaction is conducted. (An example of a change in the way the 

reaction is conducted is an increase in solvent polarity in a reaction that 

includes the formation of ions or the introduction of a catalyst.) 

The rate of a reaction is determined by the activation energy, because 

only molecules with kinetic energy equal to or greater than the activation 

energy can reach the transition state. The activation energy has contribu¬ 

tions from both enthalpy and entropy: 

AG* = AH* - TAS* 

When entropy is negligible, the Arrhenius equation (equation 12) describes 

the relation between the observed rate constant, kQbs, and the activation en¬ 
ergy, AH*: 

/cobs = Ae~AH*/RT (12) 

where A is a fitting factor characteristic of the reaction, R is the ideal gas 

constant, and T is the temperature. Thus, 

In (-M - ** 
\ A ) RT 

This equation shows how activation energies can be determined in the lab¬ 

oratory: a plot of the logarithm of the observed rate constant (at various 

temperatures) against 1/Twill have a slope equal to —AH*/R. 

When the Arrhenius equation is rewritten as in equation 13, the form 
becomes parallel to equation 2, in Section 6.7: 

AH* = -RT In (13) 

Thus, activation energies (AH*) relate to rate constants (kobs) much like 

free-energy changes (AG°) relate to the equilibrium constant (K). 

EXERCISE 6.24 

Calculate the relative rate (ki/k2) of two reactions, A B and C —> D, occurring 
at room temperature and having identical A values, if the difference in activation 
energies is: 

(a) 0 (b) 1 kcal/mole (c) 2 kcal/mole (d) 5 kcal/mole 



Boltzmann Energy Distributions 

The distribution of energies of molecules is a function of temperature; 

the higher the temperature, the greater is the mean energy of a collection 

of molecules. (The mean energy is defined as that energy at which the num¬ 

ber of molecules with energy greater than the mean equals the number with 

energy less than the mean.) Ludwig Boltzmann (1844-1906) was the first 

to set forth the mathematical relationship between temperature and molec¬ 

ular energy distribution. Boltzmann distributions for collections of mol¬ 

ecules at three temperatures, 0 °C, 100 °C, and 200 °C, are shown in Figure 

6.14, where the number of molecules (vertical axis) is plotted against en¬ 
thalpy (H°, horizontal axis). 

As the temperature increases, the Boltzmann distribution widens and 

the mean energy is somewhat higher. The mean value of the kinetic energy 
is given by: 

Mean energy (cal/mole) 
8RT 

77 
(14) 

where R is the gas constant (1.987 cal/K • mole) and T is the temperature 

(in K). Thus, the mean energy of a sample increases linearly with temper¬ 

ature. The mean energy at 0 °C is 1400 cal/mole (or 1.4 kcal/mole). 

Distribution of enthalpies of a collection of molecules at 0 °C, 100 °C, and 
200 °C (temperatures that span the range commonly used for organic reac¬ 
tions). 

EXERCISE 6.25 

Use equation 14 to calculate the mean energy for T = 100 K and for T — 200 K. 

The number of molecules that collide with energy of at least H* is rep¬ 

resented by the area under the Boltzmann distribution curve to the right 

of that H* value. Most organic reactions have activation energies substan¬ 

tially higher than the mean energy at all reasonable temperatures. Thus, we 

must focus on the far right portion of the Boltzmann distribution curves 
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to determine the fraction of molecules that collide with sufficient energy to 

overcome the activation energy barrier. Even for a quite low activation en¬ 

ergy of 3.0 kcal/mole (approximately the rotation barrier in ethane), rais¬ 

ing the temperature from 0 °C to 100 °C dramatically increases the fraction 

of molecules with H° > H4, as can be seen in Figure 6.15. 

T = 0 °C 

FIGURE 6.15 
fT = 3.0 kcaL/mole 

The fraction of molecules with sufficient free energy to react (H° > H*) at 
0 °C, 100 °C, or 200 °C is shown by the area under the blue, red, or green 
curve, respectively, to the right of H* on the horizontal axis. The insert 
shows an expansion of that region. 

At higher activation energies, the effect of temperature on the reaction 

rate is even more dramatic. For a reaction with an enthalpy of activation 

(id*) of 20 kcal/mole (a fast reaction), raising the temperature from 0 °C to 

100 °C increases the rate by a factor of 4 X 104, even though the mean en¬ 

ergy increases only from 1.4 to 1.9 kcal/mole. The same change in temper¬ 

ature for a reaction with an enthalpy of activation of 40 kcal/mole (quite 

slow) increases the rate by a factor of 2 X 107. 

The contribution of entropy to the activation energy does not change 

with temperature, as can be seen by rewriting the Arrhenius equation: 

Rate = e_t(AW* ~ tas*)/rt\ _ e-\h*/rt x e-(-ms*)/RT _ e-Ah*/rt x £as*/r 

Thus, for reactions in which the activation energy is largely the result of en¬ 

tropy, temperature changes have relatively little effect on the rate. An ex¬ 

ample of a reaction in which the activation energy is dominated by entropy 

is proton transfer between heteroatoms (acid-base reactions): 

Acetic acid Hydroxide Acetate Water 

ion ion 

As a result, temperature has little effect on the rate of acid-base reactions, 
which can be conducted at very low temperatures ( — 78 °C). 
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Use the Arrhenius equation (equation 15) for the rate of reaction to evaluate: 

(a) the effect on the rate of a reaction with an enthalpy of activation of 30 kcal/mole 
of changing the temperature from 0 °C to 100 °C 

(b) the effect on the rate of the same reaction of changing the temperature from 
0 °C to 10 °C 

{Hint: Because you are comparing the same reaction at two different temperatures, 
all pre-exponential terms cancel and can be ignored.) 

Relative rate = 
e-A H*/RTi 

e-\HxIKT2 

6.9 Reaction Rates: 

Understanding Kinetics 

EXERCISE 6.27 

How would the shape of a typical Boltzmann distribution curve change in each 
case? 

(a) The temperature increases. 

(b) The temperature decreases. 

(c) Activation energy is increased at room temperature. ■ 

Bimolecular Reactions 

In a bimolecular (or higher-order) reaction, the rate is governed by three 

factors: the number of collisions between the reacting species per unit time, 

the energy of the colliding molecules, and the orientation of the reactants 

at the moment of collision. The number of collisions per unit of time is a 

function of the number of the reacting species per unit of volume. 

Increasing the number of molecules per volume—that is, increasing the 

concentration—proportionally increases the number of collisions and, 

therefore, the number of effective collisions. Thus, the rate of a bimolecu¬ 

lar reaction is proportional to the concentration of each reactant. For a re¬ 

action between two molecules, A and B: 

Rate °c [A] [B] 

As in a unimolecular reaction, the complex formed by the collision of 

two reactants must have sufficient energy to overcome the activation en¬ 

ergy barrier. Increasing the temperature increases the average kinetic en¬ 

ergy of both reactants, and the probability increases that a collision between 

the two has sufficient energy to overcome the barrier and proceed toward 

the product. Thus, the effect of an increase in temperature is similar for 

unimolecular and bimolecular reactions (as long as entropy effects remain 

minor). 
For a collision to induce a chemical change, two molecules must ap¬ 

proach one another in the correct orientation that leads to the transition 

state. Because most organic molecules are not spherically symmetrical, the 

fraction of accessible geometries that can lead to product influences the 

fraction of productive collisions between molecules that have sufficient ki¬ 

netic energy to surmount the activation barrier. Because the number of pro¬ 

ductive collisions increases in proportion to the total number of collisions, 
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the reaction rates of bimolecular (or more complex termolecular) reactions 

can be controlled by increasing not only temperature, but also the relative 

concentration of each reactant required to form the transition state. 

1. A reaction profile (energy diagram) clearly conceptualizes the dif¬ 

ferences between endothermic, exothermic, and thermoneutral reactions. 

2. A one-step reaction is referred to as concerted. A multistep reaction 

involves one or more reactive intermediates. 

3. Reaction profiles illustrate enthalpy changes in the conversion of a 

reactant to a product and describe activation barriers in the reaction se¬ 

quence. In most organic reactions, enthalpy changes have more effect on 

free energy than do entropy changes, although the importance of entropy 

depends on the reaction temperature and on the stoichiometry of the re¬ 

action. 

4. The formation of reactive intermediates in multistep reactions is 

readily apparent in reaction profiles of the rate-determining step. 

5. The important organic intermediates are carbocations, free radicals, 

carbanions, carbenes, radical cations, and radical anions. 

6. The transition state represents an energy maximum in the conver¬ 

sion of a reactant to a product. According to the Hammond postulate, the 

transition state resembles the species—reactant or product—to which it is 

closest in energy. Thus, the transition state resembles the reactant in an 

exothermic reaction and the product in an endothermic reaction. 

7. The position of a chemical equilibrium is determined by the rela¬ 

tive stabilities of the reactant(s) and product(s). The thermodynamics of a 

reaction can be calculated from the measured equilibrium position. Under 

strictly reversible conditions, a reaction proceeds to the more stable prod¬ 

uct and is under thermodynamic control. A reaction is said to be under ki¬ 

netic control when the rate of the reverse reaction is sufficiently slow that 

it is not observable, and the product distribution obtained is controlled by 

the difference in activation energy barriers (and therefore relative rates) 

rather than the difference in AG° (relative product stability). 

8. Acid-base equilibria constitute an important class of chemical equi¬ 

libria. The position of such an equilibrium is described by the pKa, an in¬ 

dicator of acidity. The acidities of organic compounds are sensitively influ¬ 

enced by differences in electronegativity, hybridization, bond energies, 

resonance stabilization, aromaticity, and inductive effects in the anion 

formed by the deprotonation of a neutral organic molecule. A large posi¬ 
tive pi<Ca is indicative of a weak organic acid. 

9. Rates of reaction are governed by activation energy barriers. At a 

given time, only a fraction of the individual molecules possess sufficient en¬ 

ergy to overcome such a barrier. Such barriers are large for transition states 

in which bond breaking has been substantial and are smaller for transition 

states that have high degrees of bond making. According to collision the¬ 

ory, increasing the concentration of either reactant in a bimolecular reac¬ 

tion enhances the probability of a productive collision. 
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Review Problems 

Diels-Alder Reaction 

Review Problems 
ISfAfG v ■ s--- 

6.1 Draw a reaction profile that corresponds to each of the following descrip¬ 

tions: 

(a) an exothermic concerted reaction 

(b) an endothermic reaction occurring in two steps through a reactive interme¬ 

diate 

(c) an exothermic reaction occurring in three steps, where the second step is 

rate-determining 

6.2 Rank each set of intermediates according to stability (most stable first). 

Explain your choices. 
/T\ ff) © © 

(a) CH3CH2CH2CH2, CH3CHCH2CH3, (CH3)2CCH2CH3, (CH3)3C 

(b) CH3CH2CH2CH2, CH3CHCH2CH3, (CH3)2CCH2CH3, (CH3)3C- 

(c) CH3CH2CH2CH2, CH3CHCH2CH3, (CH3)(C6H5)CCH2CH3, (ch3)3c 

(d) :CH2, CH3CH2, C6H5C:, (C6H5)2C: 

(e) H2CO©, (C6H5)2CO©, H2C=CH2Q H2C=C(C6H5)2(S) 

(f) (C6H5)©,p-N02(C6H5)©, p-CH3(C6H5)©, p-Cl(C6H5)© 

6.3 Draw resonance structures for each radical ion, indicating possible sites of 

formal charge or of the unpaired electron. 

(a) naphthalene cation radical 

(b) benzophenone anion radical 
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6.4 Upon treatment with strong base at low temperature, ds-1,2-diphenylcyclo- 
propane forms an anion at the benzylic position. When quenched with D20, a 
mixture of l-deutero-ds-l,2-diphenylcyclopropane and l-deutero-tra«5-l,2- 
diphenylcyclopropane is formed. Draw three-dimensional structures of the inter¬ 
mediate anion and the product. Does the structure of the product allow you to 
say anything about whether the carbanionic carbon in the intermediate anion is 
a center of chirality? 

6.5 For each of the following reaction types, is the entropy change positive (fa¬ 
vorable), negative (unfavorable), or near zero (negligible)? 

(a) a large molecule fragments into three smaller ones 

(b) a small molecule condenses with another small molecule to make a large one 

(c) an ester is hydrolyzed by water to produce a carboxylic acid and an alcohol 

6.6 Which diene and dienophile would you choose to synthesize each of the fol¬ 
lowing products by a Diels-Alder reaction? 

6.7 Of the following proposed Diels-Alder reactions, reaction 1 proceeds but re¬ 
action 2 fails. Why? 

Reaction 2 

6.8 Reorder the following sets of compounds according to increasing pKa: 

(a) cyclohexanol, phenol, cyclohexanecarboxylic acid 

(b) 1-butyne, 1-butene, butane 

(c) propanoic acid, 3-bromopropanoic acid, 2-nitropropanoic acid 

(d) phenol, toluene, benzene 



325 (e) dimethyl ether, ethanol, methyl acetate (CH3C02CH3) 

(f) hexylamine, aniline, hexanoamide 

(g) benzoic acid, p-chlorobenzoic acid, 2,4,6-trichlorobenzoic acid 

(h) ethanoic acid (acetic acid), 1,2-ethanedioic acid (oxalic acid), 1,3-propane- 

dioic acid (malonic acid) (Hint: A carboxylic acid group acts as an effective 

electron-withdrawing group to the adjacent <x-bond system.) 

(i) protonated forms of pyrrole, pyridine, N-methylpyrrole 

6.9 Crotonaldehyde, CH3CH=CHCHO, has a pKa of 20, despite the fact that it 

lacks enolizable hydrogens a to the carbonyl group. 

(a) Determine which hydrogen is removed by interaction with base. 

(b) Write one or more resonance structures to account for the stability of the 

anion (that is, the conjugate base). 

6.10 Octylamine is insoluble in water but dissolves in dilute sulfuric acid. 

Octanoamide, C7H15CONH2, does not dissolve in either water or dilute sulfuric 

acid. Rather, octanoamide dissolves in aqueous base. Propose an explanation for 

the contrasting solubilities of the amine and the amide. 

6.11 For each of the following molecules, determine which hydrogen is most 

acidic—that is, which one would be removed by treatment with one equivalent 

of base. 

6.12 Compound A is converted into a more stable product, B, upon heating 

without any additional reagent. The reaction profile shows the formation of one 

reactive intermediate. 

(a) Draw an energy diagram that illustrates the key features of this reaction. 

(b) Suppose the reaction is conducted at a higher temperature. Does this change 

the shape of the energy diagram? 

(c) Does the rate of reaction depend on the concentration of A? 

6.13 In the following molecules, determine which hydrogen is most acidic—that 

is, which one would be removed by treatment with one equivalent of base? 

Review Problems 
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6.14 Consider a reaction in which reactants C and D combine in the rate-deter¬ 
mining step. Determine which of the following statements applies to this reac¬ 
tion. Explain your reasoning. 

(a) Doubling the concentration of C doubles the rate of the reaction. 

(b) Doubling the concentration of D cuts the rate of reaction in half. 

(c) Doubling the concentration of both C and D doubles the rate of the reac¬ 
tion. 

(d) Increasing the temperature increases the rate of reaction. 

6.15 Draw an energy diagram for a two-step reaction passing through an inter¬ 
mediate that is less stable than both the starting material and the product, where 
the product is more stable than the starting material and the activation energy 
for proceeding from the intermediate to the product is higher than that for pro¬ 
ceeding from the intermediate to the starting material. 

6.16 Answer the following questions for the reaction diagram you constructed in 
Problem 6.15. 

(a) Which species does the first transition state resemble more closely, the start¬ 
ing material or the intermediate? 

(b) Which species does the second transition state resemble more closely, the 
product or the intermediate? 

(c) Is the first or the second transition state involved in the rate-determining 
step? 

6.17 Draw all significant resonance contributors for the following enone 
(methylvinyl ketone): 

Supplementary Problems 

6.18 Upon treatment with a Bronsted acid, methylenecyclohexane (A) undergoes 
isomerization to the more stable alkene methylcyclohexene (B). This reaction 
proceeds through a cation intermediate (I). Draw an energy diagram for this re¬ 
action, paying careful attention to the relative energies of the two transition 
states involved. (Recall the Hammond postulate.) 

© 

A I B 

6.19 Draw the most stable protonated form of each of the following anions, and 
provide the pKa of the resulting conjugate acid. 
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6.20 Draw the most stable protonated form of each of the following anions, and 
provide the pKa of the resulting conjugate acid. 

O 

(a) N (d) H20 
©O © o0 

O 

(b) ©o—S—O0 (e) eC=N 

O 

(i) 

6.21 Draw all proton tautomers of each of the following structures: 

H 

6.22 Draw the two possible tautomers of theobromine. Determine whether each 
heteroatom in these molecules can act as a proton or lone pair donor or acceptor 
for hydrogen bonding. 

Theobromine 

Review Problems 
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6.23 Draw the structure of the Diels-Alder adduct expected from each of the 

following reactions: 

6.24 In each pair of compounds, choose the stronger base. 

(d) NH3 or \ (h) H2C—C=N or eC=N 
^ NH 

© 

6.25 In each pair of compounds, choose the stronger acid. 

(b) H20 or NH3 

6.26 The following spectra were obtained for a compound with the molecular 
formula C4H9CI. 



329 (a) Determine the index of hydrogen deficiency. If the value obtained is not 
zero, use the spectral data to determine whether rings and/or double bonds 
are present. Review Problems 

(b) Suggest a structure consistent with all of the data presented for this com¬ 
pound. (The three resonances at approximately 77 in the 13C NMR spec¬ 
trum are due to the solvent, CDC13.) 

'H NMR spectrum of C4H9CI 

A 
| 1 T 

200 

1 ,n-1-1-1 

150 

1 1 1 1" 
100 

ppm 

1 1 

50 
1 1 1 

0 

13C NMR spectrum of C4H9CI 





Mechanisms of 
Organic Reactions 

The transition state for the dis¬ 

placement of bromide ion from 

methyl bromide by bromide 

ion. This molecular orbital is 

formed by overlap of a p orbital 

on each bromine (left and right, 

in red) with a p orbital on the 

central carbon atom (gray 

sphere in center, partially hid¬ 

den by the off-white hydrogen 

atom in front), resulting in the 

four lobes shown in blue and 

green. 



I n Chapter 6, you learned that the first step in predicting chemical reac- 

X tivity is to estimate whether a particular conversion is thermodynami¬ 

cally feasible. In this chapter, you will learn to group various chemical re¬ 

actions according to reaction type and to describe how typical reactions 

take place. The specific sequence in which bonds are made and broken as 

a reactant is converted into a product is known as the reaction mechanism. 

Complete understanding of a chemical reaction requires following the flow 

of electrons in each step as they move to or from bonding orbitals. We will 

use curved arrows to indicate the electron movements in each step of sev¬ 

eral common organic reactions, and thus describe the reaction mechanisms. 

We will analyze the mechanisms of several specific reactions representa¬ 

tive of quite different reaction types: (1) a concerted nucleophilic substitu¬ 

tion, (2) a multistep nucleophilic substitution that proceeds through an in¬ 

termediate carbocation, (3) a multistep nucleophilic substitution in which 

two cationic intermediates are formed sequentially, and (4) a homolytic 

substitution proceeding through a free radical intermediate. But before we 

examine mechanistic details, we must understand what is taking place as a 

reaction proceeds. We will consider how to classify each reaction, determine 

its energetic feasibility, and represent the bonding changes that take place. 

This chapter focuses on how reaction mechanisms can be clearly defined 

by following electron flow. Later chapters will look at how specific trans¬ 

formations are used in synthesis. 

IX 

Classification of Reactions 

In considering a new reaction, we first determine what is accomplished— 

whether the number of atoms in the product differs from the number in 

the reactant, whether any atoms in the product are different from those in 

the reactant, and whether the positions of any atoms in the product differ 

from their positions in the reactant. Depending on the answers to these 

questions, we then classify a given chemical conversion as one of seven ma¬ 

jor organic reaction types: addition, elimination, substitution, condensa¬ 

tion, rearrangement, isomerization, or oxidation-reduction. 

Addition Reactions 

In an addition reaction, two reactant molecules combine to form a 

product containing the atoms of both reactants. Two examples of addition 

reactions are hydration (addition of water) and catalytic hydrogenation 
(addition of two hydrogen atoms) of alkenes. 

Hydration of an Alkene Catalytic Hydrogenation of an Alkene 
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In the hydration reaction, water and cyclohexene combine to produce cy- 

clohexanol. In the catalytic hydrogenation reaction, hydrogen is added to 

cyclohexene (in the presence of a metal catalyst) to form cyclohexane. These 

reactions will be treated more thoroughly in Chapters 10 and 12. 

Some addition reactions require the presence of a catalyst, a substance 

that does not appear in the product. A catalyst is defined as a reagent that 

facilitates a reaction without itself ultimately forming chemical bonds in 

the product or appearing in the stoichiometric equation describing the re¬ 

action. For example, the addition of water to an alkene proceeds at a rea¬ 

sonable rate only in the presence of a strong acid, and the addition of hy¬ 

drogen to an alkene occurs only when a metal surface is present. However, 

in neither case does the catalyst appear in the product; the catalyst remains 

unchanged. After the reaction, the catalyst is free to participate in another 

reaction cycle. Whether or not a catalyst is needed to accelerate the rate of 

an addition reaction does not influence the classification of the reaction. 

Elimination Reactions 

An elimination reaction is the opposite of an addition. In an elimina¬ 

tion reaction, a single complex molecule splits into two simpler products; 

the one reactant molecule contains all the atoms present in two product 

molecules. Two typical elimination reactions are dehydrobromination (loss 

of HBr) and dehydration (loss of water), both of which result in a car¬ 

bon-carbon double bond. (These reactions will be treated more thoroughly 

in Chapter 9.) 

Dehydrobromination of an Alkyl Bromide 

+ NaBr + HOEt 

Dehydration of an Alcohol 

In the dehydrobromination reaction, cyclohexyl bromide can be induced to 

undergo elimination (loss of HBr) by treatment with a base. Under these 

conditions, HBr is not observed directly because, in the presence of base, it 

undergoes an acid-base reaction to form a salt. However, formally, HBr is 

lost from cyclohexyl bromide in forming cyclohexene, irrespective of its fi¬ 

nal form (here, in ethanol and bromide ion). It is because the HBr formed 

in the elimination is immediately converted into ethanol and bromide un¬ 

der the reaction conditions that HBr is shown in parentheses. In the dehy¬ 

dration reaction, the treatment of cyclohexanol with acid produces cyclo¬ 

hexene and water upon heating, accomplishing a reversal of the hydration 

addition reaction considered earlier. 

333 
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Substitution Reactions 

In a substitution reaction, one atom or group of atoms in a molecule 

is replaced by another. For example, a hydrogen atom in cyclohexane is re¬ 

placed by a bromine atom when the alkane is exposed to Br2 in the pres¬ 

ence of light or heat. (This reaction will be treated in more detail later in 

this chapter.) 

In the products (cyclohexyl bromide and HBr), the bromine is substituted 

at a position previously occupied by a hydrogen in cyclohexane, and hy¬ 

drogen takes the place of one of the two bromine atoms in molecular 

bromine. Another example of a substitution reaction is the treatment of cy¬ 

clohexyl iodide with sodium bromide. Again, the positions of iodine and 

bromine in the reactants are interchanged in the products. (This substitu¬ 

tion reaction is covered more thoroughly in Chapter 8.) 

Condensation Reactions 

A condensation reaction consists of the interaction of two. molecules 

of intermediate complexity to form a more complex product, usually with 

the loss of a small molecule. For example, the combination of a carboxylic 

acid with an alcohol in the presence of an acid catalyst produces an ester 

(a more complex molecule) and water (a small molecule). 

O j_j® O 
11 + HOCH3 -> U + HOH 

h3c oh h3c och3 

In this reaction, two different organic reactants (an acid and an alcohol) 

combine to form an ester. The product ester has fewer atoms than the sum 

of those in the two reactants because water is formed as a by-product. (This 

reaction will be treated in Chapter 12.) 

The aldol condensation reaction is an example of a condensation reac¬ 

tion in which a carbon-carbon bond is formed. 

An Aldol Condensation 

O 
I! 

H3C 

+ 
ch3 h3c 

o 
X 

He 

CH, 
+ HOH 
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higher molecular weight, again with water formed as a by-product. (This 

reaction will be treated more thoroughly in Chapter 13.) 7.1 Classification of Reactions 

Le Chatelier’s Principle 

Many condensation reactions are reversible, and the position of the 

equilibrium can often be controlled (that is, shifted toward product) if the 

small molecule is removed (for example, by distillation) as it is formed. 

This, in turn, shifts the equilibrium in accord with Le Chatelier’s principle 

as the reacting system attempts to replenish the “missing” product. Le 

Chatelier’s principle asserts that an equilibrium between A and B produc¬ 

ing C and D can be shifted toward C and D by increasing the concentra¬ 

tion of A or B, or both (pushing from the left), or by decreasing the con¬ 

centration of C or D, or both (pulling from the right). The equilibrium can 

be shifted toward A and B by increasing the concentration of C or D, or 

both, or by decreasing the concentration of A or B, or both. 

A + B C + D 

Le Chatelier’s principle is applicable not only to condensation reactions, but 

also to many other equilibrium processes. 

Rearrangement Reactions 

In a rearrangement reaction, the molecular skeleton is altered—that 

is, the sequence in which atoms are attached is changed. These reactions 

may also include other changes in the molecule; for example, one functional 

group may be converted into another. 

Typically, rearrangement reactions have several steps, which makes these 

reactions both scientifically interesting and mechanistically complex. 

Examples are the Beckmann and pinacol rearrangements. In a rearrange¬ 

ment reaction, the atoms or groups present in the reactant are connected 

in a different fashion in the product. The reactant and product can have the 

same empirical formula, as in the Beckmann rearrangement, or different 

numbers and types of atoms, as in the pinacol rearrangement, in which wa¬ 

ter is formed as a by-product. 

Beckmann Rearrangement 

h3c oh h3c 

ch3 

N 
\ 
H 

Pinacol Rearrangement 

HO OH 
H,0 

ch3 

ch3 

H,C h3c; 
h3c 
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In the Beckmann rearrangement, an alkyl group originally attached to car¬ 

bon becomes attached to nitrogen, an N—O bond in the reactant is bro¬ 

ken, and a C=0 bond appears in the product. In the pinacol rearrange¬ 

ment, a methyl group migrates from one carbon to the adjacent carbon, a 

C=0 bond appears in the product, and a molecule of water is lost from 

the reactant. (These reactions are treated more thoroughly in Chapter 14.) 

The pinacol rearrangement could also be classified as an elimination reac¬ 

tion. In general, reactions that fall into more than one category are consid¬ 

ered to be examples of the more complex process. 

Isomerization Reactions 

An isomerization is a reaction in which species with the same molec¬ 

ular formula, but different structures, are interconverted. An isomerization 

differs from a rearrangement in that the carbon skeleton remains intact, but 

the disposition of substituents or functional groups in space is changed. In 

an isomerization, the molecular formulas of the reactant and product are 

always the same; in a rearrangement, they can be the same (as in the 

Beckmann rearrangement) or different (as in the pinacol rearrangement). 

There are two types of isomerization reactions: geometric and positional. 

In a geometric isomerization, all atoms in the product are attached to the 

same atoms as in the reactant, but the disposition in space of the bonds 

connecting them is changed. In a positional isomerization, the position 

(or positions) of one or more substituents or functional groups in the prod¬ 

uct differs from the original position(s) in the reactant. For example, the 

conversion of ds-2-butene to trans-2-butene is a geometric isomerization, 

and that of 2-butene to 1-butene or of n-butyl bromide to 5-butyl bromide 

is a positional isomerization. 

Geometric versus Positional Isomerization of fra«s-2-Butene 

a'5-2-Butene frans-2-Butene 1-Butene 

Geometric isomers differ only in the position of atoms or groups in space 

(cis- and trans-2-butene); positional isomers differ in the position of a func¬ 
tional group in the molecule (trans-2-butene and 1-butene). 

Oxidation-Reduction Reactions 

In oxidation-reduction reactions, there is a net formal change in ox¬ 

idation level of one or more carbon atoms in a molecule. Such reactions 

were discussed in Chapters 2 and 3, and further examples will not be given 

here. These reactions can often also be classified as substitutions (when the 

number of heteroatoms at a given carbon is changed), additions (when hy¬ 

drogen is added across a multiple bond), or eliminations (when the ele¬ 

ments of molecular hydrogen have formally been removed from adjacent 

atoms). Oxidation-reduction reactions are referred to as redox reactions, to 

emphasize the need to use oxidizing or reducing reagents to bring them 
about. 
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Classify each of the following conversions according to reaction type: 

(c) CH3OH + HC1 -> CH3CI + H20 

(d) 

(e) 

(f) 

(g) 

(h) 

7.1 Classification of Reactions 

Reaction Mechanisms 

Correctly classifying a specific reaction as to type does not indicate how 

the reaction has taken place. For example, substitution could, in principle, 

occur either by direct replacement of groups or by a sequence of addition 

and elimination reactions. To illustrate this difference, let’s consider a reac¬ 

tion sequence in which trans-stilbene reacts with molecular bromine to yield 

an addition product, l,2-dibromo-l,2-diphenylethane. Then treatment 

with strong base induces elimination, producing a bromostilbene, (Z)-l- 

bromo-l,2-diphenylethene. 

frans-Stilbene 1,2-Dibromo-1,2-diphenylethane (Z)-1 -Bromo- 1,2-diphenylethene 

Here a substitution product has been formally obtained from the original 

reactant (by replacement of H in frans-stilbene by Br) through a sequence 

of addition and elimination reactions. It is insufficient, therefore, to spec¬ 

ify the kind of reaction without describing how the reaction proceeds, in¬ 

cluding a detailed description of electron flow and the identity of any in¬ 

termediate formed—the reaction mechanism. Subsequent chapters will 

emphasize reaction mechanisms as an important means of intellectually or¬ 

ganizing the organic reactions. 
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7.2 

Bond Making and Bond Breaking: 

Thermodynamic Feasibility 

All chemical reactions entail bond making or bond breaking, or both. From 

Chapter 3, you know that a a bond between atoms A and B can sometimes 

be cleaved so that the two shared electrons are distributed equally (one to 

A and one to B), producing neutral species called radicals. As mentioned in 

Chapter 3, this process is referred to as homolytic cleavage, or homolysis. 

/A 
A—B -> A* + B- AH° = Bond-Dissociation Energy (BDE) of A—B 

VM 

In a homolytic cleavage, the two electrons of the covalent bond are parti¬ 

tioned so that one electron is associated with each atom. A bond is broken, 

and two radicals are formed. 
In the alternative mode of bond breaking, the two electrons of a crbond 

move as a pair to one of the initially bonded atoms. This process, called 

heterolytic cleavage, or heterolysis, produces a positive and a negative ion. 

A-^B -> A® + B® 

The atom that takes up the two electrons from the bond becomes an an¬ 

ion, and the atom that loses the two electrons becomes a cation. The en¬ 

thalpy change for this bond cleavage is influenced by the bond strength and 

the solvation energy for the ions formed. The direction of the electron flow 

(to A or B) is governed by the relative electronegativity of these two atoms, 

with the more electronegative atom becoming negatively charged. 

The convention employed to represent the two modes of electron move¬ 

ment is a half-headed arrow for a single electron (in a homolytic cleavage) 

and a full-headed arrow for an electron pair (in a heterolytic cleavage). To 

understand the reaction types in the remainder of this book, it is very im¬ 

portant to recognize the precise meaning of this arrow notation. The use 

of half-headed or full-headed curved arrows to indicate motion of electrons 

is the best way to indicate clearly how a reaction occurs. Bear in mind that 

the curved arrows indicate movement of electrons, not atoms. When elec¬ 

trons move, atoms follow. The tail of the curved arrow marks the origin of 

the electron(s), and the head marks the site to which the electron(s) move. 

Energy Changes in Homolytic Reactions 

Homolysis and heterolysis consist solely of bond breaking. However, in 

many chemical reactions, bond breaking is often accompanied by bond 

making, in which another reagent assists the cleavage. For example, an al¬ 

ready available radical center can assist in homolytic cleavage. 

R- A—B -> R—A + B • AH° = BDE of A—B - BDE of R—A 
1/ 

R- B—A 
1/ 

■» R—B + A* AH° = BDE of A—B - BDE of R—B 



339 In an assisted homolysis, some or all of the energy required to cleave the 
A B bond is offset by the energy gained in simultaneously forming the 
R A (upper reaction) or R—B (lower reaction) bond. Thus, when a rad¬ 
ical, R% with one unpaired electron interacts with an A—B trbond, the elec¬ 
tron that becomes accessible to A in the homolytic cleavage of the A—B 
bond enables A to form a new bond with R*; the second electron of the 
newly formed R—A bond is contributed by R\ Meanwhile, the other elec¬ 
tron in the original A—B covalent bond becomes localized on a new radi¬ 
cal, B*. If the radical, R*, attacked the other end of the molecule, the same 
kind of electron flow would have produced a bond between R and B and a 
localized electron on atom A, forming a radical. The relevant bond ener¬ 
gies then would be those of A—B and R—B. 

The enthalpy change of either of these reactions represents the balance 
between the bond-dissociation energy of A—B and the bond energy of the 
newly formed R—A or R—B. The bond energies of R—A and R—B need 
not be equal, and, as a result, the AH° values for these two reactions can 
vary. Because the entropy change in such a reaction is small, the reaction 
proceeds along the more energetically favorable route; that is, R* will form 
a bond with A* or with B* according to which AH° value is more negative 
(or less positive). 

The coupling of bond making and bond breaking is very common. 
Many chemical bonds are very strong, and breaking them costs a lot of en¬ 
ergy. When a part of this lost energy is regained in the formation of a new 
bond, the reaction proceeds much more easily. 

Three half-headed arrows are used to indicate the motion of the three 
electrons in the assisted homolytic cleavage; only two are required to de¬ 
scribe the motion of the two electrons in a simple homolysis. In the assisted 
reaction, the enthalpy difference includes not only the bond dissociation of 
A—B, as required for simple homolysis, but also the energy gained by the 
formation of a bond between R and A. 

Simple Homolysis 

A—B -> A- + B- 
1/ 

Assisted Homolysis 

■* R—A + B • 

7.2 Bond Making and Bond 
Breaking: Thermodynamic 

Feasibility 

EXERCISE 7.2 

From the bond energies listed in Table 3.5, calculate AH° for each of the following 
reactions, and predict which C—H bond will be preferentially cleaved by interac¬ 
tion with a bromine radical: 

(a) 
-> + HBr 

+ HBr 

■» + HBr 

+ HBr 
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■ Energy Changes in Heterolytic Reactions 

Heterolytic cleavages are most likely to occur at polar cr bonds. For ex¬ 

ample, in the reaction of an electrophile with a molecule containing a po¬ 

lar bond between A and B, the electrophile interacts more favorably with 

the electron-rich end of the A—B bond: 

54- 8— 

A—B ^ E® -» A® + B—E 

If B is the more electronegative atom, the formation of a bond between B 

and the electrophile is facilitated by the polarization of the covalent bond 

between A and B, in which electrons are shifted toward the more elec¬ 

tronegative atom B. Because this reaction entails the simultaneous move¬ 

ment of an electron pair (that is, of two electrons), a full-headed arrow rep¬ 

resents this electron motion. Because ions are formed in heterolytic 

reactions, we cannot use bond-dissociation energies alone to calculate the 

enthalpy change but must also consider the energy needed to form and sol¬ 

vate the polar reactant and product ions. 

In a similar way, and because of the same electrostatic factors, a nucle¬ 

ophile is attracted to the positive end of the polar A—B bond and can as¬ 

sist heterolytic cleavage by donating electrons to the developing positive 

charge at A, forming a Nuc—A bond as the A—B bond is cleaved. As this 

takes place, the two electrons of the A—B bond shift to B. Here, two elec¬ 

tron pairs move, as indicated by two full-headed curved arrows: 

Nuc:t*A—B -> Nuc—A + B® 
1/ 

Like homolytic reactions, heterolytic reactions can be assisted by other 

reagents, but the factors involved are different. How easily the ions are pro¬ 

duced depends critically on the polarity of the solvent. In contrast, ho¬ 

molytic cleavages produce neutral radicals and are not greatly affected by 

the nature of the solvent. Solvation of the ions formed in a heterolytic cleav¬ 

age provides a significant amount of energy, but the precise values are dif¬ 

ficult to measure and depend on the specific reaction conditions. As a re¬ 

sult, it is much more difficult to describe enthalpy changes for heterolytic 

cleavages than for homolytic cleavages. 

Because it is difficult to describe enthalpy changes for heterolytic cleav¬ 

ages, an indirect means is usually used to predict the relative energies of 

heterolytic bond cleavage in a series of similar compounds in which paral¬ 

lel bond breaking occurs. For example, because a tertiary cation is more sta¬ 

ble than a secondary one, reaction 1 costs less energetically than does reac¬ 
tion 2. 

CH3 

+ Br® 
h3c ch3 

H 

H3C ch3 
+ Br‘ .© 

(1) 

(2) 

AH° < A H2 
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CRACKING BREAKS BONDS IN CRUDE OIL 

Petroleum, or crude oil, is a complex mixture of many different compounds, 
mostly aliphatic and aromatic hydrocarbons. As it comes from the well, pe¬ 
troleum contains many more compounds of high molecular weight than are 
needed. Various methods have been developed to degrade larger hydrocar¬ 
bons into smaller ones; these processes are referred to collectively as crack¬ 
ing. In thermal cracking, hydrocarbons are heated to as high as 760 °C. At 
this temperature, sufficient energy is available to induce homolytic cleavage 
of carbon-carbon bonds when molecules collide, producing carbon free rad¬ 
icals. Alternatively, in the presence of an inorganic acid as catalyst, bonds are 
broken by heterolytic cleavage, with the generation of carbocations. In ad¬ 
dition to producing hydrocarbons that are more suitable for use as fuels in 
internal combustion engines, cracking also yields propene and butene, which 
are used to make many products, including plastics. 

7.2 Bond Making and Bond 
Breaking: Thermodynamic 

Feasibility 

Likewise, even without knowing the specific pKa values, we know that re¬ 

action 3 is less costly energetically than reaction 4 because an enolate an¬ 

ion is more stable than an alkyl anion. 

0 0 
A — X® + M® (3) 

h3c ch2—m h3c ch2 

CH3CH2CH2—M —» CH3CH2CH2 + M® (4) 

A H°3 < A HI 

Thus, the trends we have seen in the relative stabilities of intermediates 

(here, of carbocations and carbanions) serve us well in ordering reactivity 

in heterolytic reactions. 
If we are concerned only with the net reaction (and not the interme¬ 

diate ion-forming steps), we can use the table of bond-dissociation ener¬ 

gies to calculate the enthalpy change (ALT) of a reaction, even one that pro¬ 

ceeds through heterolytic steps. For example, even though reaction 5 

proceeds through ions, we can nonetheless calculate the reaction enthalpy 

by subtracting the relevant bond energies of the products from those of the 

reactants. This approach assumes similar solvation energies for the reac¬ 

tants and products, a quite reasonable assumption for pairs of similar, neu¬ 

tral reagents. 

(CH3)3C—Br + H—Cl -> (CH3)3C—Cl + H—Br (5) 

In summary, reactions in which bonds are concurrently broken and 

formed (assisted homolytic and heterolytic reactions) proceed much more 

readily and with different energetic requirements than do reactions in which 

only bond cleavage takes place. Because of difficulties in measuring bond 

strengths, it is often difficult to predict quantitatively the thermodynamics 
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of individual steps in heterolytic reactions, although trends in a series 

of similar compounds are predictable. In contrast, thermochemical cal¬ 

culations are often easily carried out for reactions involving homolytic 

cleavages. 

EXERCISE 7.3 

Use the bond energies from Table 3.5 (also inside the back cover) to calculate AH° 
for each of the following reactions: 

(a) (CH3)3C—Br + HC1 -> (CH3)3C—Cl + HBr 

(b) H3C—Br + HC1 —> H3C—Cl + HBr 

(c) H3C— I + HC1 —» H3C—Cl + HI H 

How to Study a New Organic Reaction 

Once you have recognized its reaction type and have established that a pro¬ 

posed reaction is sensible thermodynamically, you can determine the con¬ 

ditions necessary for the proposed conversion. There are several ways to de¬ 

scribe fully an organic reaction. A thorough knowledge of a particular 

reaction requires answering all of these four questions: 

1. Given the reactant and reagents, together with a set of reaction con¬ 

ditions, what is the expected product(s)? 

2. Given a reactant and a product, what reagents and conditions favor 
this transformation? 

3. Given a product and a set of reagents, what is reasonable as starting 
material(s)? 

4. What are the intermediates in the conversion (if any), and what elec¬ 

tron flow accomplishes their formation and reaction? 

EXERCISE 7.4 

From the reactions that you have learned so far, supply the missing information 
for the following reactions: 



Addressing the first two questions requires a familiarity with a range of 

reagents and reaction conditions. The third question is sometimes answered 

by proposing a series of reactions that would achieve in several steps what 

would be difficult to accomplish in one. To do this, chemists often use an 

approach known as retrosynthetic analysis, in which they work backward. 

Having chosen a target product, they choose a reasonable precursor, which 

in turn has a logical precursor, and so forth. Thus, when the analysis is fin¬ 

ished, the result is a plan for building molecules of increasing complexity 

through a series of reactions, using readily available starting materials. This 

approach enables chemists to plan logically the construction of interesting 

new molecules or propose new synthetic routes to complex existing mole¬ 

cules (for example, natural products). This area, called organic synthesis, 

is a very important subfield of organic chemistry. It will be covered in more 
detail in Chapter 15. 

The fourth question focuses on exactly how electrons (and thus atoms) 

move when a reactant is converted into a product. This detailed descrip¬ 

tion, or reaction mechanism, is the underpinning of organic chemistry and 

constitutes much of the critical information that allows chemists to predict 

new reactions with confidence. A study of how organic reactions occur is 

called mechanistic organic chemistry, and the subfield of organic chem¬ 

istry that relates structure to reactivity in explaining reaction mechanisms 

is called physical organic chemistry. 

A major strength of organic chemistry is that the answers to these four 

questions for a small number of reactions can be generalized to other re¬ 

actions of the same classification. It is not necessary to learn thousands of 

individual reactions. Instead, you will learn a few reactions really well and 

apply the knowledge to similar cases. (Read this paragraph to yourself three 

times—or however many it takes until it sinks in and you really believe it.) 

You cannot extrapolate what you know about one organic reaction to 

another until you know its reaction mechanism. Typically, a chemical re¬ 

action consists of bond making and bond breaking as the reactant is con¬ 

verted into a product: a reaction mechanism is nothing more complicated 

than the sequence of elementary steps by which this occurs. These steps are 

represented by showing the flow of electrons (using curved arrows) as some 

bonds are broken and others formed. Reaction mechanisms, which describe 

how electrons move to make and break chemical bonds along a reaction 

coordinate, are therefore of very great importance to organic chemistry. 

To write a reaction mechanism, we must establish the identities of all 

intermediates formed en route from reactant to product. If we know some¬ 

thing about the energies of these intermediates (even if only roughly), we 

can approximate the structure and energy of the transition states leading 

to the formation of the intermediates and can predict relative reactivity for 

closely related reactions. In the following sections, we will consider the 

mechanisms of three representative kinds of reactions: concerted reactions, 

or those having no reactive intermediates; reactions involving heterolytic 

cleavage, and therefore ionic intermediates; and those involving homolytic 

cleavage, and thus radical intermediates. The goal is to show how electron 

pushing (using curved arrows to describe the movement of electrons as a 

reaction proceeds) helps define a reaction mechanism. 

Although the focus of this chapter is on describing several types of 

reaction mechanisms, the examples used to illustrate these types are of 
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additional interest because they accomplish chemical transformations that 

are useful in synthesis. You should begin now to apply the individual learn¬ 

ing method most effective for you and assemble study aids that organize 

these reactions according to what they accomplish and how they proceed. 

Many students find it useful to prepare “flash cards” that summarize im¬ 

portant features of each type of reaction. 

EXERCISE 7.5 

For each of the following bond cleavages, use curved arrows to show the electron 
flow and classify each as homolysis or heterolysis: 

(a) 

(b) 

ch3o—och3 ch3o- + -och3 

(c) + Bre 

o 
(d) X + S°H 

h3c ch3 

o 
A® + h2° 

h3c ch2 ■ 

CjnfeHEM TV® I 

#12 The Sn2 
Reaction 

Mechanism of a Concerted Reaction: 
Bimolecular Nucleophilic Substitution (SN2) 

As defined in Section 6.1, a concerted reaction proceeds directly from reac¬ 

tant to product without forming any detectable intermediates, whether ionic 

or neutral. Thus, if chemists can find no evidence for the presence of a re¬ 

active intermediate, they conclude that the reaction is concerted. When 

charged intermediates (carbocations, carbanions, or radical ions) are 

formed in a reaction, the rate of reaction is significantly affected by changes 

in solvent polarity. Accordingly, if a reaction shows little change in rate when 

solvent polarity changes, chemists conclude that charged intermediates are 

not involved. Radicals react very rapidly with molecular oxygen—so much 

so that reactions involving these intermediates are greatly slowed by the 

presence of molecular oxygen, which siphons off the radicals and prevents 

the next cycle. Thus, if a reaction is insensitive to the presence or absence 

of oxygen, chemists conclude that radicals are not involved in the reaction 

pathway. If chemists rule out the involvement of any of the known charged 

and uncharged reactive intermediates, they conclude, in the absence of ev¬ 

idence to the contrary, that the reaction is concerted. 

Concerted nucleophilic substitution reactions are referred to as SN2 re¬ 
actions. In this notation, SN describes the overall reaction (a nucleophilic 

substitution), and 2 is related to the molecularity of the rate-determining 

step (in which two species are involved). 
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7.4 Mechanism of a Concerted 
Reaction: Bimolecular 

Nucleophilic Substitution (SN2) 

Another concerted reaction is a self-exchange reaction, an Sn2 reaction in 

which an incoming bromide ion interacts with methyl bromide, causing the 

carbon—bromine bond to break (displacing bromide) while forming a new 
carbon-bromine bond. 

Recall that one concerted addition reaction was presented in Section 
6.2—the Diels-Alder reaction: 

r i 
k I 

(1)H\ 
• • Q'-"' 

H 

Br- 

H 

C- 
r 
H 

— Br 

H 

© 

-> Br- 

H 
/ 

-C/i,. + 
V'h 
H 

© 

Br: 

In this bimolecular nucleophilic displacement (an SN2 reaction), the in¬ 

coming bromide ion (the nucleophile) forms a bond to carbon as the car¬ 

bon-bromine bond in the alkyl bromide reactant is broken. Because the 

bond making and bond breaking occur together in a single step without 

the formation of an intermediate, this reaction is concerted. 

The reactants and products in this reaction are identical; that is, no 

chemical change is produced (unless the bromine atoms are isotopically dif¬ 

ferent). Consequently, this reaction is thermoneutral. We use a full-headed 

curved arrow (1) to indicate that the two electrons of one of the lone pairs 

of the bromide ion move toward carbon to form what ultimately becomes 

a carbon-bromine cr bond. However, the new bond cannot form without 

breaking the original carbon-bromine bond; otherwise, carbon would have 

to accommodate ten electrons in its valence shell. As a result, a second full¬ 

headed curved arrow (2) indicates that the two electrons originally in the 

carbon-bromine a bond of the starting material must move from a bond¬ 

ing orbital between these atoms to become a nonbonding lone pair on the 

product bromide ion as the bond is broken. 

These two steps, (1) bond making and (2) bond breaking, are simulta¬ 

neous; no intermediates are formed. In the transition state, carbon is par¬ 

tially bonded to both the incoming and the departing bromine atoms. This 

partial bonding is sometimes shown as dashed lines, with the structure en¬ 

closed in brackets to indicate that, as a transition state, it has no intrinsic 

stability and cannot be isolated. This dashed line notation is not nearly as 

precise as the curved-arrow notation and is not recommended as the pri¬ 

mary way to think about mechanisms. Do not use the dashed-line notation 

unless it helps you see the electron flow. (And be very clear not to imply 

that you think the structures shown with dashed lines have more than a 

transient existence.) 
Because the attacking reagent bears a nonbonding electron pair and is 

therefore nucleophilic and because a bond has been replaced by a new one, 

this reaction is called a nucleophilic substitution. (Recall that nucleophilic 

means “nucleus loving,” and nucleophiles are attracted to a positive charge. 

Thus, anions are nucleophilic.) Two reagents (the starting material and the 

nucleophile) participate in the transition state of the rate-determining step, 
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which makes this reaction type a bimolecular nucleophilic substitution, 
abbreviated Sn2. Because two reagents participate in bond making and bond 

breaking in the rate-determining step, the rate of this reaction is affected 

by the concentrations of both the substrate (LG stands for “leaving group”) 

and the nucleophile. 

Rate = k[ R—LG][Nuc] 

if 

The same kind of Sn2 reaction can produce a net chemical change if 

the incoming and outgoing halide ions are different. For example, a bro¬ 

mide ion displaces iodine from methyl iodide, producing a carbon-bromine 

bond and an iodide ion: 

* Br—CH3 + v 
© 

T9 

:Br:. 

© 

% © 

H3C 

P* r H3C— Br 
© 

-> I—CH3 + *Br* 

A H° < 0 

AH° > 0 

The thermodynamics of a substitution reaction can be estimated from the 

bond energies of the reactant and the products. A nucleophilic substitution 

in which bromide ion displaces iodide ion from an alkyl halide is exother¬ 

mic; one in which iodide ion displaces bromide ion is endothermic. Because 

a carbon-bromine bond is stronger than a carbon-iodine bond, this reac¬ 

tion is energetically favorable and thus exothermic; AH° is negative, as¬ 

suming that other factors are equal. Here, iodide ion is the leaving group, 
pulling the electrons originally in the covalent C—I bond toward itself, and 

bromide ion is the nucleophile, donating an electron pair toward carbon. 

For the reverse reaction, in which iodide ion displaces bromine from methyl 

bromide to produce methyl iodide plus bromide ion, AH° is positive and 

the reaction is endothermic. In this unfavorable reaction, bromide ion is 

the leaving group and iodide ion is the nucleophile. 

The Transition State of an Sn2 Reaction 

Let’s consider the transition state for the reaction of bromide ion with 
methyl bromide: 

: Br:°7 H3C-Qjr-> Br — CH3 + : Br:° AH° = 0 

In the self-exchange reaction, the carbon-bromine bond of methyl bromide 

must stretch in the transition state as a new carbon-bromine bond is be¬ 

ing formed. (Otherwise, carbon would have to accommodate more than 

eight valence electrons.) Breaking a covalent bond is energetically costly, but 

forming a new bond is energetically favorable. Because the entering nucle¬ 

ophile and the leaving group are identical, there is no energetic preference 

for bonding to either the incoming or the outgoing bromide ion, so the 

transition state is symmetrical: the two partial bonds from carbon to 

bromine are identical, as is the angular relationship of these bonds to the 

carbon-hydrogen bonds. It is important to understand that species in be¬ 

tween the starting material and the transition state have no measurable con¬ 

sequence for a reaction. Indeed, there are many different approaches that a 



nucleophile can take in attacking an electrophilic carbon, but all lead to the 

same transition state, defined as the maximum on the lowest-energy path¬ 

way. A smooth curve is used on reaction profiles to depict the transforma¬ 

tion of starting material to transition state to product only for convenience; 
the molecules are under no such constraints. 

In general, for an Sn2 reaction with AH° = 0, the transition state re¬ 

sembles reactant and product equally. The partial bond with the entering 

nucleophile has the same strength as that with the departing leaving group 

(Figure 7.1). To attain this transition state, the incoming nucleophile 

(Br ) in the self-exchange reaction must attack from the carbon end of 

the C Br bond that is, from the side opposite that from which the leav¬ 

ing group (Bre) departs. This is called back-side displacement. 

8— 

Br 

H 

-c— 
i 
H H 

8- 

•Br Br- 
A 

‘Ct'H 
H 

© 

+ : Br: 

Alternatively, the bromide ion could approach the carbon atom from the 

same side as that where a bromine atom is already attached. However, the 

FIGURE 7.1 
_ 

A reaction profile for a self-exchange reaction is completely symmetrical. At 
the transition state, the strength of the bond being made to the incoming 
nucleophile is exactly equivalent to the strength of the bond being broken as 
the leaving group departs. 

347 

7.4 Mechanism of a Concerted 
Reaction: Bimolecular 

Nucleophilic Substitution (SN2) 



348 

7 Mechanisms of 
Organic Reactions 

transition state for this front-side displacement would have the two elec¬ 

tron-rich bromine atoms in close proximity: 

.. e 

e 

H H s- H 

The first transition state, attained by back-side attack with inversion of con¬ 

figuration at carbon, is strongly favored over this second possible transition 

state. 

According to the principle of microscopic reversibility, the reaction 

pathway in the forward and reverse directions must be the same. Both the 

forward and reverse reactions must proceed through the same transition 

state and the same intermediates, if any are involved in the reaction. The 

concept behind the principle of microscopic reversibility is that a reaction 

will follow the pathway that requires the least amount of energy to reach 

the transition state, and regardless of the direction in which the reaction is 

proceeding, there can be only one transition state of least energy. 

For the single-step reaction of bromide ion with methyl bromide (and 

other single-step reactions for which the product is the same as the start¬ 

ing material), the transition state must be halfway between the structures 

of the starting material and product. At the transition state, it will not be 

possible to determine which bromine was originally bonded to carbon and 

which is the nucleophile. Thus, the bonds from carbon to, and the charges 

on, both bromine atoms must be identical. Furthermore, because the hy¬ 

drogen atoms start on one side and finish on the other, these atoms must 

be coplanar with the carbon atom in the transition state. This can occur 

when the carbon atom is sp2-hybridized in the transition state, and the par¬ 

tial bonds to the bromine atoms result from overlap of their orbitals with 

one of the lobes of the carbon’s p orbital: 

II Inversion of Configuration 

Back-side displacement causes an inversion of configuration at a cen¬ 

ter of asymmetry. Thus, when this displacement occurs at a center of chi¬ 

rality, the product will have the opposite three-dimensional arrangement of 

the substituents about the carbon atom. In most cases, the priority of the 

substituents will not change in an Sn2 reaction, and thus inversion of con¬ 

figuration changes the enantiomer R to S, or vice versa. For example, reac¬ 

tion of (f^)-2-bromobutane with bromide ion results in the formation of 
(5)-2-bromobutane: 



(6) 

H3C 

Br: \C- Br 
H> 

CH3CH2 

(K)-2-Bromobutane 

ch3 
<5- | 8- 

Br-C--Br 

H 

CH3CH2 

yCH3 

Br—C/I//I 
^ H 
CH2CH3 

(S)-2-Bromobutane 

© 

+ : Br: 

\JT 

EXERCISE 7.6 

Could reaction 6 be used to make a pure, optically active sample of (S)-2-bromo- 
butane starting from the pure R enantiomer? Explain your answer. (Hint: Con¬ 
sider whether the transition state is chiral.) 

EXERCISE 7.7 

Using the Cahn-Ingold-Prelog rules you learned in Chapter 5, assign absolute 
configuration at each chiral center in the reactants and the products of each 
Sn2 reaction: 

Nonsymmetrical Sn2 Transition States 

Self-exchange reactions can help illustrate the nature of SN2 reactions, 

but they are rarely of practical use. In general, the leaving group (LG) and 

the nucleophile (Nuc) are different, and the transition state need not be 

symmetrical. The Hammond postulate states that the transition state will 

resemble that species (starting material or product) to which it is closest in 

energy. Thus, for an exothermic SN2 reaction, the transition state will be 
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FIGURE 7.2 

(a) For an exothermic Sn2 reaction, the transition state is early, (b) Conversely, 
the reverse (endothermic) reaction (which proceeds through the same transition 
state) is considered to have a late transition state. 

early, with only a small degree of bond making between the nucleophile 

and the carbon atom and little breaking of the bond between the carbon 

and the leaving group. An example of an exothermic Sn2 reaction is the 

displacement of bromine by hydroxide ion, illustrated for methyl bromide 

in Figure 7.2(a). 

In contrast, an endothermic Sn2 reaction has a transition state that is 

late. Thus, the transition state resembles the product, and the bond to the 

leaving group is nearly broken. This is illustrated by the displacement of 

hydroxide ion from methanol by bromide ion in Figure 7.2(b). Depending 

on the identities of the nucleophile and the leaving group, the range of Sn2 

reactions spans a continuum from early to symmetrical to late transition 

states, allowing interconversion of functional groups. 

Factors Affecting the Rate of SN2 Reactions 

Steric Hindrance in the Substrate. Back-side displacement in an SN2 

reaction requires that the nucleophile approach carbon closely enough to 

permit partial bonding. Therefore, the approach of the incoming nucle¬ 

ophile is strongly affected by the bulkiness of the substituent groups pre¬ 

sent on the carbon bearing the leaving group. The ease with which dis¬ 

placement occurs is greatest for leaving groups bonded to primary carbon 

atoms; displacement occurs less readily at secondary carbons and even less 
so at tertiary ones. 

Figure 7.3 illustrates a nucleophile’s attack to break a carbon-bromine 

bond at a methyl, ethyl, isopropyl, and f-butyl center. The van der Waals 



radii of the alkyl groups are drawn to show roughly the larger steric de¬ 

mand of an alkyl group over that of hydrogen. The ease of nucleophilic dis¬ 

placement within this series follows the order: methyl > ethyl (primary car¬ 

bon) > isopropyl (secondary) >> f-butyl (tertiary). In fact, concerted 

displacements are so difficult at tertiary centers that other reactions occur 
instead. 

The rate of Sn2 reactions is also reduced by the presence of bulky sub¬ 

stituents on carbon atoms adjacent to the one undergoing substitution. For 

example, neopentyl bromide reacts only very slowly with most nucleophiles, 

even though the carbon atom bearing the leaving group is primary. 

As in tertiary alkyl halides, the methyl groups in neopentyl bromide sig¬ 

nificantly interfere with the approach of the nucleophile, raising the energy 

of the transition state and increasing the activation energy. 

Electronic Effects in the Substrate. Some structural features increase 

the rate of Sn2 reactions. In particular, the presence of an adjacent sp2- or 

sp-hybridized carbon atom results in a significant acceleration of bimolec- 

ular substitution reactions. Thus, allylic, benzylic, and propargylic halides, 

as well as a-haloketones (and other a-halocarbonyl compounds) are un¬ 

usually reactive toward nucleophilic substitution. 

X O 
/ 

A propargylic halide An a-haloketone 

In part, this increased reactivity results from decreased steric hindrance in 

the transition state, where there are fewer adjacent substituents and where 

those that are present are held farther from the nucleophile and leaving 

group—for example, in 1-propyl versus 3-propenyl bromide: 

An allylic halide A benzylic halide 

FIGURE 7.3 

Back-side attack in an Sn2 
reaction becomes more diffi¬ 
cult when the carbon bears a 
larger number of bulky alkyl 
substituents. (Top to bottom) 
Transition states for the reac¬ 
tion of hydroxide ion with 
methyl, ethyl, isopropyl, and 
f-butyl bromide. 

1-Propyl bromide 3-Propenyl bromide 351 
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In addition, stabilization of the transition state is provided by overlap be¬ 

tween a p orbital of the carbon atom undergoing substitution and a p or¬ 

bital on the adjacent carbon atom. 

In summary, a concerted nucleophilic displacement (Sn2) occurs when 

an organic substrate bearing a covalently bonded leaving group is attacked 

from the back side by an incoming nucleophile, causing inversion of con¬ 

figuration at carbon. A primary or secondary alkyl halide undergoes sub¬ 

stitution by a nucleophile capable of forming a stronger bond with carbon 

than that between the carbon and the leaving group in the starting mater¬ 

ial, a general requirement for an exothermic reaction. 

EXERCISE 7.8 

Which compound in each of the following pairs is more active toward a nucle¬ 
ophile under SN2 conditions? 

EXERCISE 7.9 

Arrange the following isomeric bromides in order of decreasing relative rate of their 
Sn2 displacement reactions. 

EXERCISE 7.10 

Which of the following substrates are good candidates for reaction with NaN3 in 
acetone (typical SN2 reaction conditions)? 
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Nucleophilic Substitution (SN2) 

Nucleophilicity. The fact that an effective nucleophile has high elec¬ 

tron density means that there are two generally useful ways to compare the 

nucleophilicity of two species. First, an anion is more reactive as a nucle¬ 

ophile than the corresponding neutral species; for example, eOH is more 

nucleophilic than H20. Second, among species with the same charge, a less 

electronegative atom bearing a nonbonding electron pair is a better nucle¬ 

ophile than a more electronegative one, because it can more easily donate 

its electron pair in approaching the transition state. Within a single column 

or a single row of the periodic table, nucleophilicity increases with de¬ 

creasing electronegativity. Thus, eOH is a better nucleophile than Fe, be¬ 

cause oxygen is less electronegative than fluorine. Similarly, IQ is more nu¬ 

cleophilic than Fe because iodine is less electronegative than fluorine, and 

NH3 is a better nucleophile than H20. We cannot use this analysis to com¬ 

pare species in different rows and columns of the periodic table—for ex¬ 

ample, eOFI and Cl0—but such information can be obtained empirically 

(that is, by experiment). The relative reactivity of some common nucle¬ 

ophiles is: 

RSe > I® > ®CN > ®OH > ®N3 > Br® > Cl® > H20 

Leaving Group. The rate of SN2 reactions is also affected by the na¬ 

ture of the leaving group. The best leaving groups are those with weak bonds 

to carbon and those that can readily support negative charge. Chlorine, 

bromine, and iodine are all good leaving groups, with alkyl chlorides the 

least reactive toward SN2 reactions, and alkyl iodides the most reactive. 

However, alkyl iodides are the most expensive and the most difficult to 

prepare. 
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Solvent. The effect of the solvent on the rate of an Sn2 reaction varies 

with the nature of the nucleophile. If both the substrate and the nucleophile 

are uncharged, increasing solvent polarity increases the rate of the Sn2 

reaction by stabilizing the transition state, where charge separation has 

developed. 

© ••© 

■> (CH3)3N— CH3 + :Br: 

Conversely, reaction of a negatively charged nucleophile with a neutral sub¬ 

strate proceeds more slowly in polar solvents than in nonpolar solvents, be¬ 

cause the localized charge in the starting nucleophile is stabilized by solva¬ 

tion to a greater extent than the more diffuse charge in the transition state. 

> N=C—CH3 + : Br: 
© 

N=C: ,H3C — Br 

H 

N=C— 

H H 

8- 

Br 

(CH3)3N:V ,H3C—Br (CH 3/3 

5+ 

N- 

H 
8- 

Br 

EXERCISE 7.12 

Which reagent in each of the following pairs is the more reactive nucleophile? 

(a) eNH2 or NH3 (c) Cl0 or I0 

(b) OH2 or NH3 (d) HSe or HO0 ■ 

Synthetic Utility of Sn2 Reactions 

With the Sn2 reaction, it is possible to convert an alkyl halide into any 

of several different functional groups (Table 7.1). With different nucle¬ 

ophiles, alkyl halides will react to produce amines, azides, alcohols, ethers, 

thioethers, and other halides. These products, in turn, can be transformed 

TABLE 7.1 

Preparation of Some Typical Functional Groups by SN2 Displacement 

R—Br + °Nuc->R—Nuc (R - 

Source of Nucleophile 

methyl, primary alkyl, or secondary alkyl) 

Product 

nh3 Amine (R—NH2) 

NaN3 Alkyl azide (R—N3) 

NaOH Alcohol (R—OH) 

NaOCH3 Ether (R—OCH3) 

NaSCH3 Thioether (R—SCH3) 

NaCl Alkyl chloride (R—Cl) 

KI Alkyl iodide (R—I) 



into other materials. For example, we will see in the next chapter how al¬ 

cohols can be converted into good leaving groups, so that alcohols also be¬ 

come starting materials for substitution reactions yielding a variety of func¬ 

tional groups. By learning the mechanism of the Sn2 reaction, you have also 

learned how each of these related transformations takes place. Because these 

reactions constitute useful methods for preparing each of these products, 

they are of both synthetic and mechanistic interest. 
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Mechanism of Two Multistep Heterolytic 
Reactions: Electrophilic Addition and 
Nucleophilic Substitution (SN1) 

Reactions that include the formation of intermediates (Chapter 6) take place 

in distinct steps. Here, we consider the mechanisms of two reactions in f r»HEM TV® I 
which bond cleavage is heterolytic and the intermediates formed are cations. 

The first reaction, electrophilic addition of hydrogen chloride to an alkene, #13 The SNi Reaction 

includes the formation of an intermediate carbocation. The second reac¬ 

tion, hydrolysis of alkyl bromide, involves the formation of two intermedi¬ 

ates: a carbocation and then an oxonium ion. Because the rate-limiting step 

in the second reaction involves only the starting material, the rate of the re¬ 

action depends only on the concentration of starting material (rate = 

k[R—LG]), and the reaction is referred to as an SnI reaction. In this ter¬ 

minology, Sn indicates the overall reaction (a substitution in which the sub¬ 

stituent is a nucleophile), and 1 relates to the molecularity of the rate-de¬ 

termining step (unimolecular)—that is, the rate-determining step consists 

only of bond breaking in the substrate and does not involve the nucleophile. 

As you will learn, the formation of cations in both of these reactions 

is inferred from three observations about the rate of reaction: (1) loss of 

stereochemistry as the reaction proceeds through a planar carbocation, (2) a 

correlation of relative reactivity with the stabilities of the intermediate car- 

bocations, and (3) enhanced rates in polar solvents that stabilize the tran¬ 

sition state for the formation of the intermediate carbocation itself. 

P Electrophilic Addition of HC1 to an Alkene 

The addition of HC1 to cyclohexene takes place in two steps: 

C* 
H—Cl 

Step 1 Step 2 

Cyclohexene Chlorocyclohexane 

In the first step, the 7r electrons of the double bond in cyclohexene are do¬ 

nated to the electrophile (HC1) to form a carbon-hydrogen a bond. The 
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full-headed arrow indicates that the two electrons of the it bond move to 

form a new C—H bond as the two electrons in the H—Cl bond shift to 

chlorine. The proton thus acts as an electrophile. Because the overall trans¬ 

formation is an addition, this reaction is called an electrophilic addition. 

The protonation of one carbon converts the other carbon originally 

participating in the double bond into a cation. (As an exercise, calculate the 

formal charge of this carbon.) In this first step, more bonds are broken than 

are formed: both a carbon-carbon 7rbond and a hydrogen-chlorine crbond 

are broken, whereas only a carbon-hydrogen a bond is formed, resulting 

in a carbocation and a chloride ion. In the gas phase, this reaction takes 

place only with great difficulty. However, in solution, the intermediate ions 

generated can be stabilized by interaction with polar solvent molecules, and, 

as a result, the reaction is accelerated by solvents such as water. Nonetheless, 

this solvation energy cannot compensate completely for the substantial 

bond breaking in this endothermic first step. 

In the second step, the chloride ion formed in the first step reacts with 

the carbocation to form a carbon-chlorine crbond. This step occurs rapidly 

and easily because it consists only of bond making. Therefore, the en¬ 

dothermic first step is the slow step and is rate-determining. The transi¬ 

tion state closely resembles the intermediate carbocation. A reaction pro¬ 

file is shown in Figure 7.4. 

Reaction profile for a two-step electrophilic addition, the addition of HC1 to 

cyclohexene. The reaction takes place by formation of a carbocation in the 
rate-determining step. 

Stabilization of Intermediate Cations. The factors that stabilize the 

intermediate carbocation and chloride ion also stabilize the transition state. 

As the energy of the transition state is reduced, so is the required activa¬ 

tion energy, resulting in a faster reaction. This reaction is accelerated by po- 



lar solvents because the critical intermediates are ions. The carbocation is 

stabilized by solvents containing heteroatoms involved in polar bonds, and 

the anion is stabilized by solvents having hydrogen atoms bonded to het¬ 

eroatoms. Water has both of these features and is particularly good at sta¬ 
bilizing charged intermediates, both cations and anions. 

You know that tertiary cations are more stable than secondary cations, 

which are, in turn, more stable than primary cations. As was explained in 

Chapter 3, the relative reactivity of alcohols is determined by the relative 

stability of the carbocations formed by cleavage of the carbon-oxygen bond. 

Thus, 2-methyl-2-propanol is cleaved by acid (ionized) more readily than 

is 2-butanol, which is more reactive than 1-butanol. The order of the rate 
of acid-induced ionization is 
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2-Methyl-2-propanol 2-Butanol 1-Butanol 

This order of reactivities follows from, and is therefore the same as, the or¬ 

der of stability of the carbocations produced by loss of water: tertiary > 
secondary > primary. 

Regiospecificity: Markovnikov’s Rule. A reaction that proceeds via 

an intermediate cation, such as that shown in Figure 7.5, is faster when the 

intermediate cation is tertiary than when it is secondary or primary. 

Therefore, in the addition of HC1 to methylcyclohexene, where either a ter¬ 

tiary or a secondary cation can be formed as intermediate, the reaction pro¬ 

ceeds through the more stable tertiary cation intermediate. 

1-Methylcyclohexene Tertiary cation 1-Chloro-l-methylcyclohexane 

r* 
H—Cl —X-> 

Slow 

-> 

1-Methylcyclohexene Secondary cation l-Chloro-2-methylcyclohexane 

FIGURE 7.5 

Protonation of 1-methylcyclohexene at C-2 forms a tertiary cation, whereas 
protonation at C-l produces a secondary cation. Because a tertiary carbo¬ 
cation is more stable than a secondary one, the upper reaction is thermo¬ 
dynamically favored over the lower one. 
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Note that the carbon atoms involved in the double bond in 1-methyl- 

cyclohexene are not equivalent. Protonation at C-2 gives the tertiary ion in 

the rate-determining step. Protonation at C-l forms a secondary carbo- 

cation. Because secondary cations are less stable than tertiary ones, the for¬ 

mation of the secondary cation does not compete effectively with the for¬ 

mation of the tertiary cation, and 1-chloro-l-methylcyclohexane, the 

product derived from the tertiary carbocation, is formed preferentially. 

These energy considerations are illustrated in Figure 7.6, which shows 

an energy profile very similar to that for the addition of HC1 to cyclohex¬ 

ene. The reaction that forms the more stable, tertiary cation proceeds from 

the reactants in the center to the products at the left, whereas the slower 

process (forming the secondary cation) proceeds to the products at the right. 

Under either kinetic or thermodynamic control, 1-chloro-l-methylcyclo- 

hexane is formed: this product is more stable than the isomeric product at 

the far left, and it is formed through a pathway with a lower activation 

energy. 

11 

H° 

Reaction coordinate 

FIGURE 7.6 

Secondary 

cation 
Tertiary 

cation 

Energy diagrams for the two possible outcomes for electrophilic addition of 

HC1 to 1-methylcyclohexene. 

Although the double bond in 1-methylcyclohexene is more stable than 

that in cyclohexene because of the methyl group on C-l, the effect of this 

substituent on the relative stabilities of the intermediate cations is even 

greater. Thus, the addition of a proton to 1-methylcyclohexene has a lower 

activation energy than the addition of a proton to cyclohexene, and it oc¬ 

curs more readily. 

The addition of FIX to a carbon-carbon double bond takes place in a 

stepwise fashion, with the positions of FI and X in the product being gov¬ 

erned by the stability of the intermediate cation. Electrophilic attack at the 

less highly substituted carbon gives the more stable carbocation. Therefore, 

protonation by acid occurs at the less highly substituted carbon atom of the 

double bond. This preferred orientation defines the regiochemistry, or po¬ 

sitional isomerism, of the reaction. The regiochemistry of the addition of 



HX to unsymmetrical alkenes will reflect the addition of a proton to the 

less substituted carbon. The Russian chemist Vladimir Markovnikov 

(1838-1904) was the first to make this observation, which is referred to as 

Markovnikov’s rule. Markovnikov did not fully understand the chemical 

basis for his rule when he proposed it at the age of 31, for the mechanism 

was not uncovered until many years later. Nonetheless, he was an excellent 

scientist who generalized from his experimental observations to predict the 
course of new reactions. 
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EXERCISE 7.13 

Predict the preferred regiochemistry for the addition of HC1 to each of the fol¬ 

lowing compounds on the basis of carbocation stability: 

Multistep Nucleophilic Substitution (SnI): 
Hydrolysis of Alkyl Bromides 

Another reaction that takes place through the formation of an inter¬ 

mediate cation is the conversion of an alkyl halide to an alcohol, with the 

replacement of the halogen by an OH group from water. Because this re¬ 

action proceeds through cationic intermediates, it is a multistep heterolytic 

substitution. In this hydrolysis reaction, the C—X bond is completely bro¬ 

ken before a bond is formed with the nucleophile. Because the first step in¬ 

volves only the starting material, this nucleophilic substitution is unimolec- 

ular, an SN1 reaction (rate = k[R—LG]). 
Consider, for example, the hydrolyses of f-butyl bromide and isopropyl 

bromide: 

CH3 

H,C 

H,0 

c 
CH, 

Br 

r-Butyl bromide 

+ Br0 

Br .© 
H 

:0 

H 

Br' 
e H_. H 

© 
O 

H 

H 
H,0 

H3Cr\ CH3 
^ Br 

Isopropyl bromide 

h,c^ch3 + 

AN 
H H 

H 

h3c \ ch3 
©.O ^ 

H H 

C-H :0 
I 

H 

Br 
© Br © H 

© 
O 

H 
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In the first step of an SnI reaction, bond breaking results in the formation 

of a carbocation; this step is rate-determining. Here, trapping of this cation 

by water in the second step is rapid, because only bond making is required. 

The oxonium ion formed is then deprotonated to produce the observed al¬ 

cohol product. 

Rate-Determining Step: Formation of a Carbocation Intermediate. 
These nucleophilic substitutions are mechanistically different from the SN2 

reactions considered in Section 7.4, because they take place in several steps. 

The first step is the heterolytic cleavage of the carbon-bromine bond to 

produce a carbocation and a bromide ion. (The Sn2 substitutions discussed 

earlier are concerted and do not proceed through a reaction intermediate.) 

After the carbocation is formed in the first, difficult, and rate-determining 

step, water attacks the cation in a rapid second step, forming a new car¬ 

bon-oxygen bond. In this step, electron density flows from the lone pair on 

water’s oxygen to the carbocationic carbon, forming a bond between car¬ 

bon and oxygen. As a result, the oxygen now bears a formal positive charge 

in this intermediate, referred to as an oxonium ion. Loss of a proton restores 

neutrality to this oxygen in the last step of the overall process. 

Because the first step of an SnI reaction consists only of bond break¬ 

ing, it is endothermic. Thus, the transition state for cleavage of the car¬ 

bon-bromine bond resembles the carbocation. The cation formed in the 

first step of the heterolytic cleavage of the carbon-bromine bond of f-butyl 

bromide is tertiary, whereas the cation derived from isopropyl bromide is 

secondary. Therefore, the first step of the reaction is less endothermic for 

t-butyl bromide than for i-propyl bromide. To the extent that a tertiary 

cation is more stable than a secondary one, the transition state leading to 

the former is favored, and a lower activation energy barrier is encountered. 

With a lower energy barrier, a greater fraction of the reactant molecules are 

able to reach the transition state (Chapter 6), and the reaction is faster. The 

order of reactivity of substrates in an SN1 reaction is tertiary > secondary > 

primary >> methyl—the opposite of the order for an SN2 reaction. 

CH3 Faster 

HjCtHr 
h3c 

t-Butyl bromide 

CH3 

+ eBr 
h3c ch3 

H 

H3C"'J^Br 
H3C 

i-Propyl bromide 

Slower 
-> 

H 

+ eBr 
h3c ch3 

EXERCISE 7.14 

Which member of the following pairs of compounds is likely to react more rapidly 

under SnI conditions? 
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However, the carbocation is not the final product. Hydrolysis requires 

that this intermediate react with water to form an oxonium ion, deproto¬ 

nation of which gives the final product, the alcohol (Figure 7.7). Of the two 

cations (the carbocation and the oxonium ion), the carbocation is less sta¬ 

ble because its positively charged carbon lacks a full complement of valence 

electrons; in the oxonium ion, oxygen has access to eight valence electrons: 

ch3 " CH3 
1® + versus 

H3C ch3 h H H3C @\ CH3 

Carbocation 
H H 

Oxonium ion 

Complete reaction profile for the SN1 hydrolysis of f-butyl bromide. The 

rate-determining step (carbocation formation) is followed by fast nucle¬ 

ophilic capture of the cation by water, forming an oxonium ion, which then 

transfers a proton to a neutral water molecule. 



Formation of the carbocation, entailing only bond breaking, is ther¬ 

modynamically unfavorable. Because this step has a large activation energy, 

it is undoubtedly rate-determining, and reasonable reaction rates are typi¬ 

cally obtained only upon heating. Because the rate-determining step is uni- 

molecular, the reaction rate depends only on the concentration of the re¬ 

actant. The concentration of the nucleophile (water) does not appear in the 

reaction-rate expression because it does not enter into the reaction until af¬ 

ter the rate-determining step. 

Reaction of the Carbocation Intermediate. Trapping of the carbo¬ 

cation by water in the second step of the hydrolysis reaction of an alkyl 

halide consists only of bond making and is exothermic. In the final step, a 

proton on the oxonium ion is transferred to a base—in this case, water. The 

deprotonation is very fast, as is generally true for reactions in which a pro¬ 

ton is transferred from one heteroatom to another and in which the iden¬ 

tity of the charged atom does not change (here, from an oxygen in the ox¬ 

onium ion to an oxygen in the hydronium ion). Because the solvent acts as 

the nucleophile and traps the cationic intermediate, these SnI reactions are 

called solvolysis reactions. When water is the solvent, a solvolysis is called 

a hydrolysis. 
We can also approach the carbocationic intermediate from the alcohol, 

via the reverse sequence of protonation, dehydration, and capture of the 

carbocation by the nucleophile: 

362 

7 Mechanisms of 
Organic Reactions 

lS=f WUC,DcpM'NUC- 
H 

Zo® 
H 

Alcohol 
OtcA\W^ 

—h2o 

Slow Fast 

Alkyl halide 

In this way, an alcohol can be converted into an alkyl halide by an SN1 re¬ 

action that is the reverse of the hydrolysis of an alkyl halide. In both reac¬ 

tions, formation of the carbocationic intermediate occurs in the rate-de¬ 

termining step. Protonation of the alcohol results in the formation of an 

oxonium ion, whose dehydration provides the cation. From the principle 

of microscopic reversibility, this carbocation is the same as that formed in 

the solvolysis of the corresponding alkyl halide. Therefore, the rate-deter¬ 

mining step of both the forward and the reverse reactions is carbocation 
formation. 

This example shows why it is very important to understand the struc¬ 

ture and reactivity of intermediates in organic chemistry: when you really 

understand a reaction in one direction, you also understand its reverse. For 

example, the same carbocation can be trapped by halide ion to form alkyl 

halide or by water to form alcohol; the intermediate is the same whether 

the reaction is proceeding from halide to alcohol or from alcohol to halide. 

(As you continue the study of organic chemistry, you will find with in¬ 

creasing frequency that your understanding of reaction mechanisms begins 

to dovetail and that you will already know a great deal about the reactions 
of new functional groups.) 
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Draw a complete energy diagram for the conversion of cyclohexanol to bromocy- 
clohexane. 

EXERCISE 7.16 

Predict, on the basis of carbocation stability, which member of each of the follow¬ 
ing pairs is hydrolyzed at the faster rate: 

7.5 Mechanism of Two 
Multistep Heterolytic Reactions: 

Electrophilic Addition and 
Nucleophilic Substitution (SN1) 

H Factors Affecting the Rate of SN1 Reactions 

Because the nucleophile is not involved in the rate-determining step, 

the rate of SnI reactions is affected by only three of the four factors that 

control the rate of SN2 reactions: degree of substitution (as just discussed), 

identity of the leaving group, and polarity of the solvent. The effect of the 

leaving group on SnI reactions follows the same general trends as for SN2 

reactions. For example, alkyl iodides are more reactive than alkyl bromides 

or chlorides. However, in an SnI reaction of a neutral substrate, the polar¬ 

ity of the solvent affects the rate of reaction substantially more than in an 

Sn2 reaction and sometimes in the reverse direction. For example, calcula¬ 

tions have shown that ionization of f-butyl chloride in the gas phase is en¬ 

dothermic by 150 kcal/mole, whereas the measured activation energy in wa¬ 

ter is only 20 kcal/mole. The calculated activation energy for the reaction 

of chloride ion with methyl chloride in water is about 25 kcal/mole; in the 

gas phase, the activation energy is less than 5 kcal/mole, and a complex be¬ 

tween the starting materials is substantially more stable than methyl chlo¬ 

ride and chloride ion separated at great distance. 

Rearrangements 

As we saw in Chapter 3, alkyl groups donate electron density to carbo- 

cations, resulting in the following order of cation stability: tertiary ~ ben- 

zylic > secondary ~ allylic > primary > methyl. This difference in stabil¬ 

ity can provide a driving force for rearrangement reactions that result in an 

increase in the number of alkyl groups attached directly to the positively 

charged carbon of a carbocation. 
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Hydrogen Shifts. When 3-methyl-2-butanol is treated with hydrogen 
bromide, two isomeric bromides are formed: the major product, 2-bromo- 
2-methylbutane, and the minor product, 2-bromo-3-methylbutane: 

3-Methyl-2-butanol 2-Bromo-2-methylbutane 2-Bromo-3-methylbutane 
Major Minor 

In this reaction, protonation of oxygen is followed by loss of water to form 
a secondary carbocation (Figure 7.8). The secondary carbocation then re¬ 
arranges to a more stable tertiary carbocation by movement of a hydrogen 
atom with the pair of bonding electrons from C-3 to C-2. This fills the octet 
of C-2 and leaves C-3 with only six electrons. Thus, movement of the hy¬ 
drogen atom and bonding electrons causes the center of positive charge to 
move from C-2 to C-3; that is, the initially formed secondary carbocation 
has rearranged to a more stable tertiary carbocation. Reaction of this re¬ 
arranged carbocation with bromide ion produces the tertiary alkyl bromide 
(2-bromo-2-methylbutane), whereas reaction of the initially formed sec¬ 
ondary carbocation with bromide ion produces the secondary bromide (2- 
bromo-3-methylbutane), as a very minor product. 

H 

H—6: H 
\ / > 

H 
© / 

H-£L^ 
_ H 

H/V 7 H7 V 
3-Methyl-2-butanol ' 2° Carbocation 

• • © 

+ :B r: —X- + 
Slower 

Br H 

2-Bromo-3-methylbutane 

Faster 

.. © 

3° Carbocation 2-Bromo-2-methylbutane 

FIGURE 7.8 

In the reaction of HBr with 3-methyl-2-butanol, the initially formed sec¬ 
ondary carbocation rearranges by movement of a hydrogen atom (shown in 
red) and its associated bonding electrons. The resulting tertiary cation com¬ 
bines with bromide to form the major product. 

Because the rearranged product is the major product observed, we can 
conclude that the rate of rearrangement is significantly faster than the rate 
of reaction of the secondary carbocation with bromide ion. Indeed, with 
primary substrates, rearrangement takes place simultaneously with loss of 
the leaving group, leading directly to the more substituted carbocation with¬ 
out formation of a primary one. 
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Alkyl Shifts. Alkyl groups are also observed to shift when a more sta¬ 

ble cation is the result. When 3-methyl-2-butanol reacts with hydrogen 

bromide, either a hydrogen atom or a methyl group can be shifted. However, 

shifting the methyl group produces a secondary cation—a tertiary carbo- 

cation can be produced only by the shift of the hydrogen atom. When mi¬ 

gration of more than one group is possible, the group that migrates is the 

one (here, a hydrogen atom) that will result in a more highly substituted 

carbocation. The preference for a shift of a hydrogen atom is not deter¬ 

mined by the relative facility with which a hydrogen atom or an alkyl group 
can migrate: 

Alkyl group 

<-—X— 
migration 

H © 
H 

~CH3 

ch3 

2° Carbocation 

H 

H,C 
© ch3 

ch3 

Hydrogen 
-» 
migration 

ch3 

ch3 

3° Carbocation 

When the shift of an alkyl group produces a more stable cation, this shift 

is also rapid. The change in structure that results from the migration of a 

carbon substituent is more profound than the one that accompanies the 

migration of a hydrogen atom, because the connectivity (and therefore the 

skeleton) of the structure changes. For example, treatment of 3,3- 

dimethyl-2-butanol with HC1 produces 2-chloro-2,3-dimethylbutane: 

We will see additional examples of these rearrangements in Chapter 14. 

EXERCISE 7.17 

Draw the expected alkyl halide that would be produced by treatment of each of the 

following alcohols with HBr. (In each case, a rearrangement reaction is involved.) 
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#17 Chlorination 
of Methane 

7.6 

Mechanism of a Multistep Homolytic Cleavage: 
Free-Radical Halogenation of Alkanes 

One of the principal means of introducing functional groups into alkanes 

is homolytic substitution. In a homolytic reaction, radical intermediates are 

formed. The electrons of the cr bonds undergoing cleavage do not remain 

paired, as they do in reactions in which ionic intermediates are formed. In 

representations of these homolytic substitution reactions, two half-headed 

arrows show the movement of single electrons. 

Energetics of Homolytic Substitution 
in the Chlorination of Ethane 

In the free-radical chlorination of ethane, a C—H bond is replaced by 

a C—Cl bond. 

AH° = 100 AH° = 59 AH° = -80 AH° = -103 

CH3CH2 -H Cl--Cl = CH3CH2 -Cl H--C1 
A A 

CH3CH2—H + Cl—Cl -\ 
\ hv 

'--> CH3CH2 —Cl + H—Cl 

AH° = (100 + 59) - (80 + 103) = -24kcal/mole 

This reaction proceeds through free-radical intermediates and is thus a ho¬ 

molytic substitution. We can estimate AH° for this reaction by comparing 

the energy of the bonds broken in the reaction (C—H and Cl—Cl) with 

the energy of the bonds formed (C—Cl and H—Cl). By using the energies 

from Table 3.5 (reproduced inside the back cover of the book), we can cal¬ 

culate AH° and find that this homolytic substitution is exothermic. To do 

this calculation, we “mentally” break all of the bonds present in the start¬ 

ing materials that are not present in the products and sum the bond ener¬ 

gies. Putting the pieces together to form the products, we subtract the en¬ 

ergies of the bonds that form in so doing. The result represents the change 

in bond energy for the reaction. Keep in mind that this sequence is merely 

a mental construct for the purpose of energy bookkeeping; the reaction 

does not actually happen by first breaking all of the bonds that disappear 

in the reaction and then making all of the new bonds that appear in the 

products. 

EXERCISE 7.18 

Calculate A H° for each of the following reactions: 

Br 



CHEMICAL PERSPECTIVES 

OXIDATIVE DESTRUCTION OF BACTERIA BY RADICALS 

The bond between two oxygen atoms in an organic 
molecule is generally very weak (—36 kcal/mole). 
Homolytic cleavage of this bond generates two rad¬ 
icals that can readily oxidize organic materials and, 
by doing so, destroy bacteria. Hydrogen peroxide, 
H202 (HO—OH), the simplest example of a com¬ 
pound with an oxygen-oxygen single bond, has been 
used for many years in a dilute solution in water as 
a cleansing and antiseptic agent. When applied to an 
open wound, hydrogen peroxide forms small bubbles 
as it is decomposed into molecular oxygen and wa¬ 
ter by the iron present in hemoglobin. Although this 
gas evolution mainly helps to clean the wound, it 
constitutes a significant reason for the use of hydro¬ 
gen peroxide as an antiseptic: many people feel that 
something should visibly happen—as, for example, 
the dark staining that occurs when iodine is used as 
a disinfectant. 

Hydrogen peroxide is also used to sterilize con¬ 
tact lenses. The lenses are placed in a container to 
which is attached a plastic disk coated with a thin 
layer of platinum metal. This assembly is then sub¬ 
merged in a 3% solution of H202 in saline. The per¬ 
oxide is an effective antibacterial agent and quickly 
kills any microbes present. The platinum slowly cat¬ 
alyzes decomposition of H202 to H20 and 02, and 
the bubbles of oxygen that form help clean the lenses. 
(There are minute amounts of H202 in tears.) 

Hydrogen peroxide was first reported in 1818 by 
the French chemist Baron Louis-Jacques Thenard. It 
is prepared commercially by treating barium perox¬ 
ide with aqueous acid. 

A O H O® 
BaC03 -> BaO --—> Ba02 — -> H202 

J 500 °C 

■ Steps in a Radical Chain Reaction 

A radical chain reaction takes place in several steps, and we must eval¬ 

uate each step to identify the one that is rate-determining. 

Initiation Step. A homolytic substitution reaction requires light or 

heat for initiation. In this initiation step, two free radicals are produced 

from a stable starting material: 

Cl—Cl hv > Cl - + Cl- AH° = +58 kcal/mole 

In an initiation step, a covalent bond is homolytically cleaved to produce 

two radicals. The energy needed to break the bond can be supplied as ei¬ 

ther light or heat. 
The bond energy of the chlorine-chlorine a bond is relatively small, 

and so the energy required for its homolytic fission (the bond-dissociation 

energy) is not excessive. Thus, light or heat induces fission of this bond, 

producing two reactive radical fragments. This endothermic initiation step 

is critical in beginning the reaction, but it is not a part of the overall stoi¬ 

chiometry. Because initiation steps require that a bond be broken without 
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the simultaneous formation of another bond, they consume a substantial 

amount of energy. Fortunately, initiation steps need not be stoichiometric. 

Even a few radicals formed in an initiation step can begin a radical chain 

reaction leading to a large number of product molecules. 

Propagation Steps. Although a homolytic substitution takes place 

through several steps, the propagation steps account for the bulk of prod¬ 

uct formation. In the propagation steps, the radicals produced in the initi¬ 

ation step react with neutral substrate to produce different radicals. In a 

propagation step, the number of product radicals is equal to the number 

of reactant radicals. In this case, a chlorine atom interacts with the alkane 

in a process in which a carbon-hydrogen bond is homolytically cleaved as 

a hydrogen-chlorine bond is formed. 

CH3QVtH / ''■Cl --> CH3CH2 + H—Cl AH° = 100 - 103 = -3 kcal/mole 

CH3QV Cl-^rCl-> CH3CH2—Cl + - Cl AH° = 59 - 80 = -21 kcal/mole 
V^A 

The propagation steps in a free-radical chlorination consume one radical 

while producing another. Both steps are exothermic and proceed efficiently. 

The product radical in one step is the reactant radical in the next, and so 

these reactions cycle repeatedly until the alkane or chlorine is almost com¬ 

pletely consumed. 

Again, referring to the table of bond-dissociation energies (Table 3.5), 

we find that the propagation step involving the chlorine atom is exother¬ 

mic by 3 kcal/mole. Note that this step does not generate additional free 

radicals; it simply converts one reactant radical into a different product rad¬ 

ical. One bond is broken as another is formed. The resulting alkyl radical 

then interacts with Cl2. The chlorine-chlorine bond is broken at the same 

time that a carbon-chlorine bond is formed in a highly exothermic step 

(AFP —21 kcal/mole). Like the first propagation step, this propagation step 

does not change the number of reactive intermediates—an alkyl radical is 

consumed as a chlorine atom is formed. Note that the reactive intermedi¬ 

ate that initiates the first propagation step is formed as a product in the sec¬ 

ond propagation step. This chlorine atom can then serve as a reactant to 

repeat the first step. The propagation steps in this radical chain reaction al¬ 

ternate until the reactant alkane or chlorine, or both, are consumed. 

Termination Step. When the initiation reaction is encouraged (by 

supplying continuous heat or light), the number of radicals increases until 

they begin to encounter each other, at least occasionally. Two of these rad¬ 

icals can combine exothermically to form a a bond in a process called a 

termination step, which is exactly the opposite of the initiation step. The 

following reactions convert two reactive radicals into one stable product: 

Cl AN r'.a —-> Cl—Cl 

ch3ch2 * r\a -> CH3CH2—Cl 

ch2ch3 ch3ch2 ■» ch3ch2—ch2ch3 



In a termination step, a covalent bond is formed as each of two radicals do¬ 

nates its unpaired electron to form a cr bond. This bond formation releases 

energy and blocks further propagation steps by consuming a reactive free 

radical. In this way, termination reactions stop the radical chain reaction by 

consuming reactive intermediates without producing more. 

The two different radicals produced by the two propagation steps of 

free-radical chlorination can combine with themselves or with each other. 

Therefore, the termination step of this chain reaction will produce not only 

small amounts of molecular chlorine (the combination of two chlorine 

atoms), but also small amounts of alkyl chloride (alkyl radical plus chlo¬ 

rine atom) and alkane (two alkyl radicals). Because termination steps be¬ 

gin to become important only when radical concentrations increase, which 

is usually when one of the reactant molecules is consumed, they do not con¬ 

tribute significantly to the observed product distribution. 

Net Reaction in a Radical Chain Reaction. The net stoichiometry 

and thermodynamics for a radical chain reaction derive from a consid¬ 

eration of the propagation steps alone; they are represented for the free- 

radical chlorination of ethane by the reaction profile in Figure 7.9. 
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This reaction profile shows that two propagation steps are needed in a free- 

radical substitution reaction of ethane with chlorine. 

EXERCISE 7.19 
SwWHraBSS@B8SwSlS»is@««s3SrafflBMSSswBiHH®H!M 

Calculate AH° for each of the following proposed propagation steps: 

+ *Br + HBr 
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Relative Reactivity of Halogens 

Free-radical halogenation of alkanes is not limited to reactions with 

chlorine. For example, ethane reacts with bromine by a homolytic pathway 

essentially identical to that for chlorination. 

Transition States. The energies of the various bonds broken and 

formed in free-radical chlorination and bromination are quite different, and 

these differences can significantly affect the usefulness of these reac¬ 

tions. Abstraction of hydrogen from ethane by a halogen atom is the rate¬ 

determining step in free-radical halogenation by either chlorine or bromine. 

This can be seen by comparing the energies of the two propagation steps 

for each halogen: 

Bromination 

CH3CH2—H \ Br - —> CH3CH2 + H—Br AH° = 100 - 87 

= +13 kcal/mole 

CH3CH^ / Br —Br - —> CH3CH2—Br + - Br A H° = 46-68 

= —22 kcal/mole 

Chlorination 

CH3CH2—H \^.C1 - —> CH3CH2 + H—Cl AH° = 100 - 103 

= — 3 kcal/mole 

Cf^CH^ ^ Cl—Cl - —> CH3CH2—Cl + • Cl A H° = 59-80 

= — 21 kcal/mole 

Note that for chlorine, abstraction of hydrogen from ethane is slightly 

exothermic (AH° — — 3 kcal/mole), whereas the second propagation step is 

much faster (AH° = —21 kcal/mole). For bromine, abstraction of hydro¬ 

gen from ethane is endothermic (AH° = +13 kcal/mole). The a bond is 

stronger in HC1 than in HBr. Because of this difference, the transition state 

is early (reactant-like) in chlorination and is late (product-like) 

in bromination. In chlorination, the C—H bond is still mostly intact at 

the transition state; in bromination, this bond is substantially broken. The 

carbon atom undergoing substitution in bromination is therefore more 

radical-like (Figure 7.10), because the reaction involves a later transition 

state. As we will see in the next subsection, a late transition state that re¬ 

sembles the radical intermediate more than the starting material affords 

higher selectivity and better control of regiochemistry. 



FIGURE 7.10 

Reaction profiles for hydrogen abstraction from ethane by (a) chlorine and 

(b) bromine. Because the first step is exothermic for chlorination and en¬ 

dothermic for bromination, the transition state for chlorination is early and 

resembles the reactant alkyl halide rather than the intermediate radical, 

whereas that for bromination is late and has substantial radical character. 

Net Reaction Thermodynamics. Thermodynamics can reveal why 

radical chain reactions are not used for fluorination or iodination (Table 

7.2). Free-radical fluorination is exothermic by approximately 109 kcal/ 

mole, a value much too large to allow for safe and effective control of a 

self-propagating reaction without special precautions. In fact, free-radical 

TABLE 7.2 

Overall Enthalpy Changes (AH°) for the Two Propagation Steps 
in Free-Radical Halogenation of Propane 

Halogen, AH° for Step 1 AH° for Step 2 AH° Overall 
X (kcal/mole) (kcal/mole) (kcal/mole) 

F 

Cl 

Br 

I 

-39 -70 -109 

-7 -23 -30 

+ 9 -22 -13 

+25 -15 + 10 
371 
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CHEMICAL PERSPECTIVES 

NATURAL DEFENSE SYSTEMS 

The bombardier beetle (genus Brachinus) defends itself by shooting an irri¬ 

tating mixture of steam, water, and HCN at an attacker. The energy for pro¬ 

pelling this mixture comes from the free-radical chain decomposition of hy¬ 

drogen peroxide, which is sufficiently exothermic to warm water above its 

boiling point, thus building pressure that is released when the beetle targets 

its attacker. 

fluorination is so exothermic that extreme care must be exercised to pre¬ 

vent local heating and a violent reaction. Nonetheless, reasonable yields of 

fluorination products have been obtained under very carefully controlled 

conditions. Iodination, on the other hand, is unfavorable thermodynami¬ 

cally and, even if it were driven by the removal of HI by reaction with base, 

the first propagation step is so endothermic that it is impractically slow. 

Regiocontrol in Homolytic Substitution 

Because most alkanes have a mixture of primary, secondary, tertiary, 

and quaternary carbon atoms, free-radical halogenation can give rise to a 

number of different products. As the size of the hydrocarbon increases, the 

number of possible isomers generally also increases. Even for the simple 

alkane pentane, there are three possible monochlorination products: 1-, 

2-, and 3-chloropentane: 

ci2 
—> 

hv 

Pentane 1-Chloropentane 2-Chloropentane 3-Chloropentane 

With bromine, however, simpler mixtures are usually obtained. 

Let’s use the mechanism of free-radical halogenation to explain why 

bromination can often be used to obtain mostly one product, whereas chlo¬ 

rination is relatively nonselective and affords a mixture. 

EXERCISE 7.20 

Draw structures for all of the possible monochlorination products for each of the 
following hydrocarbons. 
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consider free-radical chlorination and bromination of propane. 
7.6 Mechanism of a Multistep 

Homolytic Cleavage: 
Free-Radical Halogenation 

of Alkanes 

Two types of hydrogen atoms are present, primary and secondary. There 

are six primary and only two secondary hydrogen atoms. Thus, even if AH° 
for abstraction of the two different hydrogen atoms were the same, there 

would be a statistical bias of 3 :1 (6:2) favoring the formation of 1-chloro- 

propane. However, because a primary C—H bond is stronger than a sec¬ 

ondary C—H bond (100 versus 96 kcal/mole, Table 3.5 and inside the back 

cover), we can conclude that cleavage of the secondary C—H bond will be 

faster. How much faster is determined by the degree to which the bond is 

broken in the transition state. An early transition state, such as that in chlo¬ 

rination, will have undergone little bond breaking, and the strength of the 

C—H bond will not be a major influence on the activation energy or the 

rate of the reaction. Conversely, with a late transition state, in which sub¬ 

stantial breaking of the C—H bond has occurred, the difference in the C—H 

bond energies becomes more important. This is the case for the abstraction 

of a hydrogen atom by a bromine atom, an endothermic reaction with a 

late transition state in which there is substantial breaking of the C—H bond. 

Thus, we expect the rate of bromination to differ significantly with the 

strength of the C—H bond and the transition state to look much like the 

radical intermediate. 

We can see the effect of an early versus a late transition state from the 

experimental ratios of 1- to 2-halopropanes obtained in chlorination and 

bromination of propane: 

Cl 

Propane 1-Halopropane 2-Halopropane 

The ratio of 1-bromopropane to 2-bromopropane (4:96) is far from that 

expected statistically (3:1), whereas the ratio of the chloropropanes is much 

closer to the statistical one. This “preference” (revealed by a different ratio 

from that predicted statistically) for one positional isomer over another is 

called regiocontrol, and these reactions are said to be regioselective. The 

fact that the amount of 2-bromopropane is much higher than expected from 

statistics is consistent with the greater stability of the secondary radical, 

which significantly affects the late transition state for abstraction of a hy¬ 

drogen atom by a bromine atom. 
It is not possible to perform a detailed analysis of the late versus early 

position of the transition states of most organic reactions, because the 
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CHEMICAL PERSPECTIVES 

CHLOROFLUOROCARBONS IN THE ATMOSPHERE 

Chlorofluorocarbons (CFCs) are chemicals with a variety of industrial ap¬ 
plications, including use as refrigerants and degreasing solvents. They are 
named by a special system referred to as the rule of 90. For example, to ar¬ 
rive at the molecular formula of CFG-12, the numerical suffix, 12, is added 
to 90 (12 + 90 = 102). The result is read as one carbon atom (102), no hy¬ 
drogen atoms (102), and two fluorine atoms (102). Any further atoms needed 
to complete the valence(s) of the carbon(s) are chlorine atoms (2). Thus, 
CFC-12 is CC12F2. 

Unfortunately, CFCs decompose on exposure to ultraviolet radiation in 
the upper atmosphere, generating (among other products) chlorine atoms. 
In turn, these chlorine atoms serve as catalysts for the decomposition of 
ozone into molecular oxygen: 

Cl - + o3 -» CIO- + o2 

CIO- + 03 -* Cl - + 2 02 

Ozone in the upper atmosphere absorbs harmful ultraviolet radiation 
and thus plays a very important protective role (for example, against UV-in- 
duced skin cancer) for life on earth. A hole in the ozone layer near the South 
Pole has permitted higher-than-normal UV irradiation in the far southern 
regions of South America, and consequent blinding of entire flocks of sheep 
and of the Indians tending them. The blinding is thought to result from reti¬ 
nal damage induced by unfiltered UV light. Replacements for the CFCs, pri¬ 
marily hydrofluorocarbons that will not damage the ozone layer, are begin¬ 
ning to be produced on a large scale. 

relevant bond energies are not available. In these cases, chemists use the 

degree of selectivity observed in reactions to decide whether the transi¬ 

tion state of the step that determines the regiochemistry of the product is 

late or early. 

By adjusting the observed 4:96 ratio for bromination of propane for 

the number of primary and secondary hydrogen atoms present, we can ob¬ 

tain an intrinsic reactivity ratio for each hydrogen atom that reflects the dif¬ 

ference in activation energy (AH*) for abstraction of a primary or a sec¬ 

ondary hydrogen atom. To do so, we divide 4 by the number of primary 

hydrogen atoms (6) and divide 96 by the number of secondary hydrogen 

atoms (2), and then express the result as a ratio: 

96 

_2_ 

4_ 

6 

48 

0.67 
-72:1 

Thus, each secondary hydrogen atom is approximately 72 times more reac¬ 

tive than each primary hydrogen atom toward free-radical bromination. 
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complicated hydrocarbons. For example, butane has six primary and four 

secondary hydrogen atoms. The predicted ratio of 2- to 1-bromobutane is 

4 X 72 

6 X 1 

288 

6 
= 48:1 

Converting this ratio to percentages gives 

48 

48 + 1 
X 100% = 98% 

and 

L 

48 + 1 
X 100% = 2% 

Br 

Butane 2-Bromobutane 1-Bromobutane 

98 : 2 (predicted) 

98 : 2(observed) 

EXERCISE 7.21 

Use the ratio of 1-chloro- to 2-chloropropane obtained from free-radical chlori¬ 
nation (44:56) to calculate the intrinsic reactivity difference between a primary 
and a secondary hydrogen atom of propane. Use this information to predict the 
expected ratio of 1-chloro- to 2-chlorobutane. 

EXERCISE 7.22 

The intrinsic reactivity difference between primary and tertiary hydrogen atoms in 
free-radical chlorination is 5:1. Using this value, predict the ratio of 2-chloro-2- 
methylpropane to l-chloro-2-methylpropane expected from the free-radical chlo¬ 
rination of isobutane. 

EXERCISE 7.23 

Predict which hydrogen will be preferentially substituted in the free-radical bromi- 
nation of each of the following compounds by drawing the expected product: 

Mechanism of a Multistep 
Homolytic Cleavage: 

Free-Radical Halogenation 
of Alkanes 
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EXERCISE 7.24 

Predict whether each of the following alkyl halides can be synthesized from the hy¬ 
drocarbon shown by direct free-radical halogenation. If not, indicate the product 

that will be formed. 

-21 
Synthetic Applications 

Alkyl halides are important synthetic intermediates because halogen can be 

easily replaced by other groups. We have seen that alkyl halides can be pro¬ 

duced by three possible routes: addition of HX to an alkene, heterolytic sub¬ 

stitution of an alcohol, or homolytic substitution of an alkane. Alkyl halides 

can be converted to other functional groups by the displacement reactions 

listed in Table 7.1. 

As you learn new reactions, it is important to compare different routes 

that achieve a common synthetic objective. If you think about the unique 

characteristic of each reaction, you will learn how to use it in a discrimi¬ 

nating fashion. (You will know that you have truly arrived in the world of 

organic synthesis when someone tells you that your synthesis is elegant, in¬ 
novative, or sophisticated!) Table 7.3 is a way of compiling the reactions con¬ 

sidered in this chapter. Refer to the section in the chapter that deals with 

each reaction to be sure you understand how it is best employed. 

Summary 

1. Most organic reactions can be classified as one of seven major types: 

addition, elimination, substitution, condensation, rearrangement, isomer¬ 

ization, or oxidation/reduction. 

2. Some reactions take place through reactive intermediates; others 

proceed directly from starting material to product in a single step. A reac¬ 

tion that includes the formation of one or more reactive intermediates is 

called a multistep reaction. Reactions in which there are no intermediates 

are referred to as concerted. 

3. There are two distinctly different mechanisms for bond cleavage: 

homolytic and heterolytic. In homolytic cleavages, which are governed by 

bond-dissociation energies, single electrons move separately to form radi¬ 

cal intermediates. In heterolytic cleavages, two electrons move as a pair, re¬ 

sulting in the formation of ions. Heterolytic cleavage reactions are much 

more affected by solvent polarity than are homolytic ones. 



TABLE 7.3 

How to Make Various Functional Groups 

Functional 
Group Reaction Example 

Alcohols Acid-catalyzed hydration of an alkene 

Hydrolysis of an alkyl halide 

Alkanes Catalytic reduction of an alkene 

Alkenes Acid-catalyzed dehydration of 
an alcohol 

Dehydrohalogenation of an 
alkyl halide 

Alkyl azides Sn2 displacement reaction of an alkyl 
halide with NaN3 

Alkyl halides Free-radical halogenation (X = Br, Cl) 

Halogen exchange 

Amines Sn2 displacement reaction of an alkyl 
halide with ammonia 

Ethers SN2 displacement reaction of an 
alkyl halide with an alkoxide 

Thioethers SN2 displacement reaction of an alkyl 
halide with thiolate anion NaSCH3 

-> 

sch3 
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4. Reaction mechanisms are best represented (and understood) by the 

use of curved-arrow notation. A full-headed curved arrow indicates the mo¬ 

tion of two electrons, and a half-headed curved arrow indicates the motion 

of one electron. The curved arrows indicate movement of electrons, not 

atoms. When electrons move, atoms follow. 

5. Concerted nucleophilic substitution occurs through back-side at¬ 

tack by a nucleophile on the carbon attached to the leaving group. This re¬ 

action, called an SN2 reaction, occurs with inversion of configuration, and 

its rate depends on the concentrations of both the substrate and the nu¬ 

cleophile. 

6. The observed order of reactivity in an Sn2 reaction (CH3 > 1° > 

2° >> 3°) depends on steric access of the nucleophile to the reactive car¬ 

bon atom. 

7. The Sn2 mechanism effects several kinds of functional group in¬ 

terconversions. 

8. Electrophilic addition takes place in two steps and proceeds through 

a carbocation intermediate. A hydrohalogenation reaction begins by pro¬ 

tonation at one carbon of a C=C bond, generating a carbocation at the 

other sp2-hybridized carbon. The rate-determining step is the step leading 

to the cation, and the transition state is closely related to the cation. The 

product is formed in a second, fast step in which the cation is captured by 

the halide anion. 

9. The regioselectivity observed for electrophilic addition to double 

bonds is governed by cation stability, which is consistent with 

Markovnikov’s rule. 

10. Like electrophilic addition to double bonds, multistep nucleophilic 

substitution through an SnI mechanism also involves formation of an in¬ 

termediate carbocation. In the hydrolysis of an alkyl halide, this cation is 

captured by water to form a second intermediate, an oxonium ion, which 

loses a proton to form the final alcohol product. Thus, there can be more 

than one reactive intermediate along a reaction coordinate. 

11. The rate-determining step of an SnI reaction is the step leading to 

the carbocation. The activation energy barrier for this reaction is affected 

by the energy needed for heterolysis of the C—X bond and by the stability 

of the carbocationic intermediate. 

12. The reactivity order for SnI reactions (3° > 2° >> 1°) is governed 

by cation stability, and the reaction rate depends only on the concentration 

of the substrate (not on that of the nucleophile). 

13. Free-radical halogenation also occurs by a multistep mechanism 

and is initiated by homolytic cleavage of a halogen molecule. 

14. Radical chain reactions consist of three kinds of steps: initiation, 

propagation, and termination. The net stoichiometry of free-radical halo¬ 

genation is controlled by the propagation steps. 

15. Regiocontrol in homolytic substitution is governed by radical sta¬ 

bility (3° > 2° > 1° > CH3) and by whether the transition state is early or 

late. Bromine is more regioselective than chlorine, because bromine is less 

reactive and more selective in abstracting hydrogen through a later (more 

radical-like) transition state. 



Review Problems 

7.1 Classify each of the following reactions as addition, elimination, substitu¬ 
tion, condensation, rearrangement, isomerization, or oxidation-reduction. 

7.2 The catalytic hydrogenation of an alkene is sometimes called an addition re¬ 
action. (Recall that it was also called a reduction in Chapter 2.) 

(a) Explain why both classifications are reasonable. 

(b) The conversion of 2-propanol into 2-propanone can be considered either an 
elimination or an oxidation. Explain why this reaction can be viewed as ei¬ 
ther type. 

7.3 Suppose you wished to make each of the following compounds by an SN2 
reaction. Identify the alkyl halide and the nucleophile you would need. 

(a) CH3CH2CH2CH2N3 

(b) CH3CH2CH2CH2CN 

(c) CH3OCH3 

(d) tetrahydrofuran 

(e) CH3CH2CH2CH2SH 

(f) CH3CH2CH2SCH2CH3 

(g) CH30S02Ph 

(h) CH3CH2P®(C6H5)3 eBr 
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380 7.4 Epoxides can be formed through an intramolecular Sn2 reaction. Using what 

you know about pKa values, write a mechanism for the following reaction: 
7 Mechanisms of 
Organic Reactions 

An epoxide 

7.5 The azide ion, °N3, is known to react by an SN2 mechanism thousands of 

times more rapidly with 2-bromopentane than with its isomer neopentyl bro¬ 

mide (l-bromo-2,2-dimethylpropane), despite the fact that the leaving group is 

at a secondary carbon in the former compound and at a primary carbon in the 

latter. Explain. 

7.6 To reach the conclusion that the reaction of azide ion with 2-bromopentane 

cited in Problem 7.5 did indeed occur as an SN2 reaction, the chemists studying 

the reaction did several additional experiments: 

(a) They used optically active (R)-2-bromopentane. 

(b) They doubled the concentration of alkyl bromide. 

(c) They doubled the concentration of azide ion. 

Predict what they would have seen in each experiment if the reaction really took 

place via an Sn2 pathway. 

7.7 Choose the member of the following pairs of unsaturated hydrocarbons that 

is more reactive toward acid-catalyzed hydration, and predict the regiochemistry 

of the alcohols formed from that compound. 

7.8 When allowed to stand in dilute aqueous acid, (R)-2-butanol slowly loses its 

optical activity. Write a mechanism that can account for this racemization. 

7.9 When the acid-catalyzed hydration of 3-methyl-1-butene is carried out in 

D20, the alcohol product does not have D and OD on adjacent carbons. Write a 

detailed mechanism, using curved arrows to show electron flow, that identifies 

the hydration product formed and explains this observation. {Hint: Carbocations 

can rearrange by shifting a hydrogen atom or alkyl group from an adjacent posi¬ 

tion if a more stable cation will be produced.) 

7.10 Rank the alcohols in each of the following sets according to their rates of 

reactivity toward treatment with HBr. Explain each ranking. 

(a) f-butyl alcohol, s-butyl alcohol, n-butyl alcohol 

(b) p-methoxybenzyl alcohol, p-nitrobenzyl alcohol, benzyl alcohol 

(c) benzyl alcohol, p-methylphenol, a,a:-dimethylbenzyl alcohol 

7.11 Under forcing conditions (such as hot concentrated sulfuric acid), ethyl 

ether reacts to form ethene and ethanol by a mechanism similar to the acid- 

catalyzed dehydration discussed in this chapter. 



381 (a) Using curved arrows, write a mechanism by which ethyl ether is converted to 
ethylene and ethanol. 

(b) Predict the product that would be obtained if tetrahydrofuran or dioxane 
(common organic solvents) were so treated. 

7.12 Using what you now know about the mechanism for acid-catalyzed dehy¬ 
dration, propose a detailed mechanism for the pinacol rearrangement mentioned 
(without detail) on pages 335-336. 

7.13 Heating many alkyl chlorides or bromides in water converts them to alco¬ 
hols through an SnI reaction. Order each of the following sets of compounds 
with respect to this solvolytic reactivity: 

Review Problems 

7.14 When alkyl halides are treated with aqueous silver nitrate, silver halide pre¬ 
cipitates and an alcohol is formed. From what you know about SnI reactions, 
propose a mechanism for the following conversion. (Hint: Consider a possible 
rearrangement to produce a more stable cationic intermediate.) 

7.15 Suppose the following reactions were proposed as routes for making the in¬ 
dicated products. Determine whether each reaction is likely to proceed as writ¬ 
ten. If not, write the expected product, and explain why the indicated reaction 
would not occur. 

7.16 Homolytic chlorination and bromination are effective means for producing 
alkyl halides from alkanes. Chlorine is somewhat less expensive than bromine 
and, if you were running a chemical plant, where it is important to keep the 
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costs of reagents needed for large-scale (many tons) conversions as low as possi¬ 
ble, it would be advantageous to use chlorine. For each of the following free- 
radical brominations, decide whether chlorine could be used instead of bromine 
to prepare the analogous alkyl chloride in good yield. Explain your reasoning. 

Br 

7.17 Consider the following proposed reaction of cyclohexane with chlorine: 

(a) Assuming that such a reaction would be initiated by the same route as in ho 
molytic substitution (Cl—Cl-> 2 Cl-)) propose a mechanism by which 
the indicated reaction could proceed through a radical chain. 

(b) For each propagation step you wrote for part (a) use the table of bond- 
dissociation energies (Table 3.5) to calculate the expected enthalpy change. 
(Assume that a C—C bond between secondary carbons is worth about 84 
kcal/mole.) Does the calculation explain why this proposed reaction is not 
observed in the laboratory (that is, why cyclohexyl chloride is obtained in¬ 
stead)? 

7.18 In seeking a source for gasoline and other low-weight hydrocarbons (for 
example, butadiene, used in large quantities as a component of plastics and rub¬ 
ber, as described in Chapter 16), the petroleum industry runs large cracking tow 
ers in which complex mixtures of higher-molecular-weight alkanes are heated to 
very high temperatures. Under these conditions, the alkanes “crack” through the 
homolysis of C—C and C—H bonds. Consider propane to be a model for hy¬ 
drocarbon cracking. Refer to the table of bond-dissociation energies (Table 3.6) 
to decide whether cracking would be more efficiently initiated by cleavage of a 
C—C, a primary C—H, or a secondary C—H bond. 

Supplementary Problems 

7.19 Classify each of the following compounds in terms of the principal func¬ 
tional group present (1° alcohol, 3° amine, etc.) 

(c) 
O 

(g) 

(h) 

(i) 
Br 

O 



7.20 Classify each of the following reactions as addition, elimination, substitu¬ 
tion, condensation, rearrangement, isomerization, or oxidation-reduction. 

7.21 Select the alkene in each pair that would be expected to undergo hydration 
in aqueous acid at the greater rate. 

7.22 Cyclohexene generally undergoes addition reactions at rates faster than 
cyclopentene does. Try to explain this observation. (Hint: Consider how the 
removal of the double bond might be influenced by the conformations of 
the starting materials and the products.) 

Cyclohexene Cyclopentene 

7.23 Calculate ATi° for each of the following reactions: 

7.24 Indicate which hydrogens in the following structure would be most reactive 
in a free-radical substitution reaction. (Note: Because each of these structures is 
symmetrical, each hydrogen atom is identical to one or more others.) 
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Substitution by Nucleophiles 
at sp3-Hybridized Carbon 

A potassium ion (gray) fits well in the cavity of 18-crown-6 

(left), forming strong ionic interactions with the six oxygen 

atoms (red) in the 18-member ring. But the cavity is too 

large for the much smaller lithium ion (white) (right). Thus, 

18-crown-6 forms a tight complex with K® but not with Li®. 



( JLYomolytic substitution and nucleophilic substitution (two of the reac- 

J -l-tions considered in Chapter 7) are frequently used to change the func¬ 

tional groups in a molecule. Homolytic substitution can be used to intro¬ 

duce a chlorine or bromine substituent into a hydrocarbon, and then, in a 

subsequent step, a nucleophilic substitution reaction is employed to replace 

the halogen by another group. In this chapter, we look in more detail at the 

transformations that can be carried out by Sn2 and SnI reactions. 

To use substitution reactions to form new carbon-carbon and car¬ 

bon-heteroatom bonds at an sp3-hybridized carbon, you must become fa¬ 

miliar with sets of reactions in which reagents act as nucleophiles. These 

reactions fall into two classes: those that produce a new carbon-heteroatom 

bond in the product, and those that result in the formation of a new car¬ 

bon-carbon bond. The first class represents a method for converting one 

functional group into another—for example, the conversion of methyl bro¬ 

mide to methanol. 
..e 

HO: + H,C—Br 
i 0 

-> HO—CH, + : Br: 

(In this and subsequent equations in this chapter, nucleophiles are shown 

in blue and electrophiles in red.) The second class of reactions represents a 

valuable set of tools for increasing the number of carbon atoms—and there¬ 

fore the complexity—of an organic molecule. 

N=C? + H3C— Br -» N=C—CH3 + : Br? 

.1 
Bum 

Review of Mechanisms of 
Nucleophilic Substitution 

Concerted (SN2) and stepwise (SN1) reactions at tetrahedral carbon are the 

two mechanistic extremes by which a new group can replace an existing 
substituent via nucleophilic substitution. 

Sn2 Mechanism 

You learned in Chapter 7 that a concerted nucleophilic substitution 

takes place by back-side attack: an electron-rich nucleophile (Nuc:e) ap¬ 

proaches from the side opposite to that from which the leaving group (LG) 

departs. A group can function as a leaving group only to the extent that it 

can accommodate the electrons that were originally in the C—LG bond. In 

most leaving groups, the atom directly connected to carbon is one of the 

more electronegative heteroatoms, often oxygen or a halogen. The SN2 re¬ 

action results in inversion of configuration at the carbon atom undergoing 
substitution. 

Sn2 Reaction (for example, LG = Cl, Br, I) 
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fY 
C—LG 

R 
/ 

-> Nuc— + :LG° 

R 



Because both the nucleophile and the substrate are partially bonded to 

carbon in the transition state, the reaction is bimolecular. (The 2 in Sn2 in¬ 

dicates that two molecules take part in the rate-determining step.) The rate 

of a bimolecular reaction depends on the concentration of both of these 

species, and second-order kinetics are observed. 
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Rate = k[R—LG] [Nuce] 

S>jl Mechanism 

At the other extreme of possible nucleophilic substitution mechanisms 

is the two-step SnI reaction (Figure 8.1). In the first step, the leaving group 

departs with the electrons from the C—LG bond, forming a trigonal, sp2- 
hybridized carbocation. The resulting planar carbocation then reacts rapidly 

with the nucleophile. Because the attack of the nucleophile occurs on both 

faces of the planar carbocation at the same rate, both possible stereoiso¬ 

mers are formed. Therefore, even when the starting material is a single enan¬ 

tiomer (whose center of chirality is the carbon atom undergoing substitu¬ 

tion), the SnI reaction produces a racemic product. 

R 

Energy diagram for an SN1 reaction. The two separate steps are formation of 
a carbocation and reaction of this intermediate with the nucleophile. 



R 
\s+ 5- 

pj w\uC LG 

R 

Transition state for 

formation of a carbocation 

The first step in the SnI mechanism consists only of bond breaking and 

undoubtedly is rate-determining. Loss of the leaving group is followed by 

a much faster step in which an external nucleophile (:Nuce) provides a pair 

of electrons to form a new a bond to the carbocation. The first (rate-de¬ 

termining) step leading to the carbocation is endothermic, with a late tran¬ 

sition state. Therefore, the C—LG bond is substantially broken at the tran¬ 

sition state, which has appreciable carbocationic character. The facility of 

an SNI substitution relates directly to the stability of the carbocation 

formed. 
Because the rate-determining step of an SnI reaction involves only the 

substrate, this reaction is unimolecular. (The 1 in SnI indicates that only 

one molecule is involved in the rate-determining step.) The rate of an SnI 

reaction is not influenced by the concentration of the nucleophile, and first- 

order kinetics are observed. Thus, the reaction rate depends only on the 

concentration of the substrate. 

Rate = Jt[R—LG] 

L<o -b.necML 
oJrtxx (fte 

5hp). 

Solvents for Organic Reactions 

Solvents can change the course of an organic reaction in several ways. 

In some cases, as in the conversion of f-butyl chloride to f-butanol in wa¬ 

ter, the solvent is also a reagent. These reactions are referred to as solvoly- 

ses. In most reactions, the solvent is not consumed but does perform sev¬ 

eral important functions. First, the solvent dissolves both reagent(s) and 

substrate so that they can react with each other. Second, the choice of sol¬ 

vent can influence the reaction pathway, or mechanism. Third, the solvent 

may control the temperature of the reaction. 

The choice of solvent is governed to some extent by the solubility of 

the reactants. To dissolve ionic compounds such as NaOH, NaCN, and 

NaN3, it is essential that the solvent interact strongly with (solvate) the ions 

in solution. Protic solvents (water and alcohols) are good solvents for salts 

(ionic compounds), because they engage in hydrogen bonding with the an¬ 

ions and have lone pairs of electrons on oxygen that interact with the 

cations. 

Protic solvents facilitate SnI reactions by stabilizing the negatively 

charged leaving group. Conversely, aprotic solvents favor the Sn2 pathway. 

Since aprotic solvents do not stabilize negative ions, they do not facilitate 

SnI reactions; thus, by default, the Sn2 pathway is favored. 

Many of the nucleophiles used in Sn2 reactions are not soluble in non¬ 

polar aprotic solvents such as hydrocarbons or methylene chloride, so a po¬ 

lar aprotic solvent such as DMSO or DMF must be used. These solvents act 

as good cation stabilizers through interaction with oxygen, but have little 

influence on anions, which are free to take part in the reaction as nucle¬ 

ophiles. 
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O 

h3c^ ch3 

Dimethyl sulfoxide 

(DMSO) 

O 

CH3 

Dimethyl formamide 

(DMF) 
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CHEMICAL PERSPECTIVES 

MOLECULAR “CROWNS” 

8.1 Review of Mechanisms 
of Nucleophilic Substitution 

A special class of ethers are the crown ethers, cyclic compounds with sev¬ 
eral ether functional groups. The name is derived from the resemblance of 
the complex to a crown. In 18-crown-6, a total of 18 nonhydrogen atoms 
are present, six of which are oxygens. Crown ethers form extremely tight 
complexes with metal cations of the right size (as shown at the beginning of 
this chapter). 

18-Crown-6 ether-potassium complex 

The potassium ion is a near-perfect fit for the cavity of 18-crown-6, whereas 
the lithium ion is too small to span from one side to the other and conse¬ 
quently is bound much less tightly than potassium. Crown ethers have been 
used to dissolve otherwise insoluble salts in ether solvents. For example, 
potassium cyanide, KCN, can be dissolved in ethyl ether by the addition of 
18-crown-6. The cyanide ion is much more nucleophilic (and basic) in ether 
than it is in water, where hydrogen bonding significantly stabilizes this an¬ 
ion. 

Three chemists, Charles J. Pedersen (then at DuPont), Donald J. Cram 
(University of California at Los Angeles), and Jean-Marie Lehn (Paris and 
Strasbourg) shared the Nobel prize in 1987 for creating macrocyclic com¬ 
pounds that serve as strong ligands for metal cations. 

Ethers such as tetrahydrofuran (THF) also favor Sn2 reactions. These 
cyclic ethers are less polar than DMSO and DMF but still form tight com¬ 
plexes with alkali metal ions: 

O— Li® 

Tetrahydrofuran—lithium complex 

(Because the alkyl portions of the cyclic ethers are tied back into a ring, the 
lone pairs of oxygen are able to bond with cations better than those of 
straight-chain ethers.) The association of the metal cation with the ether 
weakens the association between the metal cation and its negatively charged 
counterion. Ethers have a further desirable characteristic in that they are 
relatively inert to most reagents used for organic reactions. 

Solvents can also control the temperature of a reaction. Most organic 
reactions carried out in the laboratory are exothermic, releasing heat. The 
mass of the solvent helps to moderate the temperature increase that ac- 



(a) Aprotic Solvents 

bp (°C): 

Increasing polarity 

,CH3 

CH2C12 
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chloride 

XX 
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(b) Protic Solvents 

Increasing polarity 
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Ethanol Methanol Water 

bp (°C): 78 

FIGURE 8.2 

65 100 

Boiling points of some common aprotic and protic solvents. 

companies the release of heat. Moreover, the temperature of a reaction can¬ 

not exceed (significantly) the boiling point of the solvent. For a number of 

reasons, it is useful for a practicing chemist to commit to memory the boil¬ 

ing points of the more common organic solvents (see Figure 8.2). 

Competition between Sn2 and 
SnI Pathways 

Whether a particular substrate follows the Sn2 or the S^l pathway for sub¬ 

stitution is determined largely by the degree of substitution at the reactive 

center. Tertiary carbon atoms bearing a leaving group are too sterically hin¬ 

dered to enter into Sn2 reactions and by default follow the SnI pathway. 

Substrates with a leaving group on a primary carbon atom follow the Sn2 

mechanism, because the formation of a primary carbocation is prohibitively 

high in energy and back-side attack is relatively unhindered. When the leav¬ 

ing group is on a secondary carbon atom, both Sn2 and SN1 pathways are 

available. Which one is followed depends on more subtle features of the 

molecule undergoing reaction, as well as on the reaction conditions, such 

as the solvent and nucleophile used. For example, polar protic solvents (such 

as water) favor heterolytic cleavage of the C—LG bond to form an inter¬ 

mediate carbocation. Polar aprotic solvents (polar heteroatom-containing 390 
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Effect of Substrate Structure and Reaction Conditions 
on the Pathway of Substitution Reactions 

Substrate 

Nucleophile 

Solvent 

More nucleophilic It? •‘L‘s7 

,DMSO or acetone 

Vx^ SN1 
—>- 
2°,f3/, benzylic, allylic 

Less nucleophilic ; 

H2O or ROH {toVf*ze& 

molecules that lack acidic hydrogen atoms that can participate in hydrogen 

bonding—for example, dimethylsulfoxide, abbreviated DMSO) promote 
Sn2 reactions. 

Except with simple substrates, yields are generally higher for an Sn2 re¬ 

action at a secondary carbon than for the comparable SN1 reaction of the 

same substrate. (You will see in subsequent chapters that the carbocations 

involved as intermediates in SnI reactions also undergo elimination and re¬ 

arrangement reactions, leading to the formation of other products mixed 

with the substitution product.) Furthermore, with reactants that are single 

enantiomers, Sn2 reactions result in inversion of configuration, whereas SnI 

reactions give rise to racemic products and, in general, to more complex 

mixtures of products. Some aspects of Sn2 and SnI reactions are summa¬ 

rized in Table 8.1. 

EXERCISE 8.1 

Identify the carbon atom bearing a leaving group in each of the following com¬ 
pounds, and indicate if this carbon is primary, secondary, or tertiary. 

Competition between 
Sn2 and SN1 Pathways 
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Functional-Group Transformations 

through Sn2 and SnI Reactions 

As noted at the beginning of this chapter, substitution reactions can be used 

to change one functional group into another. In this class of reactions, the 

nucleophilic center is a carbon atom bonded to a heteroatom: a halogen, 

oxygen, phosphorus, nitrogen, or sulfur. (Several of these nucleophiles were 

listed in Tables 7.1 and 7.3.) Both SnI and Sn2 pathways are followed for 

these reactions. 

Recall that alkyl halides can be synthesized by free-radical halogenation 

of alkanes, a reaction that is one way to functionalize hydrocarbons: 

Br2 
R—H —-> R—Br 

hv 

Once a carbon atom is functionalized as an alkyl halide, nucleophilic sub¬ 

stitution reactions can be used to exchange the halogen atom for another 

substituent (Figure 8.3). 

R—Br 

©.. ©.. 
: SR. : SH : OH 

O
: 

• NH3 

V N < N / > * V 

HPR, 

R—SR R—SH R—OH R—OR R—NH2 R—PR2 

Thioether Thiol Alcohol Ether Amine Phosphine 

FIGURE 8.3 

Substitution of the halogen of an alkyl halide by a variety of nucleophiles 
provides access to a number of functional groups. 

0* 
O' 

Substitution of Halogen to Form Alcohols 
by an SN2 Mechanism 

All classes of alkyl halides undergo substitution to form alcohols. 

Primary and secondary alkyl halides react with hydroxide ion in an SN2 re¬ 
action to form primary and secondary alcohols. 

A 
H3C—CH2—Br 

Primary 

alkyl bromide 

„© ©. :OH 

H,0 
» H3C—CH2—OH 

Substitution 

product 

Generally, the reaction proceeds more rapidly with primary than with sec¬ 

ondary alkyl halides because of increased steric hindrance in the latter. 



Indeed, the lower rate of substitution of secondary alkyl halides makes com¬ 

peting elimination reactions more important, often decreasing the yield of 

the alcohol as some of the starting material is diverted to formation of an 

alkene. (Elimination reactions will be treated in depth in Chapter 9.) 

A potential problem is associated with substitution reactions because 

all nucleophiles are also bases. Thus, there is a competition between sub¬ 

stitution reactions, which depend on nucleophilic character, and elimina¬ 

tion reactions, which require a base to remove a proton from an adjacent 

carbon atom. With secondary alkyl halides, the balance between substitu¬ 

tion and elimination is often delicate: which reaction will dominate is de¬ 

termined by the nucleophile, various structural features of the reactant, and 
the details of the reaction conditions. 

Secondary Substitution Elimination 

alkyl bromide product product 

The balance between the nucleophilic and basic characters of a reagent 

is determined in large part by the size of the orbital containing the lone pair 

of electrons, and thus the polarizability of these electrons. Reagents with 

highly polarizable centers of electron density (for example, large halide ions) 

are better nucleophiles than bases, because they prefer to attack carbon 

rather than the considerably smaller proton. Thus, I0 is the most nucle¬ 

ophilic of the halide ions and also the least basic (and H—I is the strongest 

of the halogen acids). Conversely, the high concentration of electron den¬ 

sity in eNH2, eOH, eC=N, and eC=C—H makes these reagents good 

bases and only moderately active nucleophiles. 

Although it is important that you recognize which reagents will pro¬ 

vide the highest yield of substitution products along with the lowest level 

of elimination, the nature of the nucleophile is generally dictated by the de¬ 

sired outcome of the substitution reaction. If the desired conversion is of 

an alkyl halide to an alcohol, the nucleophile must be eOH or H20. It is 

therefore sometimes difficult to achieve only substitution, without a com¬ 

peting elimination reaction. 

When the reactive center of a secondary alkyl halide is a center of chi¬ 

rality, the back-side attack inherent in Sn2 reactions leads to an inversion 

of configuration at the functionalized carbon: 

H\ PH 

(S)-2-ButanoI 

lover*'0" 

Substitution at a tertiary alkyl halide by an SN2 mechanism is not possible, 

because the steric hindrance raises the energy of the transition state for sub¬ 

stitution above that for the competing elimination reaction, and elimina¬ 

tion occurs (Figure 8.4, on page 394). 
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P£a 

H—F 3 

H—Cl — 7 

H—Br -9 

H—I -10 
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Reaction profile expected for the reaction of f-butyl bromide with sodium 
hydroxide. The product observed (2-methylpropene) is the result of elimina¬ 
tion rather than substitution, because the activation energy required for the 
latter process is quite high as a result of steric hindrance. 

EXERCISE 8.2 

Predict the product expected in each of the following substitution reactions if an 
Sn2 pathway is followed. Use R,S nomenclature to specify absolute configuration 
at any centers of chirality in the reactants and products. 

(a) (c) 
Nal 
-> 
Acetone 

NaOH 
--> 
h2o 

NaOH 

H20 

X 
v/V 
V X 
U vs 

V 

Substitution of Halogen to Form Alcohols 
by an S^l Mechanism 

of 
As noted in the previous section, tertiary alkyl halides undergo elimi¬ 

nation reactions when treated with strongly basic nucleophiles such as hy¬ 

droxide ion. However, when a tertiary alkyl halide is heated in water in the 

absence of a strong base, it loses halide ion to form a carbocation: 

Br 

-7 "" 

Tertiary alkyl halide 

Na2C03 

H,0 

I © 

■AU 
Bre 

H,0 

OH 

.C. 
7 

\ 

U yT' v‘ . Tertiary alcohol 

A 
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A HIGHLY TOXIC ALKYL HALIDE 

8.3 Functional-Group 
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Sn2 and SN1 Reactions 

Mustard gas was used extensively in World War I as a chemical weapon and 
was stockpiled by many nations as a deterrent until several international 
treaties in the 1980s banned its use and called for its destruction. When this 
gas contacts the skin or lungs, the water present in the tissue rapidly dis¬ 
places HC1, producing high local concentrations of acid, which cause exten¬ 
sive blistering, tissue destruction, and, in severe exposure, death. 

Mustard gas 

The nucleophilic substitution reaction with mustard gas is unusually fast be¬ 
cause of the neighboring group effect of the sulfur atom. 

The carbocation then reacts with water (a less basic nucleophile than hy¬ 

droxide ion) to produce an alcohol. In this reaction, the alkyl halide is con¬ 

verted to the alcohol by a first-order substitution, an S^l reaction. This 

method for the preparation of tertiary alcohols by SN1 substitution pro¬ 

ceeds in high yield only for a limited number of alkyl halides. As you will 

learn in the next chapter, tertiary and especially secondary carbocations are 

prone to form a number of different products, of which alcohols are only 

one. 
Although substitution at primary and secondary carbons generally pro¬ 

ceeds with acceptable yield only under conditions that lead to an Sn2 re¬ 

action, there are notable exceptions to this rule when special structural fea¬ 

tures provide for an unusually stable carbocation. For example, the reactions 

of benzylic and allylic halides proceed through an SN1 pathway, because the 

intermediate cations are stabilized by conjugation with the adjacent tt elec¬ 

tron system (Section 3.6). 

Benzyl chloride 

+ h3o® Cl0 

A weak base such as sodium carbonate or sodium bicarbonate is often added 

to absorb the acid produced in the reaction, especially if the product alco¬ 

hol is not particularly stable in acid solution. (Recall from Chapter 3 that 

protonation of a hydroxyl group makes it easier to break the carbon-oxy¬ 

gen bond; that is, a protonated hydroxyl is a good leaving group.) 

^^CH2—Br 

Allyl bromide 

h2o 
---> 
Na2C03 

© 

CH2 Br 0 h2o 
-> 
Na2C03 

^^CH2—OH + Na® Br® 

Allyl alcohol . 
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EXERCISE 8.3 

In principle, secondary alkyl halides can react by either an Sn 1 or an Sn2 pathway. 

(a) Predict the stereochemical consequence of each pathway in the hydrolysis of 
(2P,4i?)-2-bromo-4-pentanol to a diol. 

(b) The starting material in part (a) is optically active. Is the product also opti¬ 
cally active? 

(c) Would your answer to (b) be different if the starting material were (2S,4R)-2- 
bromo-4-pentanol? 

EXERCISE 8.4 

Draw all significant resonance structures for the cations formed by heterolytic cleav¬ 
age of the carbon-halogen bond in allyl bromide and benzyl bromide. In each case, 
indicate whether any of the resonance structures are identical in energy. 

EXERCISE 8.5 

Indicate whether an SN2 or an S^l mechanism is expected for each of the follow¬ 
ing reactions. Be sure to consider both the structure of the substrate and the reac¬ 
tion conditions. 

(a) NaOH 

/ h2o 

Substitution of Halogen to Form Ethers: 
Williamson Ether Synthesis 

_ 
^ ' Alkoxide ions are good nucleophiles and displace halide ions from alkyl 

halides, resulting in the formation of a new carbon—oxygen bond. Alkoxides 

are produced by treatment of alcohols with either a base or an alkali metal: 
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ETHERS AS ANESTHETICS 

Chemistry revolutionized medicine. Unlike the med¬ 
ical doctors of earlier centuries, today’s physicians are 
much more likely to treat disease with chemicals than 
with a knife. The use of nitrous oxide and ethyl ether 
as anesthetics is one of the earliest examples of the 
profound effect of chemistry on the practice of med¬ 
icine. But the practical utilization of early observa¬ 
tions of the effects of these compounds on the per¬ 
ception of pain did not come quickly. Joseph Priestley 
was the first chemist to investigate the chemical prop¬ 
erties of nitrous oxide (in 1772, two years before his 
discovery of oxygen). Some 26 years later, another 
English chemist, Humphry Davy, began exploring the 
medical uses of gases and tested nitrous oxide on 
himself by inhaling large quantities in a very short 
time. Apparently, he quite enjoyed the experience, but 
his suggestion that nitrous oxide be used in surgery 
was not followed. 

It was not until well into the nineteenth century 
that dentists in Boston began demonstrating the ef¬ 
fectiveness of nitrous oxide. However, in the first 
public demonstration in 1844, a tooth was pulled be¬ 
fore the gas had taken effect, and the dentist, Horace 
Wells, was booed and hissed from the amphitheater. 
Two of his followers, William Morton and Charles 
Jackson, took up the use of nitrous oxide but also be¬ 
gan experimenting with ethyl ether. These three— 
Wells, Morton, and Jackson—competed for the 
honor of being recognized for the discovery of anes¬ 
thesia and even took their dispute to Congress for 
resolution (which, in typical fashion, failed to act). 
Meanwhile, a physician in the state of Georgia had 
been using ethyl ether in his practice since 1842. (The 
American Medical Association and the American 
Dental Association acknowledge Wells as the discov¬ 
erer of anesthesia.) 

H,C—CH2 —OH 

e,\ Br—CH > h3c—ch2—o—ch3 

Ethylmethyl ether 

The ethers produced in this way have more carbon atoms than either of the 

starting materials and thus are more complex structures. This reaction, 

called the Williamson ether synthesis, is a straightforward application of 

an Sn2 reaction for construction of a complex organic molecule from sim¬ 

pler starting materials. 
Because an SN2 pathway is required for the Williamson ether synthe¬ 

sis, this reaction is useful only when the alkyl halide is primary or secondary. 

To synthesize f-butylethyl ether by this route requires the use of f-butoxide 

ion as the nucleophile and ethyl bromide as the electrophile. 

? Up 

+ Br 

f-Butoxide ion Ethyl bromide t-Butylethyl ether 

* 

Ethoxide ion ( Butyl bromide No ether 397 
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The alternative combination of ethoxide ion with f-butyl bromide would 

be unsuccessful because of crowding in the transition state. This steric hin¬ 

drance of the Sn2 reaction at the tertiary carbon raises the energy of the 

transition state sufficiently that the competing elimination reaction is sub¬ 

stantially faster. Thus, ethoxide ion reacts as a base with f-butyl bromide 

and effects elimination of HBr. With tertiary halides, the Williamson ether 

synthesis fails completely; with secondary halides, it often leads to low yields 

of ethers because of competing elimination reactions. 

EXERCISE 8.6 

Specify preferred reactants for preparing each of the following ethers. List all pos¬ 
sible choices. 

Sulfonate Esters as Leaving Groups for 
Substitution Reactions 

Sulfonate esters react very much like alkyl halides in both and ‘Enj2 

reactions. The Lwe-moxLjgommon sulfonate esters are methanesulfonate 

ester and p-toluenesulfonatey ester, known respectively as mesylate- ester 

and(tosylate ester(these-'groups are commonly represented in structures 

as —^(3Ms and —OTs, respectively). Either of these esters can be prepared 

readily from an alcohol by reaction with the appropriate sulfonyl chloride 

in the presence of a weak base such as pyridine or triethylamine: 

CLL 

c$. p fc«) WW 
© 

+ Et3NH Cl1 © 

(R)-2-Butanol Methanesulfonyl (R)-2-Butyhnethane 

chloride sulfonate 

Methanol p-Toluenesulfonyl 

chloride 
Methyl p-Toluenesulfonate 

Note that this reaction does not involve cleavage of the carbon-oxygen bond 

of the alcohol. Therefore, the absolute stereochemistry of (R)-2-butanol is 

retained in the product mesylate ester, (R)-2-butylmethane sulfonate. 



Sulfonate esters react with hydroxide ion or alkoxide ions to form al¬ 

cohols or ethers, respectively. At first, it might appear that there would be 

no point in converting an alcohol to a sulfonate ester and then reacting the 

ester with hydroxide ion to form an alcohol. Following this sequence with 

(.R)-2-butanol gives the intermediate sulfonate ester having the same R con¬ 

figuration as the starting alcohol. However, reaction of the ester with hy¬ 

droxide ion by an Sn2 reaction causes inversion of configuration, and the 

product is (S)-2-butanol. Thus, for a chiral alcohol, the overall sequence 

proceeding through a sulfonate ester produces inversion of configuration: 

h3cso2ci 
-> 

Et3N, CH2C12 

oso2ch3 

(i?)-2-Butanol (i?)-2-Butylmethane 

sulfonate 

h2o 
-> 
NaHCOa 

(S)-2-Butanol 

\0 
Sf' 
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Sulfonate esters can be used in the Williamson ether synthesis. For ex¬ 

ample, n-propyl ether can be prepared from n-propanol. Reaction of this 

alcohol with sodium produces the n-propoxide ion3 and a separate reaction 

with tosyl chloride yields n-propyl tosylate. Combining these two reagents 
results in an Sn2 displacement, giving n-propyl ether. 

n-Propanol 

ciso2ch3 
-> 
Et3N, CH2C12 

Na 

co-s- ch3^> 

o Sn2 

®Na 

O 

+ Na® eO— S—CH3 
il 
O 

EXERCISE 8.7 

Reactions of sulfonate esters as electrophiles in nucleophilic substitution reactions 
produce the anions of sulfonic acids. One resonance structure of the anion is shown 
here. Draw all other possible resonance structures for this anion, and indicate which, 
if any, are equivalent in energy. 

O 

o 11 ®0—S-R 

o if 

Substitution of Alcohols to Form 
Alkyl Halides 

We will see in subsequent chapters that there are many methods for the 

preparation of alcohols, and most of them are generally superior to the sub¬ 

stitution reaction of an alkyl halide. Indeed, alcohols are more often con¬ 

verted into alkyl halides than the other way around. 

There are several methods for the conversion of alcohols to alkyl halides: 

via sulfonate esters, by reaction with thionyl chloride, or by treatment with 

concentrated halogen acids or phosphorus trihalides. 

R—Cl 
\ 

\ 
R—OH 
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Alkyl Halides from Alcohols via Sulfonate Esters. As we saw in the 

preceding section, sulfonate esters are readily formed from primary and sec¬ 

ondary alcohols by the action of the corresponding sulfonyl chloride in the 

presence of an amine. The sulfonate group can then be displaced by halide. 

\ W* 

£N 
Alkyl 

halide 

y- Asr 
V 0 

K' / »\ 
O o 

The substitution of the sulfonate group by halide ion proceeds via an Sn2 

mechanism; therefore the technique is applicable only to primary and sec¬ 

ondary alcohols. 

Alkyl Chlorides from Alcohols by the Action of Thionyl Chloride. 
A simple method for the formation of alkyl chlorides that is effective for 

primary, secondary, and tertiary alcoholysis is the reaction of alcohols with 

thionyl chloride. A chlorosulfite ester formed as an unstable intermediate 

is converted into the alkyl chloride in a second step. (Note the similarity in 

structure between a chlorosulfite ester and a sulfonate ester—both are good 

leaving groups.) 

( 
l—OH + £Vs 

\jCl "Cl 

Alcohol Thionyl 

chloride 

o 

■> R—O—S—Cl + HC1 

Chlorosulfite 

ester 

■» R—Cl + S02 

Alkyl 

chloride 

The mechanism of the transformation of the chlorosulfite ester into the 

corresponding alkyl chloride depends on the degree of substitution. Primary 

alcohols undergo an Sn2 reaction, with chloride ion as the nucleophile and 

sulfur dioxide and chloride ion as leaving groups (Figure 8.5). Tertiary al- 

FIGURE 8.5 
_ 

Reaction of alcohols with thionyl chloride produces chlorosulfite esters. 
These unstable intermediates are further transformed into alkyl chlorides. 
With primary alcohols, the substitution process occurs by an SN2 mecha¬ 
nism. Tertiary alcohols follow an SN1 pathway. 



cohols follow an SnI pathway: first S02 and Cle are lost; then Cl0 reacts 

with the cation. (In some cases it has even been shown to be the same chlo¬ 

ride ion that was lost.) Secondary alcohols follow both SnI and Sn2 path¬ 

ways. An Sn2 pathway is favored when a base such as pyridine is added to 
the reaction mixture. 
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EXERCISE 8.8 

Write detailed, stepwise SnI and Sn2 mechanisms for the conversion of the chloro- 
sulfite ester of 2-propanol to 2-chloropropane. 

EXERCISE 8.9 

Explain why the rate of the Sn2 reaction of a chlorosulfite ester of a secondary al¬ 
cohol increases when pyridine is added, whereas the rate of SnI substitution does 
not change. 

Alkyl Halides from Alcohols hy Treatment with Concentrated 
Halogen Acids. Primary, secondary, and tertiary alcohols are also con¬ 

verted into alkyl chlorides by treatment with concentrated HC1. 

Hydrochloric acid serves two functions in these reactions: (1) it transfers a 

proton to the oxygen atom of the alcohol, generating an acceptable leaving 

group (H20); (2) it is a source of chloride ion, the nucleophile. As stated 

earlier, tertiary alcohols react by an SN1 pathway; secondary alcohols, by 

both SnI and SN2 pathways. 

(sNi) 

The reaction rate increases dramatically with the degree of substitution: ter¬ 

tiary alcohols are converted within seconds, and the reaction with primary 

alcohols is too slow to be of use. However, addition of the Lewis acid ZnCl2 

increases the rate and shortens the reaction time by changing the course of 

the reaction. Complexation of ®ZnCl with the oxygen of the hydroxyl group 

creates an even better leaving group than that formed by protonation of the 

oxygen. This complexation accelerates the reaction so that, with heating, 

primary alcohols can be converted slowly to the corresponding chlorides. 

Alkyl bromides can be prepared from alcohols by treatment with HBr 

in a reaction that parallels the formation of alkyl chlorides using HC1: 

nOH 
V I HBr 
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Alkyl Halides from Alcohols by Treatment with Phosphorus 
Trihalides. An alcohol can be converted to an alkyl bromide bytreatment 

with phosphorus tribromide, {mr^. (Phosphorus trichloride, POQ can be 

used to make alkyl chlorides.) Asimple SN2 reaction of three equivalents 

of the alcohol with the reagent leads to the formation of a phosphite ester 

with three phosphorus-oxygen bonds. The high strength of the phospho¬ 

rus-oxygen bond provides the driving force for this step. Bromide ion then 

effects Sn2 displacement, yielding the alkyl bromide. (Each of the three alkyl 

groups of the phosphite ester undergoes this reaction.) 

HOCH3„ , HOCH3 

/'v;' />rc 
Br / Br -H® Br / OCH3 

Br Br 

s'KJ 

hoch3 

-Br® ^ “Br® 

-H® Br / OCH3 ~h® 
h3co 

H3CO / O—CH3- :Br: -> 
H3CO 

Phosphite ester 

P 
H3CO / Oe + H3C—Br 

H3CO 

Substitution of Halogen to Form 
Thiols and Thioethers 

Thiols. Thiols (R—SH), also referred to as mercaptans, are the sulfur 

equivalents of alcohols and are important functional groups in biochemi¬ 

cal systems. Thiols can be prepared from alkyl halides using reactions sim¬ 

ilar to those used to produce alcohols. Sulfur lies below oxygen in the pe¬ 

riodic table, which means that sulfur is both less electronegative and more 

polarizable than oxygen. Therefore, functional groups containing sulfur are 

considerably more nucleophilic (and less basic) than the corresponding oxy¬ 

gen-based functional groups. Sodium hydrogen sulfide, NaSH, is an effec¬ 

tive nucleophile and reacts readily with primary and secondary alkyl halides 

and sulfonate esters. 

Alkyl halide Benzyl mercaptan Sulfonate ester 2-Propanethiol 

Thioethers. Thioethers can be synthesized by a pathway similar to that 

of the Williamson ether synthesis. A thiol is converted to the thiolate anion 

by reaction with sodium hydroxide. Thiols are significantly more acidic than 

alcohols or water, primarily because the S—H bond is substantially weaker 

than the O—H bond (82 versus 111 kcal/mole). The reaction of one equiv¬ 

alent of hydroxide ion with a thiol results in essentially complete conver¬ 

sion of the thiol into the thiolate anion (and of hydroxide ion to water). 

H3C—SH + eOH H3C—S0 + H20 

Thiol 

(p K.a 10) 
0 

L-C> 

Thiolate (p Ka 15.7) 

anion 
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SULFUR-SULFUR BONDS 

One of the reasons for the importance of thiols in biochemical systems is 
the facility with which they undergo oxidation to form disulfides. Even mo¬ 
lecular oxygen is sufficient to convert thiols to disulfides. Conversely, even 
very mild reducing agents are able to reduce disulfides, forming two thiols: 

Methane disulfide 

The formation of sulfur-sulfur bonds often imparts rigidity to the sur¬ 
rounding material. For example, a “permanent” wave is the result of treat¬ 
ing hair with an oxidant that forms sulfur-sulfur bonds, linking one protein 
molecule to another. These cross-links help hold the hair in whatever shape 
it had during the oxidation process. 

One theory of aging ascribes many of its physical changes to the for¬ 
mation of disulfide bonds, and many popular diets recommend taking an¬ 
tioxidants such as vitamins A, C, and E and coenzyme Q. Indeed, because of 
their antioxidant properties, vitamins C and E are used commercially to pro¬ 
long the shelf life of foods. Whether the aging process can be slowed—or 
even reversed—by increasing antioxidants in the diet remains to be seen. 

8.3 Functional-Group 
Transformations through 

Sn2 and SN1 Reactions 

Reaction of this nucleophile, the thiolate anion, with an alkyl halide or sul¬ 

fonate ester yields a thioether (or sulfide). 

H,C- 

Cydopentyl methyl sulfide 

(a thioether) 
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Controlling Substitution Reactions. Let’s look again at the formation 

of thiols, using the reaction of NaSH with methyl bromide as a simple ex¬ 

ample. 

H3C—Br 4- Na® eSH -> H3C—SH + Na® Br® 

As the reaction proceeds, the concentrations of the starting materials de¬ 

crease and the concentrations of the products increase. Are there possible 

reactions of the product that might decrease the yield of methanethiol? 

Unfortunately, in this case and in many organic reactions, the answer is yes. 

For example, as you have just learned, thiols are readily converted into disul¬ 

fides by mild oxidizing agents. This diversion of the desired product can be 

limited by carefully excluding oxygen (and other oxidizing agents). Another 

reaction of the product methanethiol is an acid-base reaction with NaSH 

to form methanethiolate anion. Like most acid-base reactions in which a 

proton is transferred, this reaction is very fast. The anion can then react 

with the starting material, methyl bromide, to form methyl thioether. 

H3C—SH + Na® eSH H3C—S® ®Na + H2S 

..e/"' N 
H3C—s: + H3C—Br -» H3C—S—CH3 + Br® 

This reaction illustrates a problem common to many organic reactions: 

a product is often capable of entering into reaction with one or more of the 

starting materials. A starting material, A, is converted to a product, B, which 

is further converted to another product, C. 

The ability to obtain B in high yield depends on the relative rates kx and 

k2. When k\ > k2, B can be obtained in good yield through control of the 

reaction time. However, if kx < k2, then B is a transient intermediate in the 
conversion of A to C, and the yield of B is low. 

Effect of Reagent Concentration. Chemists have some control over reac¬ 

tions of the type just described because the rate of an SN2 reaction is con¬ 

centration-dependent. For example, in the reaction of NaSH with methyl 

bromide, using an excess of NaSH results in an equilibrium in which the 

concentration of HS® is much higher than that of H3CS® . Therefore, the 

rate of reaction of CH3Br with HS® will be higher than that with H3CS®. 

H3C— SH + Na® ®SH ;=± H3C—S® ®Na + H2S 

Br—CH3 Br— CH, 

H3C—SH h3c— s— ch3 

EXERCISE 8.10 

What effect does increasing the concentration of NaSH have on the equilibrium 
concentration of H3CSH and H3CSe ? @ 
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the reaction of the anion of thiolacetic acid with alkyl halides to form thiol 
esters. 

Thiolacetic 

acid 

H3C—Br ^ 

(Sn2) 

o 

^~CH3 

HC1 

H,0 
HS—CH3 

Methyl 

thiolacetate 

Methanethiol Acetic acid 

8.3 Functional-Group 
Transformations through 

Sn2 and Sn 1 Reactions 

Hydrolysis of the product thiol ester to the thiol is then effected with acid 

in a distinct and separate reaction. (We will deal with the details of this sec¬ 

ond reaction in Chapter 12.) Because the initial product (methyl thiolace¬ 

tate) has no hydrogen atoms on sulfur, it is not possible to deprotonate it 

to form a sulfur anion. As a result, this product does not react with methyl 

bromide. Only after the second step is methanethiol formed, and at this 

point methyl bromide is no longer present. Using this sequence of two steps 

to form an alkanethiol allows the chemist to avoid entirely the complica¬ 
tion of the formation of the thiol ether. 

This reaction provides one example of the use of a protecting group in 

organic reactions. A protecting group is a functional group that masks the 

characteristic reactivity of another group, into which it can be converted. 

The formation of a thiol ester limits the alkylation reaction to the intro¬ 

duction of a single methyl group. Thus, the ester acts as a protecting group. ^ 

i fOGG 'o /jj 

EXERCISE 8.11 

What reactant(s) and reagents are required to prepare each of the following sulfur 
compounds? All carbon-sulfur bonds must be formed in one or more of your steps. 
Otherwise, you may use any reagents and starting materials. 

Substitution of Halogen 
to Form Amines 

Nitrogen lies to the left of oxygen in the periodic table, and therefore 

ammonia is more nucleophilic than water and alkylamines are more nu¬ 

cleophilic than alcohols. The difference between nitrogen and oxygen nu¬ 

cleophiles can be seen from the fact that ammonia and alkylamines react 

readily as neutral molecules with alkyl halides (and sulfonate esters) in an 

Sn2 displacement reaction, whereas the corresponding oxygen nucleophiles 

must first be converted into alkoxide anions, as in the Williamson ether syn- 
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thesis. There is a further difference in the reaction of oxygen and nitrogen 

nucleophiles with alkyl halides. Reaction of alkyl halides with oxygen nu¬ 

cleophiles proceeds in two stages, from which the products are easily sepa¬ 

rated. For example, reaction of a primary or secondary alkyl halide with hy¬ 

droxide ion yields the corresponding alcohol. The alcohol can then be 

converted to the alkoxide and treated with another equivalent of an alkyl 

halide to form an ether (Williamson ether synthesis). Reaction of alkyl 

halides with nitrogen nucleophiles is a more complex affair. Reaction of a 

primary or secondary alkyl halide with ammonia yields the corresponding 

primary amine, but this initial product is difficult to isolate because it also 

reacts with the alkyl halide. 

Stepwise Substitution on Nitrogen. Let’s look in more detail at the 

alkylation of amines—that is, the nucleophilic displacement of alkyl halides 

by amines. The reaction of ammonia and methyl bromide illustrates this re¬ 

action. The initial product is an ammonium salt (methylammonium bro¬ 

mide), a species that does not have a lone pair of electrons on nitrogen and 

is thus not nucleophilic. However, proton exchange between this salt and 

ammonia rapidly yields an equilibrium mixture of ammonium bromide 

and the desired product, methylamine. 

H 
\ © 0 

> H—N—CH3 Bre 
/ 

H 
Methylammonium 

bromide 

H 
\ 

H—N: 
/ 

H 

H 
© 

H—N—CH, 
/ 

H 
Br' .0 

H 

H- 

H 

\ © 
-N- 
/ 

-H + 

Br © 

H 
\ 
:N— CH3 
/ 

H 

Methylamine 

Methylamine has a lone pair of electrons and is similar in structure to 

ammonia. Indeed, methylamine is also a nucleophile and reacts with methyl 

bromide to form dimethylammonium bromide. As in the reaction forming 

methylammonium bromide, the dialkylammonium salt and ammonia es¬ 

tablish an equilibrium with dimethylamine and ammonium bromide. 

r* 
H,C —Br 

H 

■» H—N—CH3 Br0 
/ 

H3C 

Dimethylammonium 

bromide 

H H H H 

H—N: CH3 H—N—H + :N— CH3 

H H3C Br® H Br® H3C 

Dimethylamine 



In proceeding from ammonia to methylamine to dimethylamine, these re¬ 

actions replace first one and then a second hydrogen atom on nitrogen with 

a methyl group. These reactions can be repeated until all of the hydrogen 

atoms on nitrogen have been replaced by methyl groups, forming trimethyl- 
amine. 

Dimethylamine reacts in the same way with methyl bromide, forming 
trimethylamine after equilibration with ammonia. 

H3c _ H3c 
\ / n r\ \ © 

H—N: H3C—Br -> H—N—CH3 Br0 

H3C H3C 

Dimethylamine Trimethylammonium 
bromide 

H H3C 

H—N:^ *H—N—CH3 

7 7 o H H3C Br0 

H 
\ © 

H—N—H + 
/ 

H Br0 

\ 
GST—ch3 

Trimethylamine 

Trimethylamine also is susceptible to a substitution reaction, because it has 

a lone pair of electrons and is nucleophilic, like ammonia, methylamine, 

and dimethylamine. Reaction of trimethylamine with methyl bromide 
forms tetramethylammonium bromide. 
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ch3 
\ 

H3C—N: 
/ 

ch3 

Trimethylamine 

H3C—Br 

Methyl bromide 

ch3 
\ © 

H3C—N—CH3 Br0 
/ 

CH3 

Tetramethylammonium bromide 

The ammonium salt does not have a lone pair of electrons and is therefore 

not nucleophilic. Note also that there are no protons on nitrogen in tetra¬ 

methylammonium bromide, meaning that no nucleophilic amine can be 

produced by deprotonation. Thus, this sequence of substitution reactions 

that started with ammonia is finished. 

The proton transfer steps in these reactions are quite fast and very much 

faster than the steps that result in the formation of carbon-nitrogen bonds. 

The overall sequence starting from ammonia and proceeding through a pri¬ 

mary, then a secondary, and then a tertiary amine, ultimately forming a 

quaternary ammonium salt, can be summarized (and generalized). 
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CHEMICAL PERSPECTIVES 

PRACTICAL USES FOR BAD-TASTING, 
NONTOXIC COMPOUNDS 

Bitrex, a quaternary ammonium salt, has a very bitter taste but is nonmuta- 
genic and nontoxic. Even when it is present in very low concentrations in 
ingested food, both people and animals find it repulsive. In the past, the U.S. 
Customs Agency required that foreign suppliers introduce Bitrex as a con¬ 
taminant into imported sugar and alcohol to minimize smuggling and to 
assure that its removal was done only by legitimate processors who had paid 
a levied tax. A current practice among farmers is to apply a dilute solution 
of Bitrex to the backs of pigs to prevent them from biting each other and to 
add it to bait set out for deer who, having tasted the local wares, might be 
induced to move elsewhere for food. Bitrex is also sold in the United States 
as a solution to inhibit nail-biting and thumb-sucking by children. 

O 

Bitrex 

R 
R—X R—X 

NH, _ — » R—NH2 -» 
\ 

R 

Ammonia 

A 

NH, 

h 

NH, 
NH 

/ 

R—X 

NH, 

\ 

Alkylamine 

B 

R 

Dialkylamine 

C 

N—R 
/ 

R 

Trialkylamine 

D 

R—X 

NH, R / 
R 

R 
I© 

-N^ 
© 

‘R 
X 

Tetraalkylammonium salt 

E 

This general sequence of reactions represents the conversion of A through 

B, C, and D to the ultimate product, E. The overall conversion consists of 

four steps, each with its own rate of reaction: k\, , Ac3, and k4. (Again, we 

can ignore the proton transfer steps because they are very fast reactions.) 

This stepwise reaction is similar to one considered earlier for the conver¬ 

sion of A to B and then B to C. The rates of these alkylation reactions de¬ 

crease progressively (/q > k2 > k3 > k4) as the degree of substitution at ni¬ 

trogen increases. However, the differences in these rates of reaction are not 

large, and it is difficult to control alkylation of nitrogen so as to obtain only 

(or mainly) the primary, secondary, or tertiary amine. 

Synthesis of Primary Amines. As we saw for the formation of thiols, 

the chemist must carefully control reaction conditions to obtain selective 

formation of one product to the exclusion of other possible products. To 

prepare primary amines (RNH2), for example, a chemist could use an ex¬ 

cess of ammonia in a fashion analogous to the use of excess NaSH for con¬ 

trolling the reaction of NaSH with methyl bromide. Because the concen¬ 

tration of ammonia will remain significantly higher than that of the product 



methylamine for the entire course of the reaction, the rate of alkylation of 

ammonia is much greater than the rate of alkylation of methylamine. This 

technique of increasing the concentration of one reagent is effective and ef¬ 

ficient when that reagent is both inexpensive and readily separated from the 

desired product. In many organic reactions, the product can undergo a re¬ 

action similar to that by which it is formed. In most cases, these reactions 

are selective only if the rate of the first reaction is significantly faster than 

further transformation of the desired product. 

Gabriel Synthesis. For the alkylation of nitrogen to be synthetically 

useful without the use of an excess of the nucleophile, the nitrogen atom 

of the product should not be nucleophilic. In the Gabriel synthesis, this is 

accomplished by the use of phthalimide instead of ammonia. The anion 

formed by deprotonation of phthalimide reacts as a nucleophile in an Sn2 
displacement. 

In phthalimide, the nitrogen atom is not nucleophilic because its lone 

pair is extensively delocalized into the extended tt bonding system that in¬ 

cludes the two carbonyl groups and the benzene ring. However, the proton 

on the nitrogen of phthalimide is relatively acidic (pi<Ca 9) when compared 

to simple amines such as ammonia (pKa 38), and phthalimide can be de- 

protonated with potassium hydroxide, generating the anion: 
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O 

Phthalimide 

•° p10' 

In the anion, there are two lone pairs on nitrogen. One pair can be con¬ 

sidered to be in a p orbital and delocalized into the tt system, and the other 

to be localized on the nitrogen in an sp2 orbital. The localized pair acts as 

a nucleophile in attacking an alkyl halide or tosylate (RX or ROTs), form¬ 

ing a new nitrogen-carbon bond. Note that the product of this alkylation 

of nitrogen has no protons on nitrogen. Therefore, an anion of the prod¬ 

uct cannot be formed, and the lone pair of electrons on the nitrogen in the 

alkylated phthalimide is delocalized into the tt systems of both carbonyl 

groups. As a result, the nitrogen atom in the alkylated product is essentially 

non-nucleophilic. 
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There are many naturally occurring amines, and chemists have so far been 
able to determine the function of only a few of them. Some amines serve a 
function that nature may have never intended. For example, when you buy 
fresh fish does the salesperson ever offer the fish to you to smell? It’s a good 
test for freshness: the fresher the fish, the less “fishy” the smell. The bacteria 
that decompose the flesh of fish degrade the proteins to amino acids and 
then convert these amino acids into simple amines. Indeed, a “fishy” smell 
is nothing more than the odor of a mixture of amines, primarily methyl- 
amine. 

CHEMICAL PERSPECTIVES 

THE SMELL OF FISH 

Reaction of the N-alkylphthalimide with hydrazine, H2NNH2, a par¬ 

ticularly good nitrogen nucleophile because of repulsion between the two 

lone pairs of electrons on its adjacent nitrogen atoms, releases the primary 

amine. The difficulty of controlling the alkylation of a simple amine is cir¬ 

cumvented in the Gabriel synthesis by the construction of a system in which 

the product does not readily undergo the reaction by which it was formed. 

This synthesis of primary amines is analogous to the use of the anion of 

thiolacetic acid for the formation of alkanethiols, as discussed earlier, and 

the phthalic acid group can be considered to be a nitrogen-protecting 

group. 

EXERCISE 8.12 

(a) Write resonance structures for the conjugate base of phthalimide. Do these 
structures explain phthalimide’s high acidity (low pKa)? 

(b) Write resonance structures for phthalimide itself. Compare the structures in 
parts (a) and (b) and explain why it is necessary to deprotonate phthalimide 
to make it sufficiently active to enter into an SN2 displacement. (In contrast, 
ammonia displaces bromide from methyl bromide without further activation.) 

EXERCISE 8.13 

Show the sequence of reactions required to prepare each of the following amines 
in good yield without the use of a large excess of one component in any of the re¬ 
actions. 



Substitution of Halogen by Phosphines 

Phosphorus is in the same column and immediately below nitrogen in 

the periodic table and is thus both less electronegative and more polariz¬ 

able than nitrogen. You should not be surprised that phosphines, PR3, are 

also good nucleophiles. Indeed, phosphorus compounds generally have 

much higher reactivity as nucleophiles than their nitrogen counterparts. 

Most simple phosphines react vigorously with oxygen, and the parent phos¬ 

phine, PH3, as well as almost all simple mono-, di-, and trialkylphosphines, 

must be rigorously protected from air. 

Aromatic substituents diminish the reactivity of phosphines, as exem¬ 

plified by triphenylphosphine, a stable, crystalline material. It nonetheless 

retains sufficient nucleophilic character that it reacts readily with primary 

and secondary alkyl halides in an SN2 displacement reaction. For example, 

reaction with methyl iodide produces methyltriphenylphosphonium iodide. 

(Each phenyl group in triphenylphosphine is represented by Ph. This con¬ 

venient simplification is often used in structures when no chemical change 

takes place on the phenyl ring. When the phenyl ring bears one or more 

substituents, the abbreviation Ar is used, for “aryl”) 
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p© j© n-BuLi ©p 
/ 1 \ 

Ph Ph 1 ! 
Ph Ph 

Ph 

Methyltriphenylphosphonium iodide 

Ph 

Methylenetriphenyl phosphorane 

The resulting phosphonium salt, ®PR4> can be deprotonated with a strong 

base such as n-butyllithium to form a zwitterion, methylenetriphenyl phos¬ 

phorane. 

Phosphoranes. The phosphonium salt resulting from alkylation of a 

phosphine is analogous to a tetraalkylammonium salt in that each lacks a 

lone pair of electrons on the heteroatom or a proton on the heteroatom 

that could be removed to yield such a lone pair. There are differences be¬ 

tween these species, however. A phosphonium salt reacts with a strong base 

by loss of a proton at the a position of the alkyl group (the atom adjacent 

to phosphorus). The resulting zwitterion, a compound with both a posi¬ 

tively charged and a negatively charged atom, is called a phosphorane, or 

a phosphonium ylide. Because the phosphorus atom in a phosphorane has 
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unfilled d orbitals, it is reasonable to write a resonance structure with a fifth 

bond to phosphorus, as shown on the right. 

H2C 

4 
phXph 

e(VE © 

H2C: 
I 

©p 

ph Phph 
Ph 

ch2 

Phosphonium salt Phosphorane 

However, overlap of the relatively large 3d orbital on phosphorus with the 

smaller 2p orbital on carbon is not particularly effective because of the mis¬ 

match in orbital size. Thus, phosphoranes are better represented by a zwit- 

terionic resonance structure. As expected, a phosphorane has significant 

negative charge on carbon and is a good nucleophile. 

Phosphoranes are of interest because of the synthetic utility of their re¬ 

actions. We will cover the nucleophilic reactions of phosphoranes in detail 

in Chapter 12. 

SA 

Preparation and Use of 
Carbon Nucleophiles 

Section 8.2 focused on the Sn2 reaction of heteroatom nucleophiles with 

carbon electrophiles to form carbon-heteroatom bonds. The analogous 

reaction of carbon nucleophiles with alkyl halides, sulfonate esters, and 

epoxides (carbon electrophiles) affords a method for the formation of 

carbon-carbon bonds. 

To make a new carbon-carbon bond by an Sn2 reaction requires a re¬ 

actant with a carbon atom bearing a lone pair of electrons—that is, a car¬ 

bon nucleophile. There are several important differences between the car¬ 

bon nucleophiles we will be considering here and heteroatom nucleophiles. 

Carbon nucleophiles enter into relatively few Sn2 reactions with sp3- 

hybridized carbons. This is, in part, because they are much stronger bases 

and bring about competing elimination reactions (to be discussed in 

Chapter 9). The more characteristic reactions of carbon nucleophiles are 

nucleophilic addition to sp2-hybridized carbons (to be discussed in Chapter 

13) and acid-base reactions (discussed later in this chapter). The anionic 



413 carbons considered in this chapter are sufficiently basic to be able to ab¬ 

stract not only relatively acidic protons, such as those attached to het¬ 

eroatoms, but also the much less acidic protons attached to carbon. As a 

practical matter, most of the carbon nucleophiles considered here are highly 

reactive substances that are stable only in the absence of air and water. Their 

use, therefore, depends on the availability of more sophisticated laboratory 

techniques than are required for the manipulation of heteroatom nucle¬ 
ophiles. 

We first consider the formation of sp-, sp2-, and sp3-hybridized carbon 

nucleophiles and then the use of these organometallic (or carbanionic) 

reagents as nucleophiles and bases. 

Carbon Nucleophiles 

For a carbon atom to be nucleophilic, it must have significant negative 

charge. This is the case when carbon is bonded to an atom of significantly 

lower electronegativity, such as one of the alkali metals. The polarization of 

the bond between the metal and the carbon atom results in significant sur¬ 

plus of electron density on carbon, and with the most electropositive met¬ 

als, the bond is ionic, such that the carbon bears a full negative charge and 

has a lone pair of electrons. 

5- <5 + 

H3C—M 

Polar covalent bond 

H3C:q M® 

Ionic bond 

To the extent that this negative charge is available to enter into bond for¬ 

mation with an electrophile, the carbon is a nucleophile. 
Progression through the alkali metals (M b = Li ,Na®,K®,Cs®) shows 

increasing differences in both size and electronegativity between carbon and 

the metal. The fraction of ionic character (that is, the negative charge on 

carbon) is thus larger in compounds containing sodium or potassium than 

in those containing lithium. 

■ General Methods for Preparation of 
Carbon Nucleophiles 

Three ways are commonly used to produce nucleophilic carbanions. 

The first method consists of the removal of a proton from a carbon by a 

strong base in an acid-base reaction, as in the formation of an acetylide ion 

by the reaction of an alkyne with NaNH2: 

NaNH2 
H3c—C=C-rH --> 

Alkyne 

H3c—c=c:° ®Na 

Acetylide ion 

A second method is the reaction of a zero-valent metal with a carbon- 

halogen bond to form a carbon-metal bond, as in the formation of n-butyl- 

lithium (and lithium chloride) by the reaction of lithium metal with n-butyl 

chloride. Such compounds have a very tight bond between the metal and 

the carbon atom and are known as organometallic compounds. 

Preparation and Use of 
Carbon Nucleophiles 
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n-Butyl chloride 

-> 

n-Butyllithium 

Carbon nucleophiles can also be produced by transmetallation, in which 
one metal is exchanged for another, as in the formation of dialkylcuprates 
from alkyllithium reagents, as we will see shortly. 

EXERCISE 8.14 

Determine the oxidation level of the carbon atom bearing chlorine in n-butyl chlo¬ 
ride and of the carbon atom bearing lithium in n-butyllithium. Does the conver¬ 
sion of an alkyl chloride to an alkyllithium represent an oxidation, a reduction, or 
no change in oxidation level? 

p K 

H3C—CH2—H —50 

sp3 

H2C=CH—H 44 

sp2 

HC=C—H 25 

sp 

N=C—H 9 

sp 

sp-Hybridized Carbon Nucleophiles: 
Cyanide and Acetylide Anions 

Preparation of Cyanide and Acetylide Anions. A hydrogen bonded 
to an sp-hybridized carbon atom is more acidic than a hydrogen bonded to 
an sp2- or sp3-hybridized carbon atom (Chapter 6). As a result, removal of 
a proton from an sp-hybridized carbon can be accomplished with relative 
ease. For example, NaNH2 (prepared from sodium metal and ammonia) is 
sufficiently strong that treatment of a terminal alkyne (R—C=C—H) with 
one equivalent of this base results in essentially complete conversion of the 
alkyne to the acetylide anion. 

Na + NH3-^ 

Na® ®NH, 0 _ 
H3C—C=C—H --» H3C—c=c: Na® + H—NH2 

(pKa 25) Acetylide anion (piCa 38) 

Hydrogen cyanide is similar in structure to an alkyne, having an sp-hy¬ 
bridized carbon atom bearing an acidic hydrogen. Because of the presence 
of the electronegative nitrogen atom, HCN is even more acidic (pXa 9) than 
a terminal alkyne and can be deprotonated with KOH. Hydrogen cyanide 
is extremely toxic. It is water-soluble and exists as a gas at room tempera¬ 
ture. Therefore, chemists elect to use the stable salts, potassium or sodium 
cyanide, which, although toxic, are nonvolatile solids. 

N=C—H + KOH -> N=C :e ®K + H—OH 

(PK. 9) (pK. 15.7) 

EXERCISE 8.15 

Draw a Lewis dot structure for cyanide ion, eCN, where the negative charge is for¬ 
mally on carbon. There is an alternate resonance structure with the negative charge 
on nitrogen. Draw this resonance structure, first as a valence bond representation 
and then as a Lewis dot structure. Compare the two resonance structures, and ex¬ 
plain why cyanide ion has greater negative charge on carbon than on nitrogen. 
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Demonstrate that both the carbon and the nitrogen atom in cyanide ion could be 
nucleophiles by showing the reaction with methyl bromide. (Use the first Lewis dot 
structure you drew for Exercise 8.15.) The product that results from nucleophilic 
attack by nitrogen is methyl isocyanide, CH3NC, a compound that can be prepared 
by the reaction of methylamine with chloroform. What feature(s) of the structure 
of methyl isocyanide contribute to its being less stable than acetonitrile, CH3CN, 
the product of Sn2 substitution by the carbon atom of cyanide ion? 

Reactions of Acetylide and Cyanide Anions. Acetylide and cyanide 

anions are good nucleophiles, and each reacts with both alkyl halides and 

sulfonate esters, forming carbon-carbon bonds. For example, 2-pentyne can 

be prepared by the reaction of the mesylate of ethanol with the anion of 

propyne (derived by deprotonation with JNaNH2). 

,-oso2ch3 

w H2C—ch3 

H3C—C=C-^y —> H3C—c^c—ch2—ch3 

Propyne Mesylate 2-Pentyne 

anion of ethanol 

Alternatively, the combination of cyanide ion with benzyl bromide results 

in the formation of phenylacetonitrile. 

Benzyl Cyanide Phenylacetonitrile 

bromide ion 

Substitution versus Elimination with Cyanide and Acetylide 
Anions. The reaction of secondary halides or sulfonates with cyanide ion 

and especially with acetylide ions results in significantly lower yields than 

the reaction with the corresponding primary electrophiles. 

Preparation and Use of 

Carbon Nucleophiles 
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What goes wrong with these more hindered substrates? Because the addi¬ 

tional substituent reduces the rate of substitution, another reaction becomes 

important: reaction of the anions as bases as well as nucleophiles, a com¬ 

plication we encountered earlier in this chapter in the reaction of hydrox¬ 

ide ion with alkyl halides. At this point, we do not need to concern our¬ 

selves with the details of this alternate reaction pathway—it is the subject 

of the next chapter. For now, it is important to realize that all nucleophiles 
are also bases. The balance between reactivity as a nucleophile and reactiv¬ 

ity as a base is often very delicate, depending on many factors such as the 

nature of the nucleophile and electrophile, the solvent, the counterions, and 

even the temperature. 

The reactions of acetylide ion and cyanide ion with electrophilic car¬ 

bons are the first methods we have seen for the formation of C—C bonds, 

but we will encounter many more in our study of the organic reactions. 

These reactions are important to synthetic chemists, one of whose goals is 

to build more complex carbon skeletons from simpler precursors. 

EXERCISE 8.17 

What starting material and reagents are appropriate for the formation of each of 
the following compounds? (You may use any starting materials and reagents as long 
as a carbon-carbon bond is formed in each case.) 

EXERCISE 8.18 

Which of the following alkyl halides would not be an appropriate substrate for an 
Sn2 reaction with cyanide ion? If the reaction will produce a nitrile, write the struc¬ 
ture of that product. Explain what is wrong in any case in which the substrate will 
not react with cyanide ion in an SN2 reaction. 

TV® | 

#21 Reactions of 
Organometallics 

sp2- and sp3-Hybridized Carbon 
Nucleophiles: Organometallic Compounds 

Formation of Organolithium and Organomagnesium Compounds. 
Organometallic compounds are formed by treatment of an alkyl halide or 

aryl halide with a zero-valent metal, usually lithium or magnesium. These 

reactions consist of reduction of the carbon atom by two electrons and si¬ 

multaneous oxidation of the metal. For example, chlorobenzene reacts with 



lithium metal to produce phenyllithium, and methyl bromide reacts with 
magnesium to produce methylmagnesium bromide. 
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Chlorobenzene Phenyllithium 

H3C—Br + Mg 

Methyl bromide 

H3C—MgBr 

Methylmagnesium bromide 

In both of these reactions, there is a two-electron reduction of the carbon 
that bears the halogen in the starting material. 

Lithium has only one valence electron, so that two atoms of lithium are 

required to effect a two-electron reduction of carbon. The bond between 

carbon and lithium in the resulting alkyllithium compound satisfies the va¬ 

lence requirement of both atoms. Magnesium has two valence electrons (is 

divalent). Only one magnesium atom is required to accomplish the two- 

electron reduction of the carbon atom, and the resulting organometallic 

species has both a carbon-magnesium bond and a magnesium-halogen 

bond. The metal atoms in both organomagnesium and organolithium com¬ 

pounds coordinate particularly well with the oxygen atoms of ethers. 

Therefore, ethers such as tetrahydrofuran and ethyl ether are commonly 

used as solvents for both the formation of organometallic reagents and their 

subsequent reactions. 

Organomagnesium compounds are commonly called Grignard 
reagents in "recognition of the French chemist Francois Auguste Victor 

Grignard, who was honored in 1912 with the Nobel prize for his discovery 

of this class of compounds. Note that the overall process results in inser¬ 

tion of magnesium between the carbon atom and the bromine atom to 

which the carbon was originally attached. Thus, the formation of an 

organometallic reagent in this way is often called an insertion reaction. ( 
UTf 

Reactions of Organolithium and Organomagnesium Compounds 
with Epoxides. Organolithium and organomagnesium compounds act as 

nucleophiles in SN2 reactions with epoxides. Organolithium and organo¬ 

magnesium compounds are otherwise generally poor nucleophiles with re¬ 

spect to alkyl halides and alkyl sulfonate esters, typical sp3-hybridized elec¬ 

trophilic carbon species. In part, this low nucleophilicity can be attributed 

to the tight bonding between the metal atom and the carbon atom. In ad¬ 

dition, organolithium and organomagnesium compounds are very strong 

bases and promote elimination reactions. 
When organolithium and organomagnesium compounds undergo re¬ 

action with epoxides, one of the carbon-oxygen bonds is cleaved, forming 

a new carbon-carbon bond and a metal alkoxide. For example, reaction of 

ethylene oxide with an organolithium or organomagnesium (Grignard) 

reagent forms a new carbon-carbon bond with opening of the three-mem- 

bered ring. Protonation of the initially formed alkoxide by addition of wa¬ 

ter generates the product alcohol. 

Preparation and Use of 
Carbon Nucleophiles 



The C—O bonds of an epoxide are weaker than those of other ethers be¬ 

cause of the strain inherent in a three-membered ring. These bonds are fur¬ 

ther weakened in the presence of organolithium and organomagnesium 

compounds by complexation between the metal acting as a Lewis acid and 

the oxygen atom of the epoxide acting as a Lewis base: 

O it- d , i 
XX L R <y+ 

/X 

EXERCISE 8.19 

Draw the structure of the alkyl bromide that could be used to prepare each of the 
following alcohols by conversion into a Grignard reagent, followed by reaction with 
ethylene oxide. 

Lithium Dialkylcuprates: Transmetallation. Transmetallation is 

the reaction of an organometallic compound with an inorganic salt, in 

which the carbon substituent is transferred from one metal to the other. An 

important example of transmetallation is the reaction of an alkyllithium 

with copper (I) iodide, Cul. (Note that, in Cul, copper is at the +1 oxida¬ 

tion level rather than the more stable +2 level.) When methyllithium is 

added to a suspension of Cul in an ether solvent, copper replaces lithium 

on the methyl group, producing methylcopper; at the same time, lithium 

iodide is formed. 

H,C—Li H3C—Li © 
Cul —-> (H3C—Cu)„ + Lil —-> H3C—Cu—CH3 Li® 

Copper (I) Methylcopper Lithium Lithium dimethylcuprate 

iodide (bright yellow) iodide (nearly colorless) 

When a second equivalent of methyllithium is added to the suspension of 

methylcopper, lithium dimethylcuprate is formed, the simplest example of 

a lithium dialkylcuprate. Unlike the organolithium reagents from which 

they are formed, lithium dialkylcuprates are excellent nucleophiles in reac- 418 



419 tions with alkyl halides and alkyl sulfonate esters. Indeed, these reactions 

proceed with good yield even when both the alkyl group of the lithium di- 
alkylcuprate and the alkyl halide are secondary. 

8.4 Preparation and Use of 
Carbon Nucleophiles 

Because the yields in these reactions range from good to excellent, this re¬ 

action represents a valuable tool with which to increase the number of car¬ 

bon atoms and complexity of a compound. 

The formation of a carbon-carbon bond through the use of a lithium 

dialkylcuprate is not restricted to reaction with alkyl halides. Aryl halides 

and vinyl halides also react with these reagents to form carbon-carbon 

bonds. Although these reactions are certainly not Sn2 reactions, researchers 

have not yet discovered exactly how they proceed, despite the fact that car¬ 

bon-carbon bond formation via this type of reaction is a versatile and 

widely used synthetic method. 

Br CH3 

EXERCISE 8.20_ 

Several (and, in some cases many) different combinations of lithium dialkylcuprate 
reagents with alkyl halides can yield a particular hydrocarbon. Show all of the pos¬ 
sible combinations of lithium dialkylcuprate reagents and alkyl bromides that can 

lead to 2-methylhexane. 

2-Methylhexane 

m Reaction of Organometallic 
Compounds as Bases 

The most useful carbon-carbon bond-forming SN2 reactions involving 

organometallic compounds are the reactions of organolithium or organo- 

magnesium reagents with epoxides and the reactions of lithium dialkyl- 

cuprates with alkyl halides and alkyl sulfonate esters. The rest of the 

organometallic reagents considered so far have limited usefulness in Sn2 
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substitution reactions. All of the organometallic reagents we have consid¬ 

ered are strong bases and react rapidly and irreversibly with water. 

Reduction of Alkyl Halides. Formation of an organometallic com¬ 

pound followed by protonation is a convenient method of reduction for 

alkyl halides. The overall process leading from an alkyl halide to a Grignard 

reagent and then, by protonation, to a hydrocarbon results in a net reduc¬ 

tion of the carbon originally bearing the halogen substituent. 

h2o 
-* 

H 

The base strength of most organometallic compounds requires that 

these reagents be protected from contact with water during their use as nu¬ 

cleophiles. Anhydrous ether solvents must generally be used, and neither 

the electrophile nor the organometallic reagent itself may contain acidic 

functional groups. The functional groups that readily act as acids toward 

organometallic reagents are carboxylic acids, alcohols, thiols, primary and 

secondary amines, and amides. 

Isotopic Labeling. The side reaction of an organometallic reagent with 

water often reduces the yield of the desired product. However, this reaction 

can be used to advantage by intentionally adding D20 to an organolithium 

or organomagnesium reagent, producing a compound with a single deu¬ 

terium atom as a substituent on the carbon atom that originally held a halo¬ 
gen atom. 

Alternatively, adding water that is enriched with tritium provides a hydro¬ 

carbon in which a specific carbon is partially substituted with tritium. 

(Tritium is very difficult to separate from deuterium and protium. Only a 

trace of tritium is generally used, but it can be easily detected because it is 
radioactive.) 



Br Li 
TOH 3 

•> 

The pharmaceutical industry has done extensive research in labeling 

compounds with tritium. It is often desirable to determine the fate of a drug 

as it is degraded by the body. By feeding to test animals a compound la¬ 

beled at a specific site with tritium and then analyzing the excretion prod¬ 

ucts, pharmaceutical chemists can determine how a large molecule is con¬ 

verted biologically into smaller, soluble ones that can be excreted. 

EXERCISE 8.21 

For each of the following compounds, state whether a stable Grignard reagent can 
be made by treating it with magnesium metal and anhydrous ethyl ether. 

(a) 2-bromo- 1-butanol (d) p-bromophenol 

(b) 2-chloro-l-phenylpropane (e) 3-bromopropanoamide 

(c) p-bromotoluene 

EXERCISE 8.22 

If 10 mL of tetrahydrofuran is to be used as solvent, calculate the percentage of 
water (by volume) that it would have to contain to protonate 1 mmole of n-butyl- 
lithium. (Assume that both protons of water are effective and can be used to make 
butane.) 

8.5 

Synthetic Methods: 
Functional-Group Conversion 

As discussed in Chapter 7, it is useful to keep track of new reactions that 

alter functional groups. Table 8.2 (on pages 422 and 423) provides a com¬ 

pilation of the reactions presented in this chapter, which can be used to at¬ 

tach the carbon skeleton of an alkyl halide (or alkyl tosylate) to various 

other functional groups or to convert the halide into another functional 

group. In conceptually grouping reactions, you should take special note of 

those that form new carbon-carbon bonds. 
As an exercise to complement the Review Problems at the end of the 

chapter, quiz yourself on each reaction listed in Table 8.2 and in the Review 

of Reactions (at the end of the chapter), according to the criteria set out in 

Section 7.3: 

1. Can I predict the product (including stereochemistry and regio- 

chemistry), given the reactants? 

2. Do I know the reagent(s) and conditions necessary to convert the 

given functional group into the product? 

3. For a desired product formed by a given reaction path, can I cor¬ 

rectly choose an appropriate starting material? 

4. Given the reactants, conditions, and products, can I write a detailed 

reaction mechanism showing the specific electron flow that describes how 

the reaction proceeds? 



TABLE 8.2_ 

Using Substitution Reactions to Make Various Functional Groups 

Functional 
Group Reaction Example 

Alcohols. 

\jC- 

<y&t 

Reaction of an alkyl halide q. 
with hydroxide ion or water 

< X7) 

>t) Alkanes 

Ar 

, .Qy Opening of ethylene oxide. x 
G by a Grignard reagent , \p\y~' 

Coupling of an organocuprate 
with an alkyl halide 

Li® ®Cu 

Br 

Protonation of Grignard 
(or organolithium) reagents 

^^MgB 

Alkynes Acetylide ion alkylation 
H3C—Ce=C: _n •© 2 

oso,ch3 
I 

h2c—ch3 
* H3C—C=C—ch7—ch3 

& 

Alkyl bromides 

OUf 

' 

07* 

Alkyl chlorides 

Reaction of an alcohol 
with HBr 

Reaction of an alcohol 
with PBr3 

Reaction of an alcohol with 
HCl (or ZnCl2, if primary) 

h3c ■—6h - 
PBr3 

/X 

<c? 
■> H3C—Br t 0 

Amines 

Reaction of an alcohol with 
thionyl chloride 

Alkylation of ammonia 
(or an amine) H3C—Br 

nh3 

(excess) 
-> h3c—nh2 

422 



Ethers Williamson ether synthesis -=r 

Grignard reagents Insertion of magnesium into 
carbon-halogen bond 

Nitriles Reaction of an alkyl halide 
with cyanide ion 

Br 

Organocuprates Transmetallation of an 
organolithium 

Cul 
H3C—Li 
—-> 

e 
H3C—Cu—CH3 Li® 

Organolithiums Insertion of lithium into 
carbon-halogen bond Li + LiCl 

Phosphonium salts Phosphine alkylation 

Phosphoranes Deprotonation of a 
phosphonium salt 

Thioethers Reaction of a sulfonate ester 
(or alkyl halide) with thiolate 
anion 

tv) 

h3c— s® + 
h3cso2o 

'b <; 

Thiols Reaction of an alkyl halide 
, t'- (or sulfonate ester) with NaSH 

'Br NaSH 

w - & 

A> C' 
Cl 

-> H3C' 

423 
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FIGURE 8.6 

Example of a reaction 
flash card. 

For synthetic utility, the third question is of utmost importance. 

Although the emphasis in this book has been on reaction mechanisms, prac¬ 

tical organic chemistry requires the use of sequences of known reactions to 

make new molecules. This can be done only if you know reactions literally 

backward and forward. You can be sure of knowing these reactions well if 

you drill yourself on both the mechanism and the functional-group inter¬ 
conversion accomplished in each transformation. One effective way to study 

what reactions accomplish is by the use of reaction flash cards, with the re¬ 

actant and reagents shown on the front of a card and the product on the 

back (Figure 8.6). You should make a card for each new reaction you en¬ 

counter as you study organic chemistry. As you use the cards to test your 

knowledge of the reactions, do not separate those with which you have dif¬ 

ficulty from those you know. Keep them together, and shuffle the deck and 

start over until you know them all. (A complete set of cards for the reac¬ 

tions in this textbook is available from the publisher, but constructing your 

own set can be a valuable learning experience.) 

Only by understanding how various products can be obtained by sev¬ 

eral alternative pathways is it possible to plan syntheses intelligently. Flaving 

a variety of functional-group interconversions at hand makes it easier to in¬ 

tegrate new reactions with those you already know. 

8.6 

Spectroscopy 

The spectral techniques covered in Chapter 4 are often very useful for de¬ 

termining whether an intended transformation has actually occurred as 

planned. Infrared spectroscopy can be used to check for the presence or ab¬ 

sence of hydroxyl, amino, and carbonyl groups. The change in electron den¬ 

sity at the carbon of a functional-group site results in different shifts for 

both the carbon (in the 13C NMR spectrum) and any attached hydrogen 

atoms (in the !H NMR spectrum). 

The reaction of alkyl halides with hydroxide ion (or with water in the 

case of tertiary, benzylic, and allylic substitution) to form alcohols can be 

followed by infrared spectroscopy. The product alcohols have distinctive 

and strong absorptions resulting from O—H stretching at 3650-3400 cm-1 

and C—O stretching at 1150-1050 cm-1. Both of these absorptions are ab¬ 

sent in the starting alkyl halides (C—Cl, C—Br, and C—I stretching vi¬ 

brations are less useful as diagnostic tools for this class of compounds, be¬ 

cause they often appear in the fingerprint region of the spectrum). Ethers 

lack the O—H stretching absorptions seen for alcohols, providing a simple 

way to determine that the reaction of the anion of an alcohol with an alkyl 

halide has resulted in the formation of an ether. 

NMR spectroscopy also shows differences between alkyl halides and the 

corresponding alcohols. The greater electronegativity of oxygen compared 

with chlorine, bromine, or iodine results in a downfield shift of the carbon 

bearing oxygen relative to the carbon bearing halogen, as well as a down- 

field shift of hydrogen atoms, if any are present on this carbon. 

Representative examples of NMR shifts are provided in Table 8.3. 

The replacement of a halogen substituent by nitrogen to form an amine 

is apparent in the infrared spectra for primary and secondary amines be- 



TABLE 8.3 

13C and XH NMR Chemical Shifts for Alkyl Halides and Alcohols 

NMR NMR 

Alkyl Halide 13C (S) (S) Alcohol 13C (5) XH (8) 

CH3CH2—I 20.3 1.85 CH3CH2—OH 58.0 3.66 

OH 

69.1 

H Cl 

53.8 4.20 

H OH 

70.2 3.60 
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cause of the N—H stretching absorptions at 3500-3300 cm-1. Nitriles have 

quite characteristic but weak stretching absorptions at 2260-2210 cm-1. 

Alkynes also have unique absorptions at 2260-2100 cm-1. However, the ab¬ 

sorption resulting in a stretching interaction requires a dipole in the func¬ 

tional group, and all but terminal alkynes are sufficiently symmetrical that 

there is little, if any, dipole and therefore only very weak absorption in the 

infrared. The C—H bond of terminal alkynes shows a stretching absorp¬ 

tion at 3350-3300 cm-1. 

NMR spectroscopy serves as an excellent tool for confirming that the 

reaction of a cuprate with an alkyl halide has indeed resulted in a larger 

carbon framework. The product of such a carbon-carbon bond-forming 

reaction almost always has a greater number of unique 13C NMR absorp¬ 

tion signals than does the starting alkyl halide. 

13C NMR: 52.9, 37.6, 25.9, 25.2 8 35.8, 33.1, 26.7, 26.6, 22.9 8 

There is also a change in the chemical shift of the carbon bearing a halo¬ 

gen when the halogen is replaced by an alkyl group. However, in some cases 

it is possible for the alkyl group to have nearly the same shift effect as the 

original halogen. 

EXERCISE 8.23 

Which spectral techniques would be useful for determining how much of an alkene 
by-product was produced in the following substitution reaction? 
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8 Substitution 
by Nucleophiles at 
sp3-Hybridized Carbon 

1. Nucleophilic substitutions are of two major types: (a) SnI reac¬ 

tions, in which only cleavage of the bond between carbon and a leaving 

group occurs in the rate-determining step; (b) Sn2 reactions, in which par¬ 

tial formation of a bond with the incoming nucleophile takes place simul¬ 

taneously with cleavage of the bond to the leaving group. The SnI reaction 

takes place in a sequence of steps, with formation of a carbocation inter¬ 

mediate. The Sn2 reaction takes place in a single concerted step, with no 

intermediates. 

2. There is inversion of stereochemistry in an Sn2 reaction because of 

the required back-side attack by the incoming nucleophile. In an SN1 reac¬ 

tion, a planar, achiral, cationic intermediate is formed. 

3. Because SN1 reactions proceed through intermediate carbocations, 

they are complicated by competing elimination and rearrangement reac¬ 

tions. SnI reactions are usually observed at tertiary sites, and therefore are 

generally less useful for syntheses than Sn2 reactions, except with relatively 

simple substrates. 

4. The Sn2 reaction proceeds through a pentacoordinate transition 

state and is therefore sensitive to steric effects, which dictate a reactivity or¬ 

der (primary > secondary > tertiary) opposite to that observed for an SnI 

reaction (tertiary > secondary >> primary). 

5. The ease of cleavage of the bond between carbon and the leaving 

group in SN1 and Sn2 reactions are influenced by the C—LG bond strength 

and the ability of the leaving group to accommodate negative charge. 

6. A more reactive nucleophile more readily donates an electron pair 

to the electron-deficient carbon. Anionic nucleophiles (formed by depro¬ 

tonation) are more reactive than their neutral precursors. A good nucle¬ 

ophile (which acts as an electron donor to an electron-deficient carbon) is 

therefore often a good base (an electron donor to an electron-deficient hy¬ 

drogen). 

7. Nucleophilic substitutions are employed as the critical step in sev¬ 

eral functional-group transformations, as well as in carbon-carbon bond 

formations. In such a reaction, an electron-rich reagent (often an anion) 

reacts with an organic molecule bearing a leaving group. 

8. Carbon nucleophiles are generated in one of three ways: (a) by 

treatment of a compound bearing an acidic hydrogen atom with a base 

(specific examples covered in this chapter are the formation of cyanide and 

acetylide anions by deprotonation of the corresponding conjugate acids); 

(b) by treatment of an alkyl halide with a zero-valent metal such as lithium 

or magnesium to produce an organolithium compound or a Grignard 

reagent; (c) by transmetallation, where one metal is exchanged for another, 

as in the formation of a lithium dialkylcuprate from an alkyllithium reagent. 

9. The carbon-metal bond in an organometallic compound is polar¬ 

ized, because the metal is electropositive and the carbon is electronegative. 

As a result, the carbon of an organometallic cr bond has partial negative 

charge and reacts as a base with protons and as a nucleophile with carbon 

electrophiles. 



427 10. The negatively charged carbon in organometallic compounds is as¬ 

sociated with a counterion. The strength of the interaction between the pos¬ 

itive and negative centers determines the type of bond between the metal 

and carbon, with free ions and pure covalent bonds presenting the extremes. 

Organolithium, organocopper, and Grignard reagents possess some cova¬ 
lent character in the carbon-metal bond. 

Review of Reactions 

Review of Reactions 
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8 Substitution 
by Nucleophiles at 
sp3-Hybridized Carbon 

Review Problems 

8.1 Assuming that the following reactions take place by an Sn2 displacement, 
choose the faster reaction of each pair and explain your reasoning: 

(a) reaction of cyanide ion with n-iodoheptane or n-chloroheptane 

(b) reaction of ethanol or sodium ethoxide with n-butyl bromide 

(c) reaction of azide ion with n-butyl tosylate or s-butyl tosylate 

(d) reaction of isopropoxide with ethyl bromide or reaction of ethoxide with 
2-bromopropane 

8.2 For each of the following reactions, predict the expected product. Where a 
center of chirality is created or destroyed, indicate the expected absolute configu¬ 
ration. 

(f) (1) NaNH2 

(2) D20 

(g) NC I 

hh hH 

NaCN 
-> 

(1) Br2> hv 

(2) NaC=CCH3 

(i) 
(1) TsCl 
-> 
(2) NaCN 

(j) (1) PBr3 
-> 
(2) Nal 

(k) 
(1) PC13 
-> 
(2) NaOCH,CH, 

(2) CH3Br 

(1) NaOEt 
-> 
(2) EtOTs 

(n) 
CH3OTs 

(1) PPh3 
-1-> 
(2) n-BuLi 

8.3 Using the reactions you learned in this and preceding chapters, suggest a 
route by which the carbon skeletons of the following compounds can be synthe¬ 
sized from a two- or three-carbon alkyne and any alkyl halide containing three 
carbons or fewer. (You may use any other reagents needed; more than one step 
may be required.) 

(a) 

/ (b) (d) NH2 



429 8.4 Propose a sequence of reactions and the appropriate reagents that can be 
used to effect the following conversions. Specify any special conditions or sol¬ 
vents that are needed. 

(a) benzyl chloride to benzyllithium 

(b) toluene to benzylmagnesium bromide 

(c) benzyl alcohol to lithium dibenzylcuprate 

8.5 Identify the organic halide that, after conversion to a Grignard reagent and 
treatment with ethylene oxide, would produce each of the following alcohols: 

8.6 SnI reactions proceed through planar carbocations, and only under special 
circumstances does such a reaction give a nonracemic product. For example, al¬ 
though the reaction rate depends only on the concentration of the reactant, the 
isolated product obtained when (S)-2-bromo-n-propylmethyl ether is hydrolyzed 
is (S)-2-hydroxy- n-propylmethyl ether. In addition, the solvolysis of this reactant 
is much faster than that of 2-bromopropane. 

(a) Suggest an explanation for these observations. 

(b) Predict the expected stereochemical course if sodium cyanide in acetone 
were used as the nucleophile instead of water. 

8.7 What starting materials and reagents are needed to prepare each of the fol¬ 
lowing compounds by a nucleophilic substitution reaction? Do not concern 
yourself with making the starting materials. 

(a) (e) h3CCH2CeeeN 

Review Problems 

O 
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8 Substitution 
by Nucleophiles at 
sp3-Hybridized Carbon 

8.8 It is often possible to prepare symmetrical ethers by the reaction of a pri¬ 
mary alkyl bromide with a limited amount of base in a small amount of water. 

NaOH 
R—CH2Br-> R—CH2—o—CH2—R 

(a) What starting material would be required to prepare tetrahydrofuran (THF) 

by this method? 

THF 

(b) Show the sequence of reaction steps with complete mechanisms for the con¬ 
version of the starting material chosen in part (a) into THE 

8.9 Show how each of the following primary alcohols could be prepared by the 
reaction of an organometallic reagent with ethylene oxide. 

8.10 How can the following alcohol be prepared from bromocyclohexane and 
ethylene oxide as the only sources of carbon atoms? {Hint: Not counting proton- 
transfer reactions, five discrete chemical transformations are required.) 

8.11 Show how each of the following primary amines can be prepared by the 
Gabriel synthesis. 

8.12 Three of the following six amines can be prepared directly by the Gabriel 
synthesis. Identify the amines for which the Gabriel synthesis is not applicable, 
and briefly state why they cannot be prepared by this method. 
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8.13 Provide an IUPAC name for each of the following compounds. Review Problems 

8.14 Draw the structure that corresponds to each of the following names. 

(a) N-methylaniline (e) (P)-2-hexanol 

(b) cyclohexylmethylamine (f) cyclohexylmethyl ether 

(c) N,N-dimethylbenzylamine (g) frans-2-aminocyclopentanol 

(d) trans-4-rnethylcyclohexanol 

8.15 Tertiary nitrogen atoms at the bridgehead position of bridged bicyclic 
amines are often more reactive as nucleophiles (for example, in alkylations to 
form quaternary ammonium ions) than are noncyclic tertiary amines. Suggest a 
reason for this enhanced reactivity. 

A bridged 

bicyclic amine 

H3C— I © p. 
Et3N —-> Et3N—CH3 1° 

Slower 
A noncyclic 

tertiary amine 

8.16 The nitrogen atom of aniline is significantly less reactive as a nucleophile 
than is the nitrogen atom of an aliphatic primary amine. What is the rationale 

for this observation? 
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8 Substitution 
by Nucleophiles at 
sp3-Hybridized Carbon 

8.17 Compound A is known by the trivial name “proton sponge,” because it is 
significantly more basic than similar compounds with only one amino group 
for example, compound B. Can you think of a reason for this difference in affin¬ 
ity for a proton? Would you expect the rate of alkylation of A to be faster or 
slower than that of similar monoamines? (Be careful here to consider the differ¬ 
ence between thermodynamic and kinetic control on the outcome of reactions.) 

+ H30® ^ + h2o 

A (pKa 12.1) 

H 

8.18 Tetrahydrofuran is generally a better solvent than ethyl ether for 
organometallic reagents (although there are some exceptions). What is the 
rationale for this observation? 

Tetrahydrofuran Ethyl ether 

8.19 What reagents are required to accomplish each of the following transfor¬ 
mations, using the reactions described in this chapter? 

8.20 What reagents are required to accomplish each of the following transfer 
mations, using the reactions described in this chapter? 
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8.21 In the reaction of an alkyl halide with hydroxide ion in water, the yield of 
alcohol increases as the concentration of the alkyl halide is decreased. Why 
should this happen? (Hint: Are there any reactions that the product alcohol 
might undergo under the reaction conditions?) 

®OH 
R—Br ——» R—OH 

H2O 

8.22 Suggest a synthesis of the herbicide 2,4-dichlorophenoxyacetic acid (known 
as 2,4-D) starting from 2,4-dichlorophenol and any other starting material or 
reagents that you need. 

2,4-D 

8.23 Describe in a general way the differences that would be expected in the in¬ 
frared, NMR, and 13C NMR spectra of the starting materials and products of 
the following reactions. 

(a) 

(b) 

(c) 

Review Problems 





Elimination 
Reactions 

The ball-and-stick model represents the transition state for the reaction of 

hydroxide ion with ethyl bromide to form ethylene: 

: Br: 



CA/fost compounds that can undergo nucleophilic substitution (that is, 

J/ VJ_those that bear a leaving group at an sp3-hybridized atom) can also 

undergo elimination. In many elimination reactions, two groups on adja¬ 

cent atoms are lost and a double bond is formed. 
In a typical elimination, a substrate bearing two groups, A and B, on 

adjacent atoms undergoes cleavage of the two bonds connecting the carbon 

skeleton to A and to B: 

A 
B + A® + B° 

(or A—B) 

Two of the four electrons from these a bonds appear in the product as a it 

bond. The remaining two electrons appear either as an electron pair local¬ 

ized on A or B, producing a cation and an anion, or as a covalent bond be¬ 

tween the two fragments, forming a molecule A—B. At the same time, the 

two carbon atoms to which A and B were attached change from sp3 to sp2 

hybridization. 

In most organic elimination reactions, one of the eliminated groups is 

a hydrogen atom and the other is a leaving group like those involved in sub¬ 

stitution reactions. Because hydrogen is more electropositive than most 

leaving groups (which usually have an electronegative atom at the point of 

attachment), the two eliminated products are usually H® and a negatively 

charged leaving group, LG0. 

+ H® + LG0 

In this chapter, we will examine the mechanisms for several kinds of 

elimination reactions. Knowledge of these mechanisms enables chemists to 

choose starting materials incorporating structural features that lead to con¬ 

trol of regiochemistry and stereochemistry in the product alkenes. Thus, 

elimination reactions can be valuable for the preparation of pure alkenes. 

9.1 

Mechanistic Options for 
Elimination Reactions 

There are three possible mechanisms for an elimination reaction, which dif¬ 

fer in the timing of the cleavage of the two a bonds: (1) first C—LG, then 

C—H; (2) C—LG and C—H simultaneously; and (3) first C—H, then 
C—LG. 436 
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9.1 Mechanistic Options 
for Elimination Reactions 

El Mechanism; Carbocation Intermediates ^ 

In the first mechanistic option, the C—LG bond is broken heterolyti- 

cally to form a carbocation intermediate and a leaving group LGQ (Figure 

9.1). (This is the same step that initiates the SnI reaction discussed in 

Chapters 7 and 8.) This unimolecular, rate-determining step is followed by 

a second, rapid step, in which a proton is lost from an adjacent carbon atom 

to form a it bond. The first step consists only of bond breaking, with no 

concomitant bond formation. In the second step, a carbon-hydrogen bond 

is cleaved at the same time as a carbon-carbon tt bond is formed; mean¬ 

while, deprotonation is assisted by the transfer of the proton to a base, re¬ 

sulting in the formation of a covalent bond. As a result, the activation en¬ 

ergy barrier for the second step is lower than that for the first, and so the 

loss of LGe is the rate-determining step. If nucleophilic substitution is faster 

than loss of the proton, substitution (by an SN1 mechanism) is observed 

instead of elimination. 

FIGURE 9.1 

In an El elimination, the rate-determining step is the unimolecular loss of 
the leaving group, LG®, to form a carbocation. The elimination is completed 
by a second, fast step in which a proton is removed by a base. 

Note that the rate-determining step of this pathway is unimolecular and 

endothermic, with a transition state closely resembling the intermediate car¬ 

bocation. With terminology similar to that used for describing nucleophilic 

substitutions, this type of reaction is called an El reaction. The letter E in¬ 

dicates that the reaction is an elimination, and the number 1 indicates that 

the rate-determining (slow) step of the reaction—that is, heterolytic cleav¬ 

age of the C—LG bond (with the formation of a carbocation)—is unimo¬ 

lecular. Because carbocations are formed as intermediates, El reactions are 

favored for compounds in which the leaving group is at a tertiary or sec¬ 

ondary position, f 
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9 Elimination 
Reactions 

Elimination versus Substitution: El versus S^l/Recall from Chapters 

7 and 8 that SN1 reactions also proceed through an intermediate carbo- 

cation and that rates of substitution are determined by the facility with 

which the carbocation is formed via loss of the leaving group. 

Whether an elimination or a substitution ultimately occurs depends on the 

relative rates of deprotonation and of nucleophilic addition to the carbo¬ 

cation. Which pathway—elimination or substitution—is favored is deter¬ 

mined mainly by reaction conditions. High concentrations of good nucle¬ 

ophiles favor substitution. Increasing the temperature of the reaction favors 

elimination. 

Why should elimination be favored over substitution as the reaction 

temperature is increased? Recall from Chapter 6 that the contribution of 

enthalpy to the activation energy—and, therefore, to the rate of a reaction— 

varies with temperature. The contribution of entropy is invariant with tem¬ 

perature. 

Rate - ~ TA5*)/RT = e-^/RT X e^,R 

Enthalpy Entropy 

contribution contribution 

For elimination reactions, both bond breaking and bond making occur, and 

progression from the cation to the transition state (Figure 9.2) requires a 

FIGURE 9.2 
_ 

Reaction of water with f-butyl cation can lead either to overall elimination 
through the transition state at the left, or to overall substitution by bond 
formation between oxygen and carbon. Removal of a proton to form an 
alkene product involves both bond breaking and bond making, resulting in 
an activation energy with significant contribution from enthalpy, A Eft. The 
substitution pathway proceeds through the transition state at the right with 
only bond making. The activation energy for this step is dominated by 
entropy (AS*). 



439 significant change in both enthalpy and entropy. The reaction rate is there¬ 
fore temperature-dependent, and increasing the temperature increases the 
rate. This effect can be seen most easily in the simple example where H* is 
assumed to be zero. Then, regardless of the value of T, the enthalpy contri¬ 
bution becomes 

9.1 Mechanistic Options 
for Elimination Reactions 

Enthalpy contribution = e 0/RT = e° = 1 

and the rate is determined by the temperature-independent entropy term. 
Conversely, the larger the value of AH*, the greater is the effect of a change 
in temperature on the reaction rate for an elimination. 

The reaction of the intermediate cation with a nucleophile leads to a 
substitution reaction, in which only bond making occurs. Thus, the energy 
required to reach the transition state is dominated by entropy. Because the 
entropy term does not vary with temperature, raising the temperature makes 
relatively little difference in the rate of a substitution reaction. 

The second step of an El reaction involves both bond breaking and 
bond making as the proton is transferred to a base. Thus, AH* will be rel¬ 
atively large. As the temperature of the reaction is increased, the rate of elim ¬ 
ination increases and the rate of substitution remains relatively unchanged. 

E2 Mechanism: Synchronous Elimination 

In the second mechanistic option for elimination, two a bonds are bro¬ 
ken and a tt bond is formed simultaneously, with deprotonation by base 
occurring at the same time as the C—LG bond is broken (Figure 9.3). 

In an E2 elimination, H® and LG® are lost at the same time through a 
concerted, bimolecular, rate-determining step. 

In this elimination, the conjugate acid of the base, a tt bond between 
the carbon atoms, and a negatively charged leaving group are all formed 
through a single transition state. The reaction is bimolecular, because both 
the base and the molecule bearing the leaving group participate in the tran¬ 
sition state of the single, and therefore rate-determining, step. This con¬ 
certed elimination is called an E2 reaction. In the transition state of low¬ 
est energy in an E2 reaction, the orbitals that form the tt bond in the product 
alkene are aligned for maximal overlap. In a cyclic compound, this align¬ 
ment is best achieved when the leaving group is trans to the proton being 
eliminated.1 Unlike the El mechanism, the E2 pathway does not involve an 
intermediate carbocation. As a result, the rate of an E2 reaction is less sen¬ 
sitive than that of an El reaction to the degree of substitution—primary, 
secondary, or tertiary—at the carbon bearing the leaving groupy 
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9 Elimination 
Reactions 

Elimination versus Substitution: E2 versus SN2. 'Under the basic con¬ 

ditions used for elimination of HX from a molecule, the possibility also ex¬ 

ists for a bimolecular nucleophilic substitution. Which type of reaction oc¬ 

curs depends largely on the base chosen to carry out the elimination. If the 

base is also a good nucleophile, competing substitution can become a prob¬ 

lem (discussed further later in this chapter). 

9 ElcB Mechanism: Carbanion Intermediates 

In the third mechanistic option for an elimination reaction, the first 

step consists of the removal of a proton, FI®, by a base—generating a carb¬ 

anion. In the second step, the leaving group is lost from the intermediate 

anion (Figure 9.4), as the tt bond is formed. 

FIGURE 9.4 

An ElcB elimination reaction involves the rapid and reversible formation of 

an intermediate carbanion. 

In this elimination, an acid-base pre-equilibrium results in deprotona¬ 

tion of the neutral starting material to form its conjugate base. The loss of 

the leaving group, LG0, from the conjugate base in the second, unimolec- 

ular step is rate-determining. If the first step is significantly slower than the 

second, this two-step sequence cannot be distinguished kinetically from the 

concerted E2 reaction. When deprotonation is fast and reversible and the 

reaction rate is controlled by how fast the leaving group is lost from the in¬ 

termediate carbanion, the reaction takes on unique characteristics. In this 

case, the loss of LG0 from the anion in the second, rate-determining step 

is unimolecular and does not involve the base. Therefore, the concentration 

of base does not directly affect the rate of reaction. This elimination path¬ 

way is called an ElcB reaction. (The letters cB in this notation refer to the 

intermediate, a carbon base.) In the El mechanism, the leaving group is lost 

from the neutral substrate in the rate-determining step; in the ElcB mech¬ 

anism, the leaving group is lost from the anionic conjugate base of the sub¬ 

strate in the rate-determining step. The ElcB mechanism for elimination is 

not common. It requires special features in the substrate, such as functional 

groups that can stabilize the intermediate carbanion. For example, in 3-bro- 

mocyclohexanone, the presence of the carbonyl group greatly enhances the 

acidity of the a protons. 

3-Bromocyclohexanone 

o 
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CHEMICAL PERSPECTIVES 

RECORDING INFORMATION THROUGH A 

COLOR-PRODUCING ELIMINATION REACTION 

When you sign a credit card receipt on carbonless paper, you are inducing 

an acid-catalyzed elimination reaction. The carbonless paper contains small 

microcapsules (3-8 micrometers in diameter) that hold a solution of a col¬ 

orless compound. When you apply pressure (by writing), you break the cap¬ 

sules and allow the solution to come into contact with the acid-treated pa¬ 

per. As in the acid-catalyzed elimination reactions discussed here, a bond 

between carbon and oxygen is broken, producing a highly colored (blue, pur¬ 

ple, or black) cation. One such dye is shown here. 

'N' 'N' 

N' 

EXERCISE 9.1 

From what you know about the relative stability of cations and anions, which sub¬ 

strate in each of the following pairs undergoes elimination (of H20, HBr, or HC1) 

more easily through the mechanism indicated? Explain. 

OH OH 

9.1 Mechanistic Options 
for Elimination Reactions 

(ElcB) 
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EXERCISE 9.2 

Draw an energy diagram for an ElcB reaction in which the first step (formation 

of the carbanion by deprotonation) is the slow step. Then draw an energy diagram 

for the opposite situation, in which loss of the leaving group from the carbanion 

is the slow step. Be sure to include structures for the starting materials, products, 

and any intermediates on both diagrams. By considering these energy diagrams, 

determine what factors will most influence the overall rate of the reaction. 

Transition States and Reaction Profiles for 
El and E2 Eliminations 

In many cases, more than one alkene can be formed by an elimination. 
These isomers can differ in both regiochemistry and stereochemistry. An 
example is elimination of HBr from 2-bromobutane, for which there are 
three isomeric products: 

Br 

2-Bromobutane tra/is-2-Butene cis-2-Butene 1-Butene 

The regiochemistry and stereochemistry of dehydrohalogenation (loss of 
HX) depend on which pathway (El or E2) is followed, but the outcome can 
be predicted from the nature of the substrate and the reaction conditions. 
Let’s first consider the factors that lead to a preference for one stereoisomer’ 
over another and then look at those that control regiochemistry. 

When geometric isomers are possible as products, the more stable 
alkene is generally favored in both El and E2 reactions—but for different 
reasons. In an E2 reaction, the geometry of the alkene produced is deter¬ 
mined by the fact that both the hydrogen atom and the leaving group are 
lost in a single step (Figure 9.5). In contrast, in an El reaction, the geom¬ 
etry is fixed in the second, fast step, when a proton is removed from the in¬ 
termediate carbocation.» 

E2 and El reactions differ significantly in the nature of the transition 
states that determine the regiochemistry of the product. The E2 pathway 
involves a transition state leading from starting material directly to prod¬ 
uct. The product-forming step of an El reaction is more exothermic than 
that of an E2 reaction. Thus, the El reaction has a relatively early transi¬ 
tion state, closely resembling the carbocation formed in the rate-determin¬ 
ing step. 
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Energy diagrams showing the product-determining transition states for 

(a) E2 and (b) El pathways for dehydrohalogenation. 

9.2 Dehydration 
of Alcohols 

9.2 

Dehydration of Alcohols 

The dehydration of alcohols provides examples of all three elimination 
mechanisms. The elimination of water (dehydration) from simple alcohols 
requires acidic conditions so that the hydroxyl group, a relatively poor leav¬ 
ing group, can be transformed to H20, a moderately good one. 

Dehydration via an El Mechanism 

Dehydration of secondary and tertiary alcohols under acidic conditions 
follows the El pathway. As noted in Chapters 3 and 7, dehydration is facil¬ 
itated by acid because protonation of the hydroxyl group effectively con¬ 
verts this leaving group from hydroxide ion to water. Because H30© is a 
stronger acid than H20, the conjugate base of the former (H20) is a better 
leaving group than that of the latter (eOH). Whenever a relatively stable 
carbocation is produced by dehydration of a protonated alcohol, an El elim¬ 

ination can occur. 

R O—H 

H R 

+H® 
-> 

H 
\ © 

H R 

R 
-H,0 

Slow 

H 

H 

e 

R 

A secondary alcohol 

H R H H 

An alkene 
(mixture of geometric isomers) 
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■ Dehydration via an E2 Mechanism / 

Because an unstable primary carbocation would be formed in the El 

dehydration of a primary alcohol, acid-catalyzed El elimination through 

such a carbocation is so slow that other pathways are followed. An E2 re¬ 

action occurs instead, in which a proton is lost from a carbon at the same 

time as water is lost from the adjacent carbon. This allows for the forma¬ 

tion of an alkene without the intermediate formation of an unstable car¬ 

bocation. 

H 

R 

H/^J 

cH 
HOH 

V © 

O- 

U 
H 

H 

H 

A protonated primary alcohol An alkene 

Dehydration is particularly easy when a conjugated double bond is the 

result. For example, an alcohol that bears a carbonyl group two carbons 

away (a /3-hydroxyaldehyde or /3-hydroxyketone) readily undergoes dehy¬ 

dration, yielding an a,/3-unsaturated carbonyl compound. 

H 

a./S-Unsaturated 

carbonyl compound 

Dehydration via an ElcB Mechanism 

The position of the carbonyl group relative to the hydroxyl group in (3- 

hydroxycarbonyl compounds opens the pathway for elimination under ba¬ 

sic conditions by an ElcB mechanism. Here, the carbonyl group plays two 

critical roles: it stabilizes the intermediate carbanion, and it provides an ad¬ 

ditional driving force for elimination in giving enhanced stability to the 

conjugated product. 

O O O 

a,/3-Unsaturated 

carbonyl compound 

Indeed, the base-catalyzed loss of water from jS-hydroxycarbonyl com¬ 

pounds is one of the few examples of an elimination involving an sp3- 

hybridized carbon atom that follows the ElcB pathway. 



Summary of Alcohol Dehydration Reactions 

In conclusion, acid-catalyzed dehydration of secondary and tertiary al¬ 
cohols is usually accomplished by an El pathway and proceeds through a 
carbocation intermediate. This carbocation has two other reaction options 
(SnI substitution and rearrangement), which compete with simple elimi¬ 
nation. Dehydration of primary alcohols under acidic conditions takes place 
by E2 elimination from the protonated alcohol. Alcohols do not undergo 
base-catalyzed dehydration because OHe is a poor leaving group. However, 
an ElcB elimination of water occurs when /3-hydroxycarbonyl compounds 
are treated with base. 1 
---*- 

EXERCISE 9.3 

Construct an energy diagram for the conversion of /3-hydroxycyclohexanone to 

cydohex-2-enone by an ElcB mechanism. 

EXERCISE 9.4 

Write El and E2 mechanisms for the acid-catalyzed dehydration of cyclohexanol, 

using curved arrows to indicate electron movement. Show the sequence of any in¬ 

termediates. What is the rate-limiting step in each mechanism? Why doesn’t cy¬ 

clohexanol undergo elimination following an E2 pathway under basic conditions? 

9.3 
— 

E2 Elimination Reactions: 

Dehydrohalogenation of Alkyl Halides 

In order to look at the E2 mechanism in more detail, we will consider the 
elimination of HX from an alkyl halide (dehydrohalogenation). * »»HEM TV" I 

#15 The E2 Reaction 

Transition State for E2 Elimination: 
Anti-periplanar Relationship 

Let’s look at the elimination of HBr from 2-bromobutane under basic 

conditions: 

445 

9.3 E2 Elimination 
Reactions: Dehydrohalogenation 

of Alkyl Halides 

In an E2 elimination, the C—H and C—LG bonds are broken simul¬ 
taneously as fthe reaction proceeds to the transition state. At the same time, 
the carbon atoms bearing the hydrogen atom and the leaving group un¬ 
dergo rehybridization from sp3 to sp2. The tt bond is formed at the tran¬ 
sition state only to the extent that the developing p orbitals on the two 
carbons overlap. This key factor influences the stereochemical and 
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regiochemical outcome of an E2 reaction. Overlapping of the p orbitals re¬ 

quires that the C—H and C—LG bonds be coplanar in the transition state. 

The necessary spatial relationship between these bonds can be achieved in 

only two ways, referred to as anti-periplanar and syn-periplanar (Figure 

9.6). Most E2 elimination reactions take place through an anti-periplanar 

transition state in which the C—H and C—LG bonds are staggered. This 

is partly due to the fact that the same factors that destabilize an eclipsed 

conformation also destabilize the transition state for elimination from the 

syn-periplanar conformation of the starting material. 

Two views of an anti-periplanar Alkene product 

staggered conformation 

Two views of a syn-periplanar 

eclipsed conformation 

FIGURE 9.6 

In the anti-periplanar arrangement (left), the C—H bond (hydrogen shown 
as small green sphere) and the C—LG bond (leaving group shown as red 
sphere) are in a staggered conformation. In the syn-periplanar arrangement 
(right), these two bonds are eclipsed. 

Stereochemistry of E2 Elimination Reactions 

Only two of the three possible staggered conformations of 2-bro- 

mobutane meet the requirement for an azzfz-periplanar arrangement in the 

transition state of the concerted elimination. In the third staggered arrange¬ 

ment (Figure 9.7, right), a methyl group is anfz-periplanar to the leaving 

group, and no elimination is possible. The transition state resulting from 

the gauche conformation (Figure 9.7, left) produces ds-2-butene. Steric in¬ 

teractions between the methyl groups destabilize both the starting gauche 

conformation of 2-bromobutane and the product czs-2-butene. Indeed, the 

magnitude of these two interactions is nearly the same: gauche 2-bromobu¬ 

tane is 0.8 kcal/mole less stable than the anti conformer, and czs-2-butene 

is 1.0 kcal/mole less stable than trazis-2-butene. In contrast, interaction be¬ 

tween the methyl groups is absent in the transition state leading from the 

conformer with the methyl groups anti to trazrs-2-butene (Figure 9.7, cen¬ 

ter). Thus, the energy of the interaction of the methyl groups in the tran¬ 

sition state leading from the conformer with methyl groups gauche to cis- 

2-butene should be somewhere between 0.8 and 1.0 kcal/mole. Indeed, the 

typical ratio of trans to cis alkenes formed in E2 elimination reactions is 

80:20, quite close to that predicted based on an energy difference of 0.8 to 

1.0 kcal/mole between the competing transition states. (Recall that ratio = 
e AH/RT ) 
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V 

ch3 

FIGURE 9.7 

Br 

possible 

tram- 2-Butene 

s\cfe>\ t 

In the gauche conformer at the left, elimination of HBr through an anti- 
periplanar transition state produces ds-2-butene. In the anti conformer in 
the center, E2 elimination leads to trans-2-butene. No elimination is possible 
from the gauche conformer at the right, because there is no hydrogen atom 
in an anti-periplanar arrangement with the bromine atom. 

EXERCISE 9.5 

For each structure, indicate which hydrogen atoms are (or can be) auh-periplanar 
to bromine (the leaving group). 

■ Regiochemistry of E2 Elimination Reactions 

Now let’s look more closely at the regiochemical outcome of E2 reac¬ 

tions. Again using 2-bromobutane as an example, we see that elimination 

of HBr can produce both 1-butene and 2-butene (as a mixture of stereoiso¬ 

mers). These sets of less and more substituted alkenes constitute regio- 

isomers. 
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2-Bromobutane tram- 2-Butene ds-2-Butene 1-Butene 

The greater stability of more substituted alkenes means that the 2-butene 

isomers should be formed in preference to 1-butene-in an elimination re¬ 

action. Recall from Chapter 2 that the relative stabilities of alkene isomer:-; 

can be evaluated from heats of hydrogenation (Table 2.2). 

(A H° = -30.3) 

(A H° = -28.6) 

(A H° = -27.6) 

end* 
Effect of Reaction Conditions on 
Regiochemistry in E2 Reactions 

The stability of the product alkene is an important factor in determin¬ 

ing the rate of an E2 reaction. However, it is not always the main determi¬ 

nant of the product regiochemistry, and a less stable product is sometimes 

formed more rapidly. 

The Effect of Base Structure on Elimination Reactions. Because 

there is significant interaction between the base and the hydrogen in the 

transition state, the nature of the base has a significant effect on E2 elimi¬ 

nations. For example, in the E2 reaction of 2-bromobutane, the reaction 

can follow two distinct pathways that result in different regioisomers. The 

base can approach a proton at either the C-l or the C-3 position, with si¬ 

multaneous C—H bond cleavage, 7r-bond formation, and elimination of 

bromide ion. 

<r 

Less stable 

Br-s. 
H.O 

V7 "h 
H 

e 
• Base More stable 

Recall from Chapter 6 that the affinity of an anion (or a nucleophile) 

for a carbocation (or other electrophile) is referred to as nucleophilicity. 

Because basicity is a measure of the affinity of an anion or a nucleophile 

for a proton, it is not surprising that trends in these two properties—nu¬ 

cleophilicity and basicity—are often parallel. In general, for species con¬ 

taining the same element, the stronger the base, the better is the nucleophile 



(and the poorer the leaving group). For example, methylamine is more ba¬ 

sic than aniline. In aniline, the electron density of the nitrogen atom is de¬ 

creased because of delocalization into the aromatic ring. Methylamine is 

also a better nucleophile than aniline. There is one important distinction 

between nucleophilicity and basicity: in general, nucleophilicity is related 

to rate of reactions, because most reactions involving nucleophiles are irre¬ 

versible under the conditions used; basicity (or acidity) is related to ther¬ 

modynamic stability because measuring acidity requires consideration of 
equilibrium processes. 

Because all bases can also be nucleophiles, it is important to choose the 

base for an E2 reaction carefully, so as to avoid competing substitution. 

Elimination is favored by the use of a reagent that is a strong base but a 

poor nucleophile. It is also necessary to keep in mind the effect of the base 
on the regiochemistry of elimination. 
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: Nuc = : Base 

Effect of Steric Hindrance on Nucleophilicity. Because a proton is very 

small, basicity is relatively unaffected by steric interactions. On the other 

hand, as discussed in Chapters 7 and 8, steric hindrance greatly affects the 

rate at which a transition state is reached in a bimolecular nucleophilic sub¬ 

stitution (Sn2) reaction. For example, although t-butoxide ion is a much 

stronger base (by a factor of over 100) than methoxide ion, the latter is a 

better nucleophile because it is less sterically hindered. 

Effects of Charge Density on Basicity. Another factor that influences the 

balance between basicity and nucleophilicity is the degree of charge local¬ 

ization. Anions with highly concentrated charge are generally better bases*' 

than they are nucleophiles, in part because the small size of the anion im¬ 

proves overlap with the small Is orbital of a proton. For example, hydrox¬ 

ide ion is a good nucleophile and a good base, and its use often leads to 

mixtures of both substitution products. On the other hand, hydrogen sulJ 

fide anion, FIS0, is a much better nucleophile than a base because of the 

large size of the third-level valence orbitals of sulfur (third row of the pe¬ 

riodic table). 
For many E2 elimination reactions, potassium t-butoxide is the base of 

choice, because it is a moderately strong base and a relatively poor nucle¬ 

ophile. It is readily prepared by adding potassium metal to f-butyl alcohol? 

and is soluble in solvents such as dimethylsulfoxide. However, it is too ex¬ 

pensive for use in large-scale reactions, for which sodium ethoxide is often 

used instead. 

EXERCISE 9.6 

Suggest a method for the preparation of sodium ethoxide, and write a balanced 
equation for the reaction. 
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In each of the following pairs 

base? The better nucleophile? 

(a) eNH2 or NH3 

(b) eOH or H20 

(c) ®OH or gSH 

(d) 0Q O .© 

or 

O 

(e) 
O © or 

'O' 

© 

Hofmann Orientation. There are three hydrogen atoms on C-l in 

2-bromobutane, but only two on C-3: 

2-Bromobutane 

Statistically, therefore, it is more favorable to remove a proton from C-l (to 

form 1-butene) than from C-3 (to form 2-butene). Furthermore, the stery: 

congestion around the primary hydrogen atoms on C-1 is lower than that 

around the secondary hydrogen atoms on C-3/Thus, a base encounters less 

steric repulsion in the transition state leading to 1-butene. This factor be¬ 

comes important—and can even dominate—when very large bases, such as 

potassium f-butoxide, are used. In such cases, the less substituted (and less 

stable) alkene dominates the product mixture. A reaction that gives the less 

substituted alkene as the major product is said to follow Hofmann orien¬ 
tation. .Hofmann orientation occurs most frequently in E2 reactions. 

/ _E2 

H 

Hofmann 

orientation 

h-tP 
H H 

A, ©•* 

:0 

CH3 

ch3 
ch3 

CH, 

+ HO CH3 + Br .© 

ch3 

Hofmann orientation is named after the German chemist August 

Wilhelm Hofmann, who discovered that treatment of quaternary ammo¬ 

nium halides with Ag20 leads to an elimination reaction in which the less 

substituted alkene is highly favored. This reaction is referred to as a 

Hofmann elimination and is said to be regioselective (favoring one pos¬ 
sible regioisomer). 

Hofmann elimination 

—NMe3 

— H,0 
95% 5% 



451 Zaitsev Orientation. At the other extreme, a small base such as f 
sodium hydroxide is less sensitive to steric interactions than a larger one 

such as potassium f-butoxide. With a small base?, the thermodynamic sta¬ 

bility of the product becomes a more important factor in determining the 

stability of the transition state, and the two isomeric 2-butenes are formed 

preferentially. When the more stable and more substituted alkene predom-f 

inates, the reaction is said to follow Zaitsev orientation. (El reactions gen-f 
erally exhibit Zaitsev orientation.) 

9.3 E2 Elimination 
Reactions: Dehydrohalogenation 

of Alkyl Halides 

E2 
+ HOH + eBr 

(+ cis) 

Zaitsev 

orientation 

A. N. Zaitsev was a Russian chemist born in 1841 who studied elimination 

reactions and formulated the general rule (Zaitsev’s rule) that the more sub¬ 
stituted alkene product is favored. 

To summarize, use of a larger base favors the Hofmann orientation (for 

example, 1-butene), whereas use of a smaller base favors the Zaitsev orien¬ 

tation (for example, cis- and trans-2-butene). 

EXERCISE 9.8 

For each of the following elimination reactions, indicate whether the regiochem- 

istry is of the Hofmann or Zaitsev type: 

■ Effect of Substrate Structure on the 
Regiochemistry of E2 Elimination in 
Cyclohexane Rings 

For small cycloalkyl halides, the stereochemistry of the product is of¬ 

ten constrained by the ring system. In addition, the regiochemistry is often 

determined by the stereochemical requirement for an antz'-periplanar 

arrangement of the hydrogen atom and the leaving group. Consider the 



452 dehydrobromination of frans-2-methylbromocydohexane, an unsymmet- 

rically substituted secondary alkyl halide: 
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Br 

fraMS-2-Methylbromocyclohexane 3-Methylcyclohexene 1 -Methylcyclohexene 

100% 0% 

There are two possible regioisomeric elimination products, 1-methylcyclo¬ 

hexene and 3-methylcyclohexene. (Note that only the cis isomer can be 

formed in either case because of the ring size.) Only 3-methylcyclohexene 

is obtained when the starting alkyl bromide is treated with a strong base 

(conditions that favor an E2 mechanism). 

In all small and moderate size rings (three to seven atoms), an anti- 

periplanar arrangement can be achieved only when the hydrogen atom that 

is removed and the leaving group are trans. Let’s first consider the chair 

conformation of trans-2-methylbromocyclohexane with the bromine in an 

axial position, as shown in the three-dimensional representations in Figure 

9.8. Examination of a Newman projection viewed along the bond from 

C-l to C-2 reveals that no elimination is possible between the atoms on 

C-l and C-2 because the C—Br bond is coplanar with the C—CFI3 bond, 

not with the C—H bond, as required for the E2 transition state. Therefore, 

elimination cannot take place so as to produce a tt bond between C-1 and 

C-2. As the Newman projection viewed along the bond from C-6 to C-l 

shows, the C—-Br bond is coplanar with the axial hydrogen on C-6. 

Elimination is possible with this antz-periplanar arrangement, giving rise 

to the formation of 3-methylcyclohexene. 

ffj. t/c aoH-peripi J 

EEC 

No elimination is possible 

--)(-> because no C—H bond 

is periplanar with the 

C—Br bond. 

Newman projection 

viewed from C-l to C-2 

Newman projection 

h3c 

3-Methylcyclohexene 

viewed from C-6 to C-l 

FIGURE 9.8 

In the chair conformer at the left, bromine is anb-periplanar to a hydrogen 

(green) at C-6 but gauche to a hydrogen at C-2. Concerted elimination can 

produce a double bond only between C-l and C-6, yielding 3-methylcyclo¬ 
hexene. 



453 Now consider the situation with bromine in an equatorial position. 

(Recall from Chapter 5 that axial and equatorial conformers of substituted 

cyclohexanes can be interconverted by a ring flip.) There are no C—H bonds 

in proper alignment for concerted elimination (coplanar with the C—Br 

bond) on either C-2 or C-6 (Figure 9.9). E2 elimination cannot occur from 

this conformation because it specifically requires a periplanar transition 
state. 

9.3 E2 Elimination 
Reactions: Dehydrohalogenation 

of Alkyl Halides 

3 

Br 

e9uCcl*orW #pOS)4“iO'n 

CH, 

Newman projection 

viewed from C-l to C-2 

No elimination i! 

- -X- > possible because 

no C—H bond is 

periplanar with the 

C—Br bond. 

-x-> 

Newman projection 

viewed from C-6 to C-l 

No elimination fs 

possible because 

no C—H bond is 

periplanar with the 

C—Br bond. 

◄ 

FIGURE 9.9 

A ring flip of the chair conformation shown in Figure 9.8 produces the con¬ 

formation shown at the left with the bromine atom in an equatorial position 

where it is antz-periplanar to the C—C bonds of the ring rather than to any 

C—H bond. Elimination is therefore impossible from this ring-flipped con- 

former, even though it is the more stable conformer and is present in higher 

abundance at equilibrium. 

The requirement for periplanar alignment in a transition state is an ex¬ 

ample of stereoelectronic control of regiochemistfy. Even though the ax¬ 

ial conformer of frans-2-methylbromocyclohexane in Figure 9.8 constitutes 

only a small fraction of the equilibrium mixture, it is the only chair con¬ 

former from which elimination can occur, because all of the others lack the 

required antz-periplanar alignment of the C—H and C—Br bonds. 

Elucidation of Mechanism by Isotopic Labeling, The requirement for 

a periplanar alignment of bonds in the transition state for an E2 reaction 

has been verified experimentally by using an isotopically labeled substrate. 

In 2,2-dimethyl- frans-6-deuterocyclohexyl bromide, the elimination must 

take place through the formation of a tr bond between C-1 and C-6, be¬ 

cause of the presence of two methyl groups at C-2. Thus, either HBr or DBr 

will be eliminated. 
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The isolated product obtained upon treatment with strong base is that re¬ 

sulting from the loss of DBr, not HBr. The deuterium located trans to 

bromine in the starting material can assume an anfz-periplanar alignment 

suitable for the E2 elimination, whereas this is not possible for the cis hy¬ 

drogen. That is, the requirement for a periplanar arrangement in the tran¬ 

sition state means that the groups lost must be trans, not cis, to each other. 

Summary of E2 Elimination 

In summary, elimination reactions that take place via an E2 mechanism 

proceed through a transition state in which the C—El and C—LG bonds 

are in a periplanar arrangement. For cyclohexane derivatives, only the anti- 

periplanar arrangement can be achieved readily. For the bonds to hydrogen 

and the leaving group to have this arrangement, both groups must be axial. 

Chem tv 

#16 The El Reaction 

EXERCISE 9.9 

Predict the product expected from an E2 elimination through an anfz'-periplanar 

transition state for each of the following substrates: 

El Elimination Reactions 

Intermediate Cations in El 
Elimination Reactions 

The intermediate cation formed in an El elimination is the same as that 

formed in the SN1 reaction (See Chapter 7). The factors that affect the rate 

of the SnI reaction, therefore, also affect the rate of El elimination. Whereas 

the rate of the El elimination depends on the nature of the transition state 

in the rate-determining first step, the nature of the products depends on 

the transition state for the second, faster step. It is in this second, fast step 

of the reaction that both the stereochemistry and the regiochemistry of 

elimination are fixed, and thus this step is product-determining. 
Reactions that typically proceed by an El mechanism are the acid- 

catalyzed dehydration of alcohols and the dehydrohalogenation of sec¬ 

ondary and tertiary alkyl halides. 

Stereochemistry of El 
Elimination Reactions 

Let’s consider the options available to the intermediate carbocation in 

an El reaction. Figure 9.10 shows Newman projections of the carbocation 

formed by loss of bromide ion from 2-bromobutane. To proceed to prod- 
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hV^Vch3 
H—FC4—CH_, 

( H ) 

cis-2-Butene 

FIGURE 9.10 

h3CA^h 
H—fCd—CH3 

H 

ch3 

trans- 2-Butene 

I 

ffrW/H 

H—FC4—CH3 

* 
NZ 

No elimination 

possible 

9.4 El Elimination Reactions 

n0*r 
^ip&OAOlf 

Newman projections of the 2-butyl cation in 2-butene viewed down the 

bond between C-2 and C-3. With C-2 held steady, C-3 (the back carbon 

atom) is rotated counterclockwise by 120° to step from the left conformer to 
the center and then to the right. 

uct by loss of a proton, a C—H bond and the p orbital of the carbocation 
must overlap in the transition state. Just as for the E2 elimination reaction, 
only two of the three unique conformations of the intermediate carbocat¬ 
ion (Figure 9.10, left and center) have C—H bonds so aligned. 

The Newman projections in Figure 9.10 are obtained by viewing down 
the bond from C-2 to C-3, with C-2 (the positively charged carbon) in the 
foreground, with its a bonds orthogonal to the vacant p orbital. With C-2 
fixed in this position, the substituents on the sp3-hybridized C-3 are rotated 
to obtain the various projections. To form a tt bond, the C—H bond that 
is broken must be aligned with the vacant p orbital of the carbocation. Only 
in this way can electron density flow into the developing tt bond as C-3 re¬ 
hybridizes from sp3 to sp2. El reactions favor the formation of the more 
stable (trans) alkene for the same reasons as E2 reactions do: the interac¬ 
tions between methyl groups in the products are also present in the transi¬ 
tion states leading from the carbocation to the alkene, and these 
methyl-methyl interactions in the transition state cause formation of the 
cis isomer to be slower than that of the trans isomer. 

Factors Affecting Regioselectivity in 
El Reactions 

Tike the stereoselectivity of an El elimination, the regioselectivity of 
such a reaction is determined by the second, faster step, in which the in¬ 
termediate carbocation is transformed into the product alkene. There is no 
longer a bond to the leaving group in the intermediate carbocation. Thus, 
the only requirement for formation of an alkene is that a proton be ori¬ 
ented such that the C—H bond aligns with the vacant p orbital of the car¬ 
bocation. 

El Elimination in Cyclohexane Rings. The available options for 
elimination of a proton from the carbocation can be illustrated by exam¬ 
ining the loss of HBr from 1 -bromo-1 -methylcyclohexane: 
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The loss of bromide occurs in the rate-determining step to yield a tertiary 

carbocation. Fast deprotonation of the cation from either of the adjacent 

positions completes the reaction. The cation is symmetrical; thus, loss of a 

proton from either of the carbons adjacent to the positively charged one 

leads to the same product, 1-methylcyclohexene, in which the double bond 

is in the ring (endocyclic). On the other hand, loss of a proton from the 

methyl group yields methylenecyclohexane, in which the double bond is 

outside the ring (exocyclic). As stated in Chapter 2, the more highly sub¬ 

stituted alkene is generally more stable. 

The ball-and-stick representation of the tertiary carbocation shows that 

it is the axial hydrogen atoms (shown in green) adjacent to the positively 

charged carbon that have the correct orientation to be lost, thus forming 

an alkene. 

Tertiary intermediate carbocation 

Similarly, only one of the three methyl-group hydrogen atoms is correctly 

oriented for elimination. Thermodynamics favors the formation of the more 

stable alkene—in this case, the trisubstituted alkene formed when the dou¬ 

ble bond is endocyclic rather than the disubstituted alkene with the double 

bond exocyclic to the ring. Thus, the regiochemical preference for the for¬ 

mation of 1 -methylcyclohexene is related to product stability. Note that the 

isomer ratio of the products formed is determined in the second step, which 

is not the rate-determining step of the overall reaction. Thus, the factors that 

influence the rate of the reaction may play little or no role in determining the 
ratio of the isomeric alkenes produced. 

Another example of an El reaction is the elimination of HBr from 

l-bromo-l,2-dimethylcyclohexane; three regioisomeric alkenes are possible 
as products: 



CH 

— Br 

CH, 

CH, CH, CH, 

Major Minor 

V( \ 
Loss of bromide ion from the starting alkyl bromide results in a carbocat- 

ion in which there are three adjacent carbon atoms bearing hydrogen atoms. 

Because these three carbon atoms are unique, there are three possible alkene 

products: one in which the double bond is exocyclic, and two in which the 

double bond is endocyclic. Again, the product distribution obtained in an 

El elimination is related to the relative stability of the possible alkenes. The 

major product is the most stable isomer, having the more highly substituted 

double bond—in this case, 1,2-dimethylcyclohexene. 

El Elimination in Acyclic Systems. Similar considerations apply to 

El elimination in acyclic compounds, except that, in addition to regioiso- 

mers, geometric isomers are also possible. For example, consider 2-bro- 

mobutane, in which the leaving group (Bre) is attached to a secondary car¬ 

bon. Elimination can give two possible products. An El elimination pathway 

results in ionization to form an s-butyl cation, a species with nonequiva¬ 

lent hydrogen atoms on adjacent carbons. 

Loss of proton Ha from C-3 in the carbocation (path a) yields 2-butene as 

a mixture of cis and trans isomers. Loss of proton Hb from C-l in the car¬ 

bocation (path b) yields 1-butene. The three alkenes formed are not equally 

stable. The most stable product, frans-2-butene, is formed in the highest 

yield because path a is favored over path b—that is, the rates of product 

formation reflect the order of stability of the products. 

EXERCISE 9.10 

Write the major elimination products to be expected from each of the following 

alkyl halides under El reaction conditions: 

(b) (d) 
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9.5 
■ I 
Competing Rearrangements in 

El Reactions 

El reactions proceed through cationic intermediates. We saw in Chapter 3 

that tertiary carbocations are more stable than secondary ones, which are 

in turn more stable than primary ones. Secondary and especially primary 

carbocations are prone to rearrangement when a more stable cation can be 

produced by shifting a hydrogen or a carbon atom from an adjacent atom. 

This propensity of carbocations to undergo rearrangement was noted in 

Chapter 7 with reference to SN1 reactions. Such rearrangements can also 

influence the outcome of El elimination reactions. 

Methyl carbocation Ethyl carbocation i-Propyl carbocation l-Butyl carbocation 

Elimination of water from secondary and primary alcohols is often 

complicated by competing rearrangement reactions. For example, treatment 

of 3,3-dimethyl-2-butanol with acid produces mainly 2,3-dimethyl-2- 

butene and only a small amount of 3,3-dimethyl-1-butene. The major prod¬ 

uct results from a rearrangement of the initially formed secondary carbo¬ 

cation to a more stable tertiary carbocation. We will encounter other 

examples of rearrangements of this type in Chapter 14. 

H,C CH3 

> H-^-<® 
h3c ch3 

2,3-Dimethyl-2-butene 

Major 

Treatment of neopentyl alcohol with sulfuric acid yields 2-methyl-2-butene. Write 

a mechanism for this reaction, being sure to note that a rearrangement of the car¬ 
bon skeleton is involved. 

Neopentyl 2-Methyl-2-butene 

alcohol 
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The major determinants of the mechanism followed in an elimination 9.5 Competing Rearrangements 

reaction are the structure of the starting material and the nature of the leav- Reactions 

ing group. Primary and secondary alkyl halides react primarily by an E2r 

mechanism under basic conditions; tertiary alkyl halides undergo El elim¬ 

ination because of the greater stability of the tertiary cation intermediate. 

Dehydration of secondary and tertiary alcohols proceeds via an El mech¬ 

anism because the nature of the leaving group requires that the reaction be 

carried out under acidic conditions, which are unfavorable for the E2 path¬ 
way. 

Substrate Structure 

In the discussion of S^jl reactions in Chapter 7, it was pointed out that, 

for molecules capable of forming a tertiary carbocation, substitution occurs 

via the SnI mechanism (involving a carbocation intermediate) rather than 

via the Sn2 mechanism. Similarly, for elimination reactions, if the leaving 

group is at a tertiary center, the elimination proceeds preferentially by the 

El mechanism. Eliminations at primary centers usually proceed by the E2 

mechanism. Eliminations at secondary centers usually proceed by the E2 

mechanism, but may proceed by the El route. 

H Leaving Groups 

How does the identity of the leaving group affect the efficiency of het- 

erolytic bond cleavage in an El or E2 elimination? In both El and E2 mech¬ 

anisms, the C—LG bond is broken in the rate-determining step. Clearly, the 

weaker the C—LG bond, the easier is its cleavage, because less energy is 

needed to reach the transition state in which this bond is substantially bro¬ 

ken. A comparison of the facility of ionization within a series of f-butyl 

halides (Figure 9.11) reveals that the rate decreases with increasing strength 

of the carbon-halogen bond.fBecause the same carbocation is generated in 

each case, the order of reactivity must result from differences in the halide. 

Of significance here, in addition to bond strength, is the stability of the 

halide anion generated in the reaction. 

lOCT 

R—I (51 kcal/mole) < R—Br (68 kcal/mole) < R—Cl (82 kcal/mole) < R—F (106 kcal/mole). Y)jC 

' ^ ,„-e el 
< -p V N ■ 

> > > 

+ Br 
e +CP 

Fastest 

FIGURE9.il 

The rate of cleavage of a C—X bond decreases in progressing from the bot¬ 

tom to the top of the halogen column in the periodic table? This trend 

is parallel to the progression of bond-dissociation energies for these bonds. 
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Recall from Chapter 6 that HF is the weakest halogen acid and HI the 

strongest, and that the H—F bond is the strongest and the H—I bond the 

weakest. The effect of the stabilities of the anions on the rates of cleavage 

of alkyl halides is analogous to their effect on the acidity of the acid: HI is 

the most acidic of the halogen acids, and alkyl iodides are the most reac¬ 

tive of the alkyl halides. The ability of a given halogen to act as an effective 

leaving group (readily departing with the two electrons that initially con¬ 

stituted the a bond) is thus roughly inversely related to the basicity of the 

ion formed: the weaker the base (and the stronger the conjugate acid, HX), 

the better the leaving group. 
In an E2 elimination, both the C—H and the C—LG bonds are broken 

in the rate-determining step. Because the C—LG bond is broken in the tran¬ 

sition state of both the El and E2 reactions, its bond strength affects the 

rates of both cleavages in roughly the same way. Thus, although the iden¬ 

tity of the leaving group affects the rate of elimination of HX, it has little 

effect on whether the elimination reaction proceeds via the El or the E2 

mechanism. 

EXERCISE 9.12 

Compare hydroxide ion with the halide ions as a leaving group. Consider C—O 

versus C—X bond strength, as well as the basicity of the ions as measured by the 

acidity of the corresponding acids (H2Q and HX). 

9.6 

Elimination of X2 

Elimination reactions are not restricted to loss of HX or H20. Elimination 

of two electronegative atoms on adjacent atoms—for example, in a vicinal 

dihalide—can also be accomplished by treatment with an active metal. The 

formation of the alkene is often accompanied by formation of a halide salt 

of the metakf 

X X 

Jj-^+Zn 

Here, the net conversion includes the oxidation of zinc and the reduction 

of the two carbons of the vicinal dihalide. The metals most useful for this 

elimination reaction are those that can easily support a +2 change in oxi¬ 

dation level—usually zinc or tin. The formation of an alkene from a vici¬ 

nal dibromide frequently occurs through an organozinc intermediate 

(Chapter 8), in which the metal has been inserted into the carbon-bromine 
bond. I 
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When the dibromide shown here is treated with zinc, only cis-stilbene is produced. 

First, write a mechanism for this transformation, and then explain why only the cis 
alkene is formed. If there are chiral centers in the starting dibromide, determine 

their R,S configuration. Is the starting dibromide chiral? 

9.7 

Elimination of HX from Vinyl Halides 

The elimination of HX from a vinyl halide produces an alkyne. Very strong 

bases, such as sodium amide, NaNH2, are generally employed for this pur¬ 

pose. As for elimination reactions involving sp3-hybridized atoms, there are 

three possible pathways for elimination reactions at sp2-hybridized atoms 

(Figure 9.12). Because the product alkyne has no stereochemical features, 

it is difficult to find experimental details to verify which mechanism is ac¬ 

tually followed. However, the El route is unlikely because the vinyl cation 

is so unstable, and energetic considerations favor the concerted E2 and the' 

ElcB elimination mechanisms. 

R 

A vinyl anion 

FIGURE 9.12 
-— ——--—-— -— —  —  

Elimination reactions at the sp2-hybridized carbon atom of a vinyl halide 

can proceed through three possible mechanisms: (upper) an El mechanism 

through an intermediate vinyl cation, (center) a concerted loss of HX in an 

E2 mechanism, or (lower) an ElcB mechanism through a vinyl anion. 

Elimination of HX 
from Vinyl Halides 
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El Elimination of HX from Vinyl Halides 

Elimination of HX via the El route involves loss of a halide ion and 

formation of a vinyl cation. If such a cation is sp-hybridized, it is particu¬ 

larly unstable. The positively charged carbon has access to only six valence 

electrons; four of these are accommodated in the C R and C C sp- 

hybridized bonds, while the remaining two valence electrons are held in a 

7t orbital and are farther from the nucleus than if the carbon were sp2- 

hybridized (Figure 9.13). This orbital picture explains why an El elimina¬ 

tion is more difficult in a vinyl halide than in an alkyl halide and is only 

rarely observed. 

► 
sp-hybridized sp2-hybridized 

carbon carbon 

sp2-hybridized 

carbon carbon 

(a) (b) 

FIGURE 9.13 

(a) In the vinyl cation, the cationic carbon is sp-hybridized, bearing two cr 

bonds, a 7t bond from overlap of two p orbitals (shown in blue), and a va¬ 

cant p orbital (light gray). The electrons are accordingly held at a position 

farther from the nucleus than in an sp2-hybridized trigonal cation. The vinyl 

cation is therefore less stable than an sp2-hybridized carbocation. (b) In the 

vinyl anion, the anionic carbon is sp2-hybridized with a lone pair of elec¬ 

trons in an sp2-hybrid orbital (shown in dark gray). Because the lone pair is 

held in an sp2-hybrid orbital, a vinyl anion is more stable than a simple carb- 

anion in which the electrons are in an sp3-hybrid orbital. As in the vinyl cat¬ 

ion, there is a 77 bond formed by overlap of two atomic p orbitals (in blue). 

■ ElcB and E2 Elimination of HX 
from Vinyl Halides 

In the ElcB elimination route, deprotonation takes place first, generat¬ 
ing a vinyl anion: 

R R 

SYTk 
X H 

e 
: Base 

The carbon atom bearing negative charge in a vinyl anion is sp2-hybridized, 

bearing two bonds formed from hybrid orbitals, a lone pair in a hybrid or¬ 

bital, and a p orbital participating in 7r bonding. The unshared electron pair 

in the vinyl anion is held in an sp2-hybrid orbital and is therefore closer to 

the nucleus than the electron pair in sp3-hybridized anions, considered ear- 

- — R 
x 

A vinyl anion 



463 lier in this chapter. As a result, vinyl anions are unusually stable (Chapter 

6), as indicated by the acidity of the vinyl C—H bond (pKa 44). Therefore, 

initial deprotonation is more favorable in this elimination than at an sp3- 
hybridized atom. 

The lone pair in the hybrid orbital of a vinyl anion is orthogonal to the 

77 system and coplanar with the C—X bond. This coplanarity facilitates the 

loss of X in the next step, completing the elimination. At the extreme, the 

loss of X is concerted with deprotonation, giving rise to an E2 elimina¬ 
tion: 

E2 
—> R R 

Preparation and Use of Vinyl Halides 

Vinyl halides can be prepared by elimination of HX from geminal or 

vicinal dihalides, which bear two halogens either on the same carbon atom 
or on adjacent ones. 

A vicinal dihalide 

When alkoxide bases are used, it is possible to stop with the loss of one 

equivalent of HX. With a stronger base such as sodium amide, NaNH2, a 

second equivalent of HX is lost, producing an alkyne. 

Vicinal dibromides are prepared by treating alkenes with Br2 in CC14, 

a reaction that will be discussed in more detail in Chapter 10. The loss of 

two equivalents of HBr from the resulting vicinal dibromide constitutes a 

method by which an alkene can be converted to an alkyne. 

EXERCISE 9.14 

In the elimination reaction induced by treating (Z)-2-bromo-2-butene with NaNH2 

in NH3,1-butyne is formed. Suggest a mechanism for this transformation, and give 

reasons for the observed regiochemistry. 

NaNH2 

Elimination of HX 
from Vinyl Halides 

(Z)-2-Bromo-2-butene 1-Butyne 
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Formation and Reactions of Benzyne 

Mechanisms of Elimination from 
Aryl Halides 

There are three possible pathways for the elimination of HBr from bro- 
mobenzene (Figure 9.14). An El mechanism would proceed with the loss 
of bromide ion to form a phenyl cation, a species that is destabilized by the 
same hybridization effects that destabilize a vinyl cation (see Figure 9.13). 
Because the positively charged carbon of a phenyl cation is constrained 
within a six-member ring, this intermediate is even further destabilized by 
angle strain. The phenyl cation is therefore even less stable than the vinyl 
cation and is an even less likely intermediate. Indeed, no direct evidence has 
been obtained for the formation of a phenyl cation in the course of this 
elimination. 

© 

Phenyl anion 

FIGURE 9.14 

The first possible mechanism, the El route proceeding through a phenyl 
cation, is unlikely because of the great instability of this intermediate. Both 
the E2 and ElcB are reasonable pathways, and which is followed can be hard 
to determine experimentally. 

As with vinyl halides, elimination from aryl halides is much more likely 
through a concerted E2 pathway or through a phenyl anion (via an ElcB 
pathway). Whether elimination takes place in one concerted step (as an E2 
mechanism) or in two steps (as an ElcB mechanism) is unclear, but the 
same product, benzyne, is formed by either route. The phenyl anion formed 
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anion. The sp2-hybrid orbital containing the lone pair of the phenyl anion 

is coplanar with the carbon—bromine bond, and elimination occurs easily 
in the next step. 

9.8 Elimination of HX from 
Aryl Halides: Formation and 

Reactions of Benzyne 

■ Structure of Benzyne 

The structure of benzyne is interesting because it contains a formal 

triple bond within a six-member ring. The orbitals that form the second 7r 

bond must be perpendicular to the 7r system of the aromatic ring, as in all 

alkynes (Chapter 2). In benzyne, however, the preferred angle for sp-hy¬ 

bridization (180°) is not possible, because it would require four of the six 

atoms of the ring to be arranged in a colinear fashion (Figure 9.15). 

FIGURE 9.15 

Two sp2 hybrid orbitals overlap in benzyne to form a tt bond. The orbitals 

are shown at the left, and the resulting tt orbital at the right. Note that the 

large lobes of the sp2 hybrid orbitals are pointed away from each other, fixed 

in this relative position by the underlying carbon framework. As a result, 

overlap of these orbitals is significantly less than with two p orbitals. 

Reactions of Benzyne 

The weak 7r bond in benzyne formed by overlap of two sp2-hybrid or¬ 

bitals is much less stable than the tt bond formed by overlap of two p or¬ 

bitals. As a result, benzyne undergoes addition reactions very readily. For 

example, the addition of ammonia or water to form aniline or phenol, re¬ 

spectively, occurs very rapidly. 

Aniline Benzyne Phenol 

The mechanisms of addition reactions will be treated in greater detail 

in Chapter 10. For now, you should simply recognize that the elimination 

reaction forming benzyne followed by an addition reaction constitutes a 

route by which an aryl halide can be converted to an aryl alcohol or aryl 

amine, via a net substitution.) 



Bromobenzene Benzyne Aniline 

Because this substitution takes place through an elimination-addition 

sequence, the simple classification as a substitution is mechanistically in¬ 

adequate. 

EXERCISE 9.15 

Write a mechanism for the formation of phenol from chlorobenzene upon treat¬ 
ment with concentrated KOH at high temperature and pressure. (This conversion 
is the basis for one industrial preparation of phenol.) 

Oxidation 

The oxidation reactions of organic compounds may be formally considered 

to be dihydrogen eliminations, illustrated here by oxidations of alcohols to 

aldehydes or ketones. 

In reality, oxidation reactions of organic compounds rarely occur by direct 

loss of H2. Rather, the elements of H2 are eliminated as: 

H® + H® + 2 eL two protons and two electrons, or 

H • + H • two hydrogen atoms, or 

H® + H® a hydride ion equivalent and a proton 

466 
The nature of the functional group being reduced and of the oxidant tak¬ 

ing part in the reaction usually determines which pathway is followed. 
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Chromium Reagents 

The oxidation of primary alcohols to aldehydes and of secondary alco¬ 

hols to ketones using chromate ion (Cr@) and other transition metals pro¬ 

ceeds as loss of two protons and two electrons. In these reactions, two elec¬ 

trons find their way to chromium, and two protons are lost to a weak base 

such as water. Other reagents that can be used to accomplish such conver¬ 

sions are listed in Table 3.3. Like Cr© ion, these reagents have in common 

a stable, lower oxidation level of the metal ion. Chromium reagents are com¬ 

monly used in small- to moderate-scale reactions to prepare carbonyl com¬ 

pounds from the corresponding alcohols. Unfortunately, it is not feasible to 

use these reagents for large-scale production (multiton quantities) of ke¬ 

tones and aldehydes, because of chromium’s toxicity and the high cost of 
reagents in which it has a high oxidation level. 

Chromium Species Used in Oxidation Reactions. Aqueous solutions 

of metals with relatively high oxidation states often contain a number of 

species in equilibrium. For example, the addition of chromium trioxide, 

Cr03, to water results in immediate hydration to form chromic acid, 

H2Cr04, a species resembling sulfuric acid, H2S04. When the pH of a so¬ 

lution of chromic acid is increased by the addition of NaOH or KOH, the 

chromate ion, Cr04®, is generated. This species is relatively unstable and 

exists in equilibrium with the dichromate ion, which can be precipitated as 

Na2Cr207 (or K2Cr207). An aqueous solution of Cr© can be prepared from 

Cr03, Na2Cr207, or K2Cr207. Regardless of the specific reagent used, these 

reactions are called chromate or chromic acid oxidations. 
tcoi-i I'-piJ 

O W* O OO 

CrO, 
+h2o 

-H,0 

"OH 

HO—Cr—OH 
II 
O 

Htt 

II Cr03 
- eO—Cr—O0 0 

O 

Chromium Chromic Chromate 

trioxide acid ion ion 

11^ 
Mechanism of Chromate Oxidation. Treatment of an alcohol with 

chromic acid produces an alkyl chromate ester: 

O—Cr—O—Cr—O0 

11 11 V * I- 
O O r-r\r\ Yr ' -to O ccsJTx 

Dichromate IA0-^CU)T!7 I 

ion KaCfaOt 

OCA 
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O 
o II 

+ HO—Cr—OH 
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O 

An alcohol Chromic acid 

O 

R' / H 
R 

R V 
:OH2 

A chromate ester (Cr©) 

“I" 
R R 

A ketone 

O 

Xrv 
HO 'O 

(Cr©) 

,0 

Because the chromium atom in a chromate ester has a +6 oxidation level, 

it is highly electron-deficient and can readily change its oxidation level by 

accepting additional electron density. Cleavage of the oxygen-chromium 

bond with simultaneous loss of a proton from the carbinol carbon and for¬ 

mation of a carbon-oxygen tt bond produces the product ketone, in what 

is effectively an E2 elimination. In this reaction, water acts as a base to 
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remove a proton from the carbon to which the OH group was originally 

attached. The electrons originally in the carbon-hydrogen bond form a car¬ 

bon-oxygen double bond as the electrons in the oxygen-chromium bond 

are shifted to chromium, reducing its oxidation level from +6 to +4. A 

number of secondary reactions then ensue, because chromium ultimately 

appears as chromium (I II). However, the significant step is the conversion, 

in an E2-like process, of the chromate ester intermediate to a chromium(IV) 

species, a reduction that accompanies the two-electron oxidation of the 

alcohol to the ketone. 

In oxidation of alcohols with Cr®1, the initial oxidation level results in 

a two-electron reduction of chromium. The resulting Cr® species is quite 

unstable and has not been observed. Disproportionation presumably oc¬ 

curs, with one Cr® undergoing a one-electron reduction to Cr®, the ul¬ 

timate end point for chromium in these oxidations, while the other is oxi¬ 

dized to Cr®. This latter species is also unstable and provides two electrons 

to oxidize another molecule of alcohol, while being reduced to Cr®. 

Functional Group Conversions Using 
Chromate Oxidations 

Chromate oxidations convert secondary alcohols to ketones and pri- 

mary alcohols to aldehydes and then to carboxylic acids (Figure 

OH 0 

(a) R"^R 

Cr® 

^rAh 
H 

Secondary alcohol Ketone 

OH o O 
1 Cr© || Cr© A 

(b) ROE h2o h,o R OH 
H 

■ra Primary alcohol Aldehyde Carboxylic acid 

OH o 

R'/'H 

a© || 

(c) 
> s'\ 

Pyridine 

H 

Primary alcohol Aldehyde 

OH 

(d) 
R^f® 

Cr© 
-> No reaction 

R 

Tertiary alcohol 

FIGURE 9.16 

(a) Chromic acid oxidations produce a ketone from a secondary alcohol, (b) 
Oxidation of a primary alcohol with aqueous chromic acid produces a car¬ 
boxylic acid, (c) Oxidation with pyridine produces an aldehyde, (d) No oxi¬ 
dation is observed with tertiary alcohols when a chromic acid oxidation is 
attempted at room temperature. 
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CHEMICAL PERSPECTIVES 

HIGHWAY SAFETY THROUGH CHEMISTRY 

9.9 Oxidation 

The change in color from red-orange to green upon reduction of chro- 
mium(VI) to chromium(III) is the basis for the Breathalyzer test. Studies 
have shown that the alcohol concentration in the blood correlates well with 
the concentration in air exhaled from the lungs. Passing a defined volume 
of air through a tube containing chromate ion causes oxidation of ethanol 
to acetic acid and reduction of the chromium to the +3 oxidation level. The 
greater the concentration of alcohol in the breath, the farther the green color 
progresses down the tube. (The green color of jade also is due to the pres¬ 
ence of CrAf salts.) 

CH3CH2OH + Crfe -> CH3C02H + Cr© 

Orange Green 

difficult to stop the oxidation of a primary alcohol at the aldehyde stage in 

aqueous solution. However, if the reaction is conducted in pyridine, the ox-f 

idation does stop at the aldehyde. A tertiary alcohol is resistant to chromate 

oxidation because it lacks a hydrogen on the carbinol carbon. 

Chromate oxidation constitutes a useful chemical test for the presence 

of an oxidizable substrate (alcohol or aldehyde), because the orange-red 

chromium(VI) reagent is converted to deep green chromium(III) as the ox¬ 

idation proceeds. 

Cr(VI) -> [Cr(IV) ] 

2 Cr(IV) -> [Cr(V)] + Cr(III) 

+2e 
Cr(V) -> Cr(III) 

EXERCISE 9.16 

For each of the following substrates, write the product expected (if any) from a 

chromate oxidation in H20. 

EXERCISE 9.17 

The oxidation of an alcohol to an aldehyde and then to a carboxylic acid in the 
presence of water probably includes oxidation of the hydrate of the aldehyde 
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(a geminal diol). This hydrate is produced by the addition of water to the alde¬ 

hyde in a step that does not involve chromium. 

Alcohol Aldehyde Geminal diol Carboxylic acid 

Write a mechanism by which propanol can be converted to propanoic acid using 
chromic acid in water. (You need not concern yourself with the details of the for¬ 
mation of chromium-oxygen bonds or of the hydrate.) 

Biological Oxidations 

In the chromate oxidation of alcohols, the carbinol hydrogen is removed 

as a proton from the chromate ester by a weak base (water). Such metal- 

centered oxidations differ significantly from biological oxidations, in which 

the bond between the carbinol carbon and hydrogen is broken with the op¬ 

posite polarity—that is, by the loss of hydrogen as hydride ion, He. 

In biological oxidations, the electron flow in the alcohol is the reverse of 

that in a chromic acid oxidation. The electrons from the O—H bond form 

the C=0 bond, releasing the electrons from the C—H bond. Hydrogen is 

therefore transferred as hydride to an electron-deficient site, such as that 

found in protonated nicotinamide. Hydride ion is a nucleophilic rather 

than an electrophilic species, and the inverse of these oxidation reactions 

(namely, the addition of hydride as a nucleophile to a carbonyl group) is 

also important. 

9.10 

Oxidation of Hydrocarbons: 

Dehydrogenation 

■ Direct Dehydrogenation 

The conversions of alkanes to alkenes (and of alkenes to alkynes) can 

also be considered oxidations in which two hydrogens are eliminated. 

Although these reactions have high activation energies, they are routinely 

accomplished under conditions of high temperature—for example, in a 

cracking tower for the processing of petroleum. In a refinery, a gaseous 



stream of hydrocarbons is heated to some temperature significantly above 

300 °C as it passes over alumina, causing cleavage of C—H and C—C bonds 

and yielding a product mixture rich in alkenes. However, these direct dd^ 

hydrogenations are not usually carried out in the laboratory because they 

tend to be nonselective, producing a varied mixture of products. An ex¬ 

ception is the reaction of cyclohexane, because this molecule is symmetri¬ 
cal: 
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350 °C 

A1203 > 
+ h2 

Cyclohexane Cyclohexene 

Laboratory-Scale Dehydrogenation 

Indirect Dehydrogenation via a Series of Steps. Oxidation of hy¬ 
drocarbons in the laboratory can be accomplished with greater control by 

using a series of steps. For example, the conversion of cyclohexane to cy¬ 

clohexene can be achieved in good yield in two steps: free-radical halo- 
genation followed by dehydrohalogenation. 

Cyclohexane Cyclohexene 

Direct Dehydrogenation to Aromatic Compounds. Certain labora¬ 

tory reagents can be used to effect the direct oxidation of hydrocarbon/ 

when the products are aromatic. Quinones are powerful oxidizing agents 

because, through reduction, they are converted to the more stable aromatic 

hydroquinones: 

O OH 

O OH 

Quinone Hydroquinone 

(c6H4o2) (c6h6o2) 

Quinones are especially powerful oxidizing agents when electron-with¬ 

drawing substituents are present, as in tetracyanoquinone (TCNQ) and 

dichlorodicyanoquinone (DDQ). Oxidations using quinones involve radi¬ 

cal intermediates, but stepwise mechanistic details are not available. 

0 O 

Cl CN 

NC^Y^ cn Cl'"’ a"cn 

0 O 

Tetracyanoquinone (TCNQ) Dichlorodicyanoquinone (DDQ) 



CHEMICAL PERSPECTIVES 

HYDROQUINONES IN PHOTOGRAPHY 

The chemistry of photography is fascinating, in part 
because many aspects are still not very well under¬ 
stood. When a photon of light is absorbed by the sur¬ 
face of a crystal of a silver halide (AgBr, for exam¬ 
ple), the energy of the photon is consumed in the 
reduction of Agl± to Ag°. This conversion creates a de¬ 
fect site that makes that face of the crystal particu¬ 
larly susceptible to further reduction during devel¬ 
opment of what is known as the latent image. One 
common reducing agent used to reduce the remain¬ 
der of the Agtt is hydroquinone, which in the process 
is oxidized to quinone. This oxidation-reduction re¬ 
action is quite exothermic, and the heat released 
propagates the reduction throughout the crystal, 
leaving behind a trail of silver metal and creating part 
of the image seen on a photographic print. 

In effect, the single photon that created the orig¬ 
inal defect by converting one Ag(I) to Ag(0) is am¬ 
plified as all the remaining silver atoms in the crys¬ 
tal are also reduced. The larger the original crystal, 
the more silver metal is produced and the darker the 
image. Thus, high-speed films intended for use in 
low-light situations have relatively large crystals of 
silver halide. The larger the crystal, the larger is the 
trail of silver metal created as the reduction takes 
place. High-speed films therefore yield “grainy” im¬ 
ages, with relatively large clusters of silver metal be¬ 
ing produced for each photon absorbed on the plate. 
High-definition films have very small crystals of sil¬ 
ver halide and show fine grain. However, each crys¬ 
tal produces substantially less silver metal, and so 
such films require substantially more light to activate 
a large number of the smaller crystals. 

Each of these quinones can be used to oxidize hydrocarbons and other func¬ 

tionalized compounds, often in a controlled fashion. However, the relatively 

high cost of these reagents precludes their use in large-scale oxidations. 

472 



CHEMICAL PERSPECTIVES 

QUINONES AND PHENOLS IN FOODS AND PLASTICS 

Phenols, like hydroquinones, are readily oxidized, 

and compounds such as butylated hydroxytoluene 

(BHT) are used as preservatives in foods, as well as 

in other products such as rubbers and plastics. These 

readily reduced aromatic compounds inhibit the ox¬ 

idation of organic compounds by molecular oxygen. 

They do this by acting as “radical scavengers,” com¬ 

bining with hydroperoxide radicals, which are the 

chain-propagating species in the process by which 

organic compounds are oxidized by molecular oxy¬ 
gen. 

OH 

Butylated hydroxytoluene 
(BHT) 

Quinones are also essential components of the bi¬ 

ological oxidation-reduction (redox) processes that 

are essential, for example, for muscle function. 

Ubiquinones occur in most aerobic organisms, in¬ 

cluding bacteria, plants, and animals—the prefix ubi- 
stands for “ubiquitous.” Coenzyme Q]0 has been used 

clinically to treat cardiac insufficiency, a disease state in 

which there is insufficient blood flow through the 

heart, presumably because the body’s own production 

of Q10 has become insufficient. Coenzyme Q10 is a pop¬ 

ular item in the vitamin section of health food stores. 

O 

Coenzyme Q 
(« = 6-10) 

EXERCISE 9.18 

Suggest a sequence of steps to accomplish each of the following transformations: 

9.11 

Synthetic Methods 

Elimination reactions can be grouped according to the functional-group 

conversion accomplished. Table 9.1 provides a summary. This table is in¬ 

tended to draw your attention to the synthetic applicability of each reac¬ 

tion. In planning syntheses, it is useful to have several possible ways to make 

a given functional group. Furthermore, you thoroughly understand a reac¬ 

tion only if you can recognize the reactant needed to make a specific prod¬ 

uct. As before, you may find it useful to write these reactions on flash cards 

and use them for study drill. 473 



TABLE 9.1 

Using Elimination Reactions to Make Various Functional Groups 

Functional 
Group 

Aldehyde 

Alkene 

Alkyne 

Reaction 

Chromate oxidation of a primary 

alcohol in pyridine 

0 

w 
OH 

V I A 

At- 
Example 

Cr@ 

H H 

o 

Dehydrohalogenation of an alkyl 

halide 

Dehydration of an alcohol 

Br 

Debromination of a vicinal 

dibromide 

Radical halogenation of an alkane, 

followed by dehydrohalogenation 

High-temperature dehydrogenation 

of an alkane 

Dehydrohalogenation of a vinyl \l Xp R n% 
\= halide 

Dehydrohalogenation of a 

geminal dihalide 

NaNH, 

% 
^H^' R 

R—C=C—R 

x 7 —A R—C=C—R R R 
H X 

A 
"X 
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Summary 

1. In an elimination reaction, two bonds are cleaved from adjacent 

positions, forming a 7r bond. 

2. When the groups eliminated are hydrogen and a halide ion, two 

mechanisms are commonly encountered: (a) the rate-determining loss of 

the leaving group to generate a carbocation (El elimination), and (b) a con¬ 

certed reaction in which a base abstracts a proton while a double bond is 

being formed as the leaving group leaves with its electron pair (E2 elimi¬ 

nation). The ElcB mechanism, in which an E2-type elimination occurs from 

the conjugate anion of the substrate, is normally encountered only in spe- 



Functional 
Group Reaction Example 

Alkyne Dehydrohalogenation of a 
vicinal dihalide 

Aniline Ammoniation of benzyne 

Benzyne Dehydrohalogenation of an aryl 
halide 

Carboxylic 

acid 
Chromate oxidation of a primary 

alcohol in water 

Chromate oxidation of an 

aldehyde in water 

Ketone Chromate oxidation of a secondary 

alcohol 

Phenol Hydration of benzyne 

H H 
\ / NaNH2 

R v Vr -> R C=C R 
X X 

A 

cial cases—for example, in loss of water from /3-hydroxycarbonyl com¬ 

pounds and in vinyl halides. 

3. Dehydration of primary and secondary alcohols via an El mecha¬ 

nism occurs readily under acid-catalyzed conditions. Under the same con¬ 

ditions, primary alcohols undergo dehydration via an E2 mechanism. Under 

basic conditions, the dehydration of /3-hydroxycarbonyl compounds by the 

ElcB pathway takes place with ease because of the formation of a conju¬ 

gated double bond. 

4. The E2 pathway is observed for elimination of HX from primary 

and secondary alkyl halides under basic conditions and from primary al¬ 

cohols under acidic conditions. 475 
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9 Elimination 
Reactions 

5. The transition state for the E2 elimination involves an anti-peri- 

planar relationship between the two atoms that are lost, hydrogen and the 

leaving group. 

6. The anh-periplanar geometry required by the E2 transition state 

dictates the stereochemistry of the products, usually resulting in formation 

of the most stable stereoisomer. 

7. The anfz-periplanar geometry also affects the regiochemistry of the 

E2 elimination product. Elowever, in the E2 elimination, the size of the base 

is an additional factor. With small bases, the most stable product is formed 

(Zaitsev’s rule), but with larger bases the less substituted, less stable isomer 

can predominate (Hofmann elimination). 

8. El eliminations commonly take place at tertiary halide centers, less 

commonly at secondary centers, and almost never at primary centers. 

9. In the two-step El elimination, the first step is rate-determining, 

and the second step is product-determining. The rate of the first step, in 

which a carbocation is formed, is fastest for formation of a tertiary carbo- 

cation and slowest for formation of a primary carbocation. 

10. The steroechemistry of an El elimination favors formation of the 

most stable geometric isomer. The regiochemistry of the reaction also fa¬ 

vors formation of that isomer (Zaitsev orientation). 

11. Because the El elimination proceeds through formation of an in¬ 

termediate carbocation, it is complicated by side reactions characteristic of 

that intermediate—that is, substitutions and rearrangements. 

12. Dehydrohalogenation of vinyl bromides is unlikely to proceed 

through an El mechanism because of the instability of a vinyl cation. 

Instead, alkynes are formed either in a concerted pathway or through a vinyl 

anion. Alkyne formation takes place upon treatment with strong base 

(NaNH2). 

13. The elimination of HX from an aromatic halide produces benzyne, 

an interesting compound in which ring aromaticity is maintained while an 

orthogonal it bond is formed between two of the carbons in the ring. The 

geometric distortion from the ideal 180° angle for sp-hybridized atoms 

makes benzyne exceedingly reactive, and an elimination-addition sequence 

provides a route for aromatic substitutions that convert aryl bromides into 
phenols and anilines. 

14. The elimination of X2 from vicinal dihalides can be accomplished 

by treatment with an easily oxidizable zero-valent metal such as zinc or 
tin. 

15. Although oxidation reactions constitute formal elimination of H2, 
the mechanisms by which they occur are often complex. 

16. Metal-centered oxidations of alcohols (chromate oxidations) take 

place through a simultaneous change in the oxidation level of the metal ion 
or complex. 

17. The direct elimination of two hydrogen atoms from alkanes is not 

a practical laboratory method for the oxidation of hydrocarbons. In the lab¬ 

oratory, hydrocarbons are usually oxidized by sequences of functional- 
group manipulations. 



Review of Reactions 

o 

X. 
H,C OH CH3CH2—H 

H 

H2Cr04 
h2o 

PBr, Br, 

\ 
hv 

NaOH 
H2C=CH2 <■- CH3CH2—OH CH3CH2—Br -> H2C=CH2 

\NaOH / heat 
Cr03 N' 
Pyridine C°H 

o 

h3c h 
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Review Problems 

Review Problems 

9.1 Using curved arrows to show the electron flow, write the preferred reaction 

mechanism for each of the following eliminations. Briefly discuss the reasoning 

that led you to choose an El, ElcB, or E2 mechanism. 

Br 
t s. I NaOH 
(a) /V -» 

^ h2o, a 

9.2 For each of the following pairs of compounds, choose the one that better fits 

the description. 

(a) Follows Zaitsev orientation in an E2 reaction: 

Br 

Br or 



478 (b) Reacts more rapidly with cold aqueous HBr: 

9 Elimination 
Reactions 

(c) Undergoes elimination with less competing nucleophilic substitution upon 

treatment with HBr: 

OH 

(d) Gives a mixture of two alkenes in El elimination induced by sulfuric acid: 

(e) Gives exactly three alkenes in E2 elimination: 

9.3 Predict the major product expected for each of the following reactions: 

9.4 Predict whether the amount of Hofmann elimination observed in each of 

the following reactions is larger, smaller, or unchanged from that observed in the 

treatment of 2-bromobutane with sodium ethoxide in ethanol: 

(a) 2-chlorobutane with sodium ethoxide in ethanol 

(b) 2-iodobutane with sodium ethoxide in ethanol 

(c) 2-methyl-2-bromobutane with hot water 

(d) 2-bromobutane with sodium f-butoxide 

(e) 2-bromobutane with sodium hydroxide 



479 9.5 Assume that treatment of the following cyclohexyl halides with base effects 
an elimination through an E2 mechanism. Draw Newman projections to repre¬ 
sent the transition states for all possible products, and predict the preferred 
geometry of the product. 

9.6 If the starting material is labeled with deuterium as indicated, predict how 
many deuterium atoms will be present in the major elimination product and 
where they will appear. 

NaNH2 
-> 

NH3 

Cold HBr 

NaOEt 
-> 
EtOH 

9.7 In the following reactions, a rearranged skeleton is observed in the principal 
product. Write a mechanism for each reaction that leads to the observed product. 
Use curved arrows to indicate electron flow. 

Review Problems 
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9.8 Draw the structure of the major product expected when 2-butanol is treated 

with each of the following sequences of reagents: 

(a) (1) PBr3; (2) NaOEt, EtOH 

(b) (1) hot H2S04; (2) Br2, CC14; (3) NaNH2, NH3 

(c) (1) cold HBr; (2) KO-t-Bu, f-BuOH 

(d) (1) SOCl2 in pyridine; (2) NaOH in EtOH; (3) Br2 in CC14; (4) Zn in Et20 

9.9 For each of the following compounds, describe what, if anything, you would 

see upon treatment with aqueous chromic acid. What would you see with Lucas 

reagent (Chapter 3)? 

(a) 2-octanol (e) 3-methyl-l-octanol 

(b) 3-octanol (f) 3-methyl-3-octanol 

(c) cycloheptanol (g) 3-octanone 

(d) 1-methylcycloheptanol (h) octanal 

9.10 Propose three routes, employing different starting materials, by which you 

could synthesize 2-butyne. 

9.11 In each of the following reactions, two or more regioisomers are found as 

products. Draw the structures of the isomers. 

I Br 

ch3 

9.12 One of the hardest predictions to make before a reaction is run is how im¬ 

portant elimination will be as competition for the desired substitution. Shown 

here are SnI and Sn2 reactions. Draw the structures of the elimination products 

that might be competitively formed. Suggest how you would use spectroscopy to 

determine whether the major product isolated is a substitution or an elimination 

product. Write a reaction mechanism that shows how each elimination product 

might be formed. 

Supplementary Problems 

9.13 Provide an IUPAC name for each of the following unsaturated compounds. 

Suggest an alkyl halide from which each could be prepared by an elimination re¬ 

action. 
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9.14 Provide a structure that corresponds to each of the following names. 

Suggest an alkyl halide from which each compound could be prepared by an 
elimination reaction. 

(a) 3-chloro-l-butene (c) 1,8-dimethyl-ds-cyclooctene 

(b) frans-4,4-dimethyl-2-heptene (d) 2,5-dimethyl-3-hexyne 

9.15 E2 elimination reactions generally involve anti elimination. However, 

there are exceptions—particularly in the case of compounds with the 

bicyclo[2.2.1]heptane skeleton. Can you provide an explanation for why syn 
elimination is often preferred in this system? 

Review Problems 

9.16 The preparation of 2,4,5-trichlorophenoxyacetic acid involves the treatment 

of 2,4,5-trichlorophenol with sodium hydroxide and chloroacetic acid. During 

this process, some of the phenol is converted to a small amount of the carcino¬ 

gen 2,3,7,8-tetrachlorodibenzo-p-dioxin. Account for the formation of both 

products by writing detailed reaction mechanisms. (Hint: The reaction involves a 

substituted benzyne intermediate.) 

2,4,5-trichlorophenoxyacetic acid 2,3,7,8-Tetrachlorodibenzo-p-dioxin 

9.17 Draw structures for all possible alkenes that could be formed by loss of 

HBr from each of the following alkyl halides. In each case, predict which will 

predominate based on Zaitsev’s rule. 

(a) (b) (c) ^Br (d) (e) 
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9.18 Three of the five alkyl bromides in Problem 9.17 can exist in two stereoiso- 

meric forms. Identify these compounds. Indicate for each how the stereoisomers 

might behave differently when treated under E2 reaction conditions. 

9.19 Two of the alkyl bromides in Problem 9.17 are chiral, but one produces an 

achiral alkene as one of the elimination products. Which alkyl bromide fits this 

description? Which of the alkyl bromides is achiral but produces a chiral alkene 

(as a racemic mixture) upon elimination of HBr? 

9.20 Elimination reactions almost invariably produce by-products in which the 

base has acted as a nucleophile. For example, an alcohol is produced along with 

an alkene upon treatment of an alkyl halide with hydroxide ion. Rank the alkyl 

halides in Problem 9.17 in decreasing order of ease of SN2 substitution. In the 

three alkyl bromides that can exist as two stereoisomers, consider which 

stereoisomer would undergo a greater degree of substitution. 

9.21 Treatment of both a- and /3-bromoketones with base results in loss of HBr 

to form a,/3-unsaturated ketones. However, the former react much more slowly 

and require much stronger bases. Account for this difference in reactivity by pro¬ 

viding a complete analysis of both reaction mechanisms. 

9.22 Treatment of vicinal dibromides with a strong base such as NaNH2 gener¬ 

ally leads to the formation of alkynes, although lesser amounts of dienes and al- 

lenes are also produced. 

The formation of the alkyne requires regiospecific removal of protons in both 

steps: first, from the carbon bearing one of the bromine atoms, and second, from 

the vinylic carbon of the intermediate vinylic bromide. Explain why in each case 

deprotonation with the regiochemistry required for formation of the alkyne is 

preferred. 

9.23 The E stereochemistry of the vinylic bromide shown as an intermediate in 

Problem 9.22 is determined by the stereochemistry of the starting vicinal dibro¬ 

mide (not shown in the problem). Determine which diastereomer of 2,3-dibro- 

mobutane is required to produce (E)-2-bromo-2-butene. Draw a Newman pro¬ 

jection of this diastereomer in an appropriate conformation for entering into the 

reaction to form the alkene. Again using a Newman projection, show how the 

other diastereomer would yield (Z)-2-bromo-2-butene. 

9.24 Treatment of l,8-bis-(bromomethyl)naphthalene with butyllithium results 

in the formation of the tricylic product shown. Provide a detailed reaction mech¬ 

anism for this conversion. 



9.25 How might you convert the product of Problem 9.24 to the corresponding 
alkene? K 6 

9.26 Under sufficiently mild conditions, diols such as the two shown here un¬ 

dergo selective monodehydration to form alkenols. Suggest a reason for the selec¬ 
tive formation of the indicated products. 

OH OH 

9.27 Treatment of a vicinal dibromide with strong base generally results in the 
formation of an alkyne. 

Nevertheless, yields of the alkyne are only moderate because of the formation of 
other products. 

(a) What other compounds might be formed by the double dehydrohalogena- 

tion of a vicinal dibromide? 

(b) Can you think of a vicinal dibromide for which formation of an alkyne 

might be highly unfavorable? 

9.28 Upon treatment with acid, 2,2-dimethylcyclohexanol undergoes dehydra¬ 

tion to form a mixture of 3,3-dimethylcyclohexene and another alkene that ex¬ 

hibits only four unique signals in the 13C NMR spectrum yet has a mass of 110, 

corresponding to the formula C8H14. Assign a structure to this product, and ac¬ 

count for its formation with a detailed reaction mechanism. 

OH 

483 

Review Problems 
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9.29 Estimate the chemical shifts of the carbons of the alkenes produced from 

the alkyl bromide in part (c) of Problem 9.17. Note which signals could be used 

to make an assignment of the isomer that predominates in the reaction product 

mixture. 

9.30 How would the JH NMR spectra for 1- and 3-methylcyclohexene differ? 

How would their 13C NMR spectra differ? 

9.31 How would you use proton NMR spectroscopy to distinguish among the 

three hydrocarbon products in Problem 9.22 (an alkyne, an allene, and a diene)? 



Addition to Carbon-Carbon 
Multiple Bonds 

The two molecular orbitals for the pair of C—Br bonds in the bromonium 

ion formed upon the addition of bromine to ethylene: 

Bromonium ion 



7n Chapter 9, we discussed the elimination of two groups from adjacent 

carbon atoms to form a multiple bond. In this chapter, we will consider 

the inverse reaction: the addition of an electrophile to one carbon atom of 

a multiple bond and a nucleophile to the other carbon atom. Some of these 

addition reactions follow pathways that are the reverse of those for elimi¬ 

nation reactions. 

We will also deal in more detail with the Diels-Alder reaction (introduced 

in Chapter 6) and related reactions—all of which are characterized by a 

concerted mechanism, proceeding from starting material to product with¬ 

out the formation of intermediates. 

10.1 

Electrophilic Addition of HC1, 

HBr, and H20 

An electrophilic addition is called an addition because the product incor¬ 

porates all atoms of both reactants; it is called electrophilic because it is ini¬ 

tiated by interaction of the tt bond with an electrophile. 

The characteristic carbon-carbon multiple bonds of alkenes and 

alkynes constitute sites of high electron density, which are readily attacked 

by electron-deficient reagents called electrophiles. In contrast, alkenes and 

alkynes are relatively unreactive with the nucleophiles and bases that attack 

sp3-hybridized carbon atoms, discussed in Chapters 7 through 9. In this 

chapter, we focus on addition reactions initiated by electrophilic attack on 

alkenes, alkynes, and dienes. In electrophilic addition to an alkene, the car¬ 

bon-carbon 7t bond is replaced by two <j bonds to new substituents. 

Typically, one substituent is an electrophile and the other a nucleophile. 486 
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\ / \ / 

C—C + E—Nuc -» C—C. 
/ \ ^7 7 

The electrons in the ir bond of an alkene are less tightly held than those in 

cr bonds, where the atomic orbitals involved (sp, sp2, or sp3) have signifi¬ 

cant s orbital character. These 7r electrons are available to begin the process 
of addition by bond formation with an electrophile. 

Mechanism of Electrophilic Addition 

Electrophilic Addition: First Step. Let’s consider a typical example of 
electrophilic addition: 

This reaction is initiated by the addition of an electrophile (often a proton) 

to a C=C bond, as in the electrophilic addition of HC1 to cyclohexene, dis¬ 

cussed briefly in Chapter 7. In this step, an electron-deficient reagent, Es 

(often a proton, H@), approaches the 77 cloud of a carbon-carbon double 

bond. The electrons of the 77 bond flow toward the electrophile, forming a 

C—E <x bond and a carbocation. In this step, a carbon-carbon 77 bond and 

the a bond between electrophile and nucleophile are broken. 

>7 
Nuc—E 

Fast 
-> 

E Nuc 
\ / 
/C-C^ 
/ 7 

Electrophilic Addition: Second Step. The carbocation formed in the 

first step is easily attacked in a second step by a reagent that acts as a nu¬ 

cleophile. When the nucleophile attacks this carbocation, it donates its lone 

pair of electrons to form a new <x bond between itself and carbon, com¬ 

pleting the addition. Overall, in an electrophilic addition, two new a bonds 

are formed to the two carbon atoms that originally participated in the car¬ 

bon-carbon 77 bond: one a bond with an electrophile and one with a nu¬ 

cleophile. Because the second step of electrophilic addition consists only of 

bond making, it is faster than the first. Therefore, the first step—the step 

in which the carbocation is formed—is rate-determining. 

Thermodynamics of Electrophilic Addition. Is an electrophilic ad¬ 

dition to an alkene thermodynamically favorable? Overall, the 77 bond of 

the alkene and a a bond between the electrophile and the nucleophile are 

broken. In their place, two new a bonds are formed: one between the elec¬ 

trophile and one of the 77-bonded carbons and the other between the nu¬ 

cleophile and the other carbon. Calculation of the enthalpy change accom¬ 

panying these transformations requires knowledge of the bond energies for 

Electrophilic Addition 
of HC1, HBr, and H20 
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the specific bonds being broken and made. For example, in the addition of 

HCl to cyclohexene, both the 77 bond of the alkene and the a bond of 

HCl are broken and replaced by a C—H and a C—Cl bond in the addition 

product. 

H—Cl 

63 kcal/mole 103 kcal/mole 

99 kcal/mole 

81 kcal/mole 

AH = (63 + 103) - (99 + 81) = -14 kcal/mole 

However, even without the bond-energy information, we can draw some 

qualitative conclusions about the thermodynamics of such reactions. Most 

cr bonds to carbon are stronger than either a typical carbon-carbon 77 bond 

(Table 3.2) or the common electrophile-nucleophile bond. (The 77 bond 

contribution in an alkene is 63 kcal/mole, which is the difference between 

the 77 and a bonds: 146 kcal/mole - 83 kcal/mole.) As a result, the com¬ 

bined strength of the two bonds formed in electrophilic addition (C—E 

and C—Nuc) usually exceeds that of the bonds consumed (C—C 77 and 

E—Nuc), and most electrophilic additions are exothermic. 

EXERCISE 10.1 

Calculate AH for each of the following addition reactions using the bond energies 

provided in Table 3.2. 

(b) 

■» H ) < OH 

(c) 
* Br ) 

Kinetics of Electrophilic Addition. An understanding of the control¬ 

ling features of the two-step pathway involved in electrophilic addition to 

alkenes depends on knowing which step is rate-determining. The rate-de¬ 

termining step is that in which the transition state of highest energy is 

formed, and the factors that stabilize (or destabilize) this transition state di¬ 

rectly affect the rate of reaction and the relative reactivities of different 

alkenes. 

In the first step of electrophilic addition, a C—C 77 bond and an E—Nuc 

a bond are broken as a C—E a bond is formed. Because two bonds are be¬ 

ing broken while only one is being formed, this step is generally endother¬ 

mic. In contrast, the second step consists only of bond making and is highly 

exothermic. Therefore, the first step, producing a carbocation, is likely to 

be rate-determining. Because the stability of the transition state for an en¬ 

dothermic reaction is substantially influenced by the product, the transi- 
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A HYPERVALENT CARBOCATION 

10.1 

The strengths of acids, as measured by pKa values, range from very weak 
ones such as hydrocarbons to acids that are much stronger than sulfuric acid. 
Acids with acidities equal to or greater than sulfuric acid are called super 
acids. Some of them are so acidic that they can donate a proton to an alkane, 
even to methane to form the CH5® ion, first prepared by the American 
chemist George Olah. Such cations are said to be hypervalent because they 
formally possess “extra” bonds beyond those normally formed by second- 
row atoms. Thus, they differ in character from the trivalent carbocations en¬ 
countered as intermediates in electrophilic addition. There can be no “clas¬ 
sical” formalism for a hypervalent ion, because it does not conform to the 
rules of valency (C = 4, H = 1). In one possible “nonclassical” structure, the 
added proton is associated side-on with the electron density of one of the 
C—H bonds of methane. These hypervalent ions are unstable and undergo 
loss of H2. 

H 

H"7 
H 

tion state of the first step in this sequence resembles the cationic interme¬ 
diate. Thus, the rates of electrophilic addition reactions increase with in¬ 
creasing stability of the intermediate cation. 

Ha 

H 

-» s+c: 

5+ 

H 8 + 
H 

-H, 

H / H 
H 

,C' 
© 

H" 'H 

EXERCISE 10.2 

Use your knowledge of normal bond polarization to identify the part of each of 
the following reagents that can act as an electrophile: 

(a) H— Br (e) Br2 

O 

(b) HO—S 

O 

(f) HOC1 

(d) Cl2 (h) H20 

Addition of HCl 

Lets consider a specific example, the addition of hydrogen chloride to 
ds-2-butene to produce 2-chlorobutane, first in the gas phase and then in 

solution. 

Electrophilic Addition 
of HCl, HBr, and H20 
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H 
/ HCl k 

H 
/ y~ -> H-)- -fci 

10 Addition to Carbon-Carbon 

Multiple Bonds 
h3c ch3 H3C CH: 

ci.s-2-Butene 2-Chlorobutane 

Gas-Phase Reactivity. Because chlorine is more electronegative than 

hydrogen, the cr bond connecting these atoms in HCl is polarized toward 

chlorine, leaving the hydrogen electron-deficient and therefore electrophilic. 

Thus, the proton assumes the role of electrophile in initiating the addition 

(Figure 10.1). 

: Cl: 

Fast 

H 

H'4 
H,C 

H Cl 

4'H + Hy 
ch3 h3c 

H 
,CHi 

A 
Cl 

FIGURE 10.1 

The electrostatic attraction between the partial positive charge on hydrogen 

in the polar H—Cl cr bond and the electron cloud of the alkene it bond 

brings these molecules into a geometry in which electrons can flow from the 

7r orbital to form a cr bond between carbon and hydrogen. Chloride ion, 

formed by taking up the electrons of the H—Cl cr bond, then approaches the 

vacant p orbital of the carbocation. Because the cation is sp2-hybridized and 

planar, this approach is equally easy on the top or bottom face. Equal amounts 

of each enantiomer are therefore formed at the new center of chirality. 

The partially positively charged end of H—Cl approaches the tt bond 

(either above or below the carbon plane), because this is the region where 

the electron density is greatest. The proximity of the electrophile causes 

electrons to flow from the tt bond to form a a bond. The flow of the two 

electrons, originally in the polar covalent H—Cl bond, toward the chlorine 

atom results in formation of a chloride ion. As a cr bond is formed between 

one carbon and the proton, the other carbon takes on carbocationic char¬ 

acter. This ion pair is less stable in the gas phase than in solution, because 

of the absence of solvent interactions with both the cation and the anion. 

In a rapid second step, chloride ion reacts with the carbocation to form a 

second a bond. (Note that approach of chlorine from above and below the 

carbons results in two enantiomers as product.) 

Solution-Phase Reactivity: Effect of Solvation on Generation of the 
Carbocation Intermediate. The character of the reaction of FIC1 with an 

alkene is changed dramatically when water is used as a solvent, and solva¬ 

tion plays a major role in the generation of electrophiles from acids in aque¬ 

ous solution. Water stabilizes cations through interaction with the lone pairs 

of electrons on oxygen. Indeed, HCl dissolves in water with essentially com¬ 

plete dissociation to form a hydronium ion and a chloride ion: 

H20 + HCl H30® + Cle 



In water, it is the hydronium ion that donates a proton to the alkene; in the 

gas-phase reaction, it is HC1. This distinction leads to a dramatic difference 
in reaction rates. 

In the gas phase, the first step of electrophilic addition yields a carbo- 

cation and a chloride ion, and the resulting separation of charge makes 

achieving the transition state highly unfavorable energetically. When the re¬ 

action of HC1 with an alkene takes place in water, addition of HC1 to wa¬ 

ter also results in charge separation, with the formation of H3Os and Cle. 

Nonetheless, this reaction is energetically favorable because of the solvation 
of both ions by water (Figure 10.2). 
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10.1 Electrophilic Addition 

of HC1, HBr, and H20 

The hydronium ion (left) and chloride ion (right) formed by the reaction of 

HC1 with H20 are both solvated in water. This solvation more than com¬ 

pensates for the accompanying charge separation. (The chloride ion and its 

lone pairs are light green, oxygen is red, hydrogen is off-white, and the lone 

pairs of electrons on oxygen are small pink spheres.) 

The subsequent transfer of the proton from the hydronium ion to the 

alkene involves no additional charge separation in the transition state, be¬ 

cause one cation is changed into another. 

H H H 

+ FLO® + Cl' 
i© 

h2o 
-> H 

H 

© + H,0 + Cl' 
© 

Thus, solvation facilitates the formation of the carbocation-like transition 

state, and electrophilic additions of H—X are much faster when conducted 

in water. 

EXERCISE 10.3-_ 

Assuming that cation stability determines the barrier for protonation in addition 

of HX, predict which compound in each of the following pairs will be more rapidly 

hydrochlorinated in a polar solvent. 

(a) H2C=CH2 or 



Solution-Phase Reactivity: Competition between Nucleophiles. In 

addition to its role in the solvation of ions, water can also act as a nucle¬ 

ophile. Although the rate of addition of a proton to an alkene can be ac¬ 

celerated by using water as a solvent, the reaction medium in that case con¬ 

tains two nucleophiles (chloride ion and water), and two products (an alkyl 

chloride and an alcohol) are possible. If chloride ion acts as the nucleophile, 

the same product is formed as in the gas-phase reaction. When water (rather 

than chloride ion) acts as the nucleophile, an oxonium ion is formed. The 

positive charge in this ion can be relieved by deprotonation, a process in 

which a proton is transferred to the solvent—in this case, water. This cleav¬ 

age of an oxygen-hydrogen a bond completes the formation of an alcohol, 

and the overall addition is called hydration. 

Thus, in contrast to the gas-phase reaction, electrophilic addition of 

HC1 in water has two possible products. The relative amounts of alkyl chlo¬ 

ride and alcohol produced are determined by the relative nucleophilicities 

of chloride ion and water, as well as their relative concentrations. You know 

from Chapter 6 that chloride ion, being negatively charged and polarizable, 

is a much better nucleophile than a neutral water molecule. Therefore, alkyl 

chloride formation dominates, although significant amounts of alcohol are 
also produced. 

Hydration. In solution, HC1 dissociates, and the hydronium ion 

(H30®) acts as an acid in transferring a proton to an alkene: 

Electron flow from the C=C n bond to H30® forms a C—H crbond, free¬ 

ing neutral water. (As with HC1, the initial attack by H30® takes place with 

equal ease from both the top and the bottom faces of the 7rbond.) The pla- 



493 nar, 5p~-hybridized carbocation formed in this rate-determining step is then 

captured by nucleophilic attack by either chloride or water. Although chlo¬ 

ride, an anion, is a more reactive nucleophile, it is present in much lower 

concentration than water, the solvent. Both the alkyl chloride and the al¬ 

cohol are racemic, because attack is equally easy on the top and bottom 
faces of the planar carbocation. 

The alcohol can be made the dominant product by using a strong acid 

such as sulfuric acid, H2S04, for which the conjugate base is a relatively 

weak nucleophile. When added to water, H2SO4 dissociates, forming TbO® 

and HS04e (bisulfate ion), which is a poor nucleophile. Addition of an 

alkene to this solution results in the formation of the alcohol by hydration. 

H® 
-> 

:OH2 

H H 

H30® 

In the last step of hydration, a proton is transferred from the oxonium ion 

to water, replacing the hydronium ion consumed in the first step. Thus, the 

proton is not consumed, and the formation of alcohol by hydration is acid- 
catalyzed. An acid is required to initiate the reaction but is regenerated as 

the product is formed. The hydration of an alkene thus requires acid, but 

only water and the alkene are consumed in forming the product. 

Addition ofHX. In general, acids of the type HX, where X° is a mod¬ 

erate to good nucleophile, are effective reagents for electrophilic addition 

to alkenes, as generalized in Figure 10.3. When H and X add across a C=C 

7t bond, the result is hydrohalogenation if X is a halide (X = Cl, Br, or I) 

and hydration if X is OH. Both reactions are initiated by protonation (by 

a hydronium ion) in the initial electrophilic attack, which results in the 

breaking of the carbon-carbon double bond. This step is the slower one, 

and thus the reaction rate is determined by the stability of the resulting 

carbocation. 

10.1 

FIGURE 10.3 

\ / 
C=C + HX 

/ \ 

H X 
\ / 

/C-CX 

Hydrohalogenation (where X = Cl, Br, or I) and hydration (where X = OH) 

both proceed as electrophilic addition through an intermediate carbocation. 

S Regiochemistry of Electrophilic Addition 

Let’s now consider what happens when 1-butene rather than 2-butene 

undergoes hydration with H2S04 in water (Figure 10.4, on page 494). Unlike 

the double bond in 2-butene, that in 1-butene is not symmetrical. 

Protonation of 1-butene at C-l produces a secondary carbocation, whereas 

protonation at C-2 generates a primary carbocation. As you know, a sec- 

Electrophilic Addition 

of HC1, HBr, and HzO 



Electrophilic protonation of 1-butene at C-l produces a secondary carbocat- 

ion at C-2 (bottom reaction), whereas protonation at C-2 leads to a primary 

cation at C-l (top reaction). Because a secondary cation is more stable than 

a primary one, the lower route is the major pathway. 

ondary cation is more stable than a primary one. Because carbocation for¬ 

mation is the rate-determining step of an electrophilic addition, the greater 

stability of the secondary carbocation dictates that protonation at C-l is 

dominant. Capture of this cation by water generates 2-butanol, whereas cap¬ 

ture of the less stable primary cation leads to 1-butanol. Preferential for¬ 

mation of the more stable secondary cation thus leads to the secondary al¬ 

cohol as the major adduct (addition product). 

Cation stability also controls the regiochemistry of addition to other 

substrates. For example, the addition of HC1 to 2-methylpropene leads pre¬ 

dominantly to 2-chloro-2-methylpropane through the more stable tertiary 
cation: 

2-Methylpropene 2-Chloro-2-methylpropane 

Similarly, the addition of HC1 to styrene produces 1-chloro-l-phenylethane 
through a highly stabilized benzylic cation: 

Recall from Chapter 7 that, according to Markovnikov’s rule, when an 

alkene undergoes electrophilic addition, the less highly substituted position 

is attacked by the electrophile. This is due to the fact that the rate-deter¬ 

mining step is formation of the carbocation, and the order of carbocation 

stability is tertiary ~ benzylic > allylic ~ secondary > primary ~ vinyl > 
phenyl. 494 
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CHEMICAL PERSPECTIVES 
--~—---- 

PEOPLE VERSUS COCKROACHES 

People tend to draw a correlation between “strong” reagents such as sulfu¬ 

ric acid and danger. Certainly sulfuric acid should be treated with care and 

respect. Nonetheless, how vigorously such reagents react depends on the na¬ 

ture of the substance with which they are reacting. Human tissue is made 

up of many different hydrophilic molecules, containing virtually all the com¬ 

mon functional groups. These functional groups react rapidly with concen¬ 

trated sulfuric acid, which is why human skin is destroyed relatively rapidly 

by concentrated sulfuric acid. On the other hand, some insects, such as cock¬ 

roaches, are coated with a mostly hydrocarbon layer that is relatively inert 

to sulfuric acid. Indeed, a cockroach will swim about, apparently merrily, on 

the surface of concentrated sulfuric acid. (Please wear safety glasses if you 

try this—roaches splash terribly when doing the backstroke.) 

10.1 

EXERCISE 10.4 

What carbocation is formed preferentially as an intermediate in the acid-catalyzed 

hydration of each of the following compounds? What is the structure of the prod¬ 

uct alcohol? 

Addition to Conjugated Dienes 

The addition of HX to 1,3-butadiene, a conjugated diene, proceeds by 

the addition of a proton to one of the terminal carbon atoms, generating 

an allylic secondary carbocation as intermediate. As shown in Figure 10.5, 

Protonation of butadiene at C-l, the least substituted position, produces 

a resonance-stabilized allylic cation. Nucleophilic capture of the cation 

at the two sites that bear formal positive charge leads to two products— 

the 1,2- and 1,4-adducts. 

Electrophilic Addition 

of HC1, HBr, and H20 
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10 Addition to Carbon-Carbon 

Multiple Bonds 

Markovnikov’s rule predicts that the electrophile will attack at the end of 
the conjugated system to form an allylic cation. Resonance delocalization 
of this allylic cation places positive charge at C-2 and C-4. Trapping of the 
allylic cation by chloride at each of these positions leads to 3-chloro-l- 
butene and l-chloro-2-butene, the 1,2- and 1,4-adducts, respectively. (This 
terminology identifies the positions of the added H and X with respect to 

the carbon skeleton.) 
The stabilities of the two products are not equal: the double bond in 1- 

chloro-2-butene is disubstituted, and that in 3-chloro-l-butene is mono- 
substituted. Because both addition products are allylic chlorides, they are 
unusually reactive and can undergo loss of Cle followed by loss of H®, gen¬ 
erating the original diene: 

H® 
-» 

When the reaction takes place at room temperature, where the reverse re¬ 
action is reasonably rapid, the more stable alkene, the 1,4-adduct, predom¬ 
inates, and the reaction is under thermodynamic control. Conversely, at low 
temperature, the products can be isolated before significant back-reaction 
occurs. Under these conditions, the reaction is under kinetic control and 
the 1,2-adduct predominates. The addition of HX across a four-carbon sys¬ 
tem (as in forming the 1,4-adduct) is an example of conjugate addition. 

EXERCISE 10.5 

Predict the regiochemistry of both the 1,2- and the 1,4-adducts formed by treat¬ 

ment of each of the following dienes with HBr: 

Stereochemistry of Electrophilic Addition 

Electrophilic addition of HX to many alkenes results in the formation 
of a new center of chirality. Even if chiral centers are absent in the starting 
alkene, the products will be racemic because the addition of Xe to the car- 
bocation occurs with equal facility from either of the two faces. For exam¬ 
ple, hydration of styrene results in a mixture of equal amounts of (5)- and 
(R)-a-phenylethyl alcohol (Figure 10.6), because water attacks the top and 
bottom lobes of the vacant p orbital in the intermediate carbocation with 
equal facility. The result is a racemic mixture. This addition makes C-2 a 
center of chirality, despite the fact that this carbon was not chiral in the re¬ 
actant. Thus, the carbocation is said to be prochiral, meaning that the car¬ 
bon atom is not a center of chirality but becomes one as the reaction pro¬ 
ceeds from the intermediate to the product. 



Protonation of styrene produces a benzylic cation. Attack by water is equally 

easy on either face of the intermediate cation, leading to racemic a-phenyl- 

ethyl alcohol. 

The presence of a center of chirality in the starting alkene can result in 

an unequal mixture of product diastereomers. For example, acid-catalyzed 

addition of water to 1,4-dimethylcyclohexene proceeds through a tertiary 

carbocation in which the two faces are not identical: 
OH 

1,4-Dimethyl cyclohexene Major product 

Addition of water to the carbocation from the axial direction is hindered 

by the two axial hydrogen atoms on that face of the ion and is therefore 

slower than addition to the equatorial face. Therefore, addition of water to 

the equatorial face dominates, and the major product is the diastereomer 

where the hydroxyl group is trans to the methyl group at C-4. 

EXERCISE 10.6 

Draw the structures of the intermediate carbocation and the product alcohol that 

will result from treatment of each of the following alkenes with H2S04 in water. If 

more than one diastereomeric product is possible, indicate which is likely to pre¬ 

dominate. 

(a) (b) (c) 
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498 Rearrangements 

10 Addition to Carbon-Carbon The Markovnikov orientation observed in electrophilic addition is a di- 

Multiple Bonds rect consequence of differences in carbocation stability. Another conse¬ 

quence of such differences is the possibility for rearrangement. A group at 

an adjacent carbon rapidly migrates to the carbocationic center whenever 

a thermodynamic driving force exists for such a migration—as it does, for 

example, in the conversion of a secondary carbocation into a tertiary one. 

By using these principles, we can predict the course of the hydro- 

bromination of 3-phenyl-1-propene: 

3-Phenyl-l-propene Secondary 
carbocation 

Benzylic /% 
secondary H Br 

carbocation 

Protonation of 3-phenyl-1-propene takes place at C-l to produce the more 

stable secondary carbocation (rather than the primary one). When a more 

stable carbocation is produced by a shift of a group from an adjacent 

atom, a rearrangement occurs rapidly. Here, a hydrogen originally bonded 

to C-3 migrates with its electrons to this secondary center to produce an 

even more stable benzylic carbocation (Figure 10.7). Capture of this planar 

carbocation by bromide takes place with equal ease on either face, leading 

to equal amounts of the two enantiomeric bromides. This bond shift pro¬ 

duces a more stable, rearranged carbocation that is benzylic as well as secon¬ 

dary. Capture of this cation by bromide gives rise to the observed racemic 

product. 

FIGURE 10.7 

The transition state for the hydrogen shift has the hydrogen atom that mi¬ 

grates (shown here in green) partially bonded to both C-3 and C-2. 

Because of this rearrangement, bromine is found in the product at a 

carbon atom that did not originally participate in u bonding. Thus, there 

are two pieces of evidence for a carbocationic rearrangement: (1) the iso- 



499 merization of the carbon skeleton, and (2) the presence of the nucleophile 

in the pioduct at a position that was not part of the original reactant’s dou¬ 

ble bond. For example, you can recognize that a rearrangement has taken 

place with the addition of HC1 to 3,3-dimethyl-1-butene because (1) C-6 

has moved from C-3 to C-2 in the product, and (2) Cl is attached to a car¬ 

bon atom in the product (C-3) that was not part of the double bond in the 
starting material: 

HH3C h 
HCl \i 
-> H- 

H3C CH, 
5 4 

3,3-Dimethyl-1 -butene 

H3c ch3 

10. 

EXERCISE 10.7 

Write a complete mechanism for each of the following transformations, and ex¬ 
plain the driving force for the formation of the rearranged skeleton. 

Addition of HX to Alkynes: 
Formation of Geminal Dihalides 

Because the 7r system of an alkyne closely resembles that of an alkene, 

addition of HX to triple bonds seems likely to occur by a similar mecha¬ 

nism. Using knowledge of the mechanism of electrophilic addition, let’s 

work through the intermediates formed in the electrophilic addition of HBr 

to an alkyne to understand the relative reactivity of alkynes and alkenes. 

Step 1: Formation of Vinyl Halides. The electrophilic addition of HBr 

to an alkyne (Figure 10.8, on page 500) proceeds through protonation, us¬ 

ing the 77 electrons of one of the bonds in the triple bond. The resulting 

vinyl cation is digonal and sp-hybridized, bearing a bonds to two, rather 

than three, substituents (as is the case for cations discussed earlier in this 

chapter). As stated in Chapter 9, the vinyl cation is appreciably less stable 

than a comparably substituted trigonal sp2-hybridized carbocation. 

The vinyl cation has a stability somewhat like that of a primary sp2-hy- 

bridized cation. Therefore, its formation by protonation of an alkyne is more 

difficult than the corresponding protonation of an alkene to form a sec¬ 

ondary, or more stable, cation, and the rate of protonation of an alkyne is 

somewhat slower. In fact, this reaction probably would not take place at all 

if the electron density of a triple bond was not higher than that of a dou¬ 

ble bond. However, as in electrophilic addition to alkenes, the second step 

(capture of the vinyl cation by bromide ion) is particularly facile, generating 

Electrophilic Addition 

of HCl, HBr, and H20 
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10 Addition to Carbon-Carbon 

Multiple Bonds 

Vinyl bromides 

Major 
h3o® 

Geminal 

dibromide 

FIGURE 10.8 

Vicinal 

dibromide 

Protonation of an alkyne produces a vinyl cation, a particularly unstable 

cationic intermediate. This vinyl cation is rapidly captured by a nucleophilic 

bromide anion to form a vinyl bromide. Further protonation is preferred at 

the carbon atom of the alkene not bonded to bromine. When the resulting 

cation is trapped by a second bromide ion, a geminal rather than a vicinal 

dibromide is formed. 

a vinyl bromide. Because the vinyl cation is linear, it is easily attacked on 

either side of the remaining alkenyl double bond, generating a mixture of 

both cis- and trans-vinyl halides. 

Step 2: Formation of Geminal Dihalides. The vinyl halide formed in 

the first addition step is an alkene derivative, and is also subject to elec¬ 

trophilic attack by ITBr. Electron withdrawal by the electronegative bromine 

atom leaves less electron density in the n bond of a vinyl bromide than is 

found in that of a simple alkene, and further electrophilic attack is slower. 

There are two regiochemical possibilities for protonation: at the carbon 

bearing hydrogen or the carbon bearing bromine. Both cations are sec¬ 

ondary. However, for the one bearing the positive charge adjacent to the 

bromine atom, an additional resonance contributor can be written by em¬ 

ploying one of bromine’s lone pairs to interact with the vacant p orbital, 

stabilizing this cation relative to the alternative cation, in which the posi¬ 

tively charged carbon is bonded only to carbon and hydrogen. 

© 

As in all electrophilic additions, the more stable cation is formed preferen¬ 

tially, dictating the observed regiochemistry. Capture of this cation by bro¬ 

mide gives rise to a geminal dibromide (as shown in Figure 10.8). 



The observed regiochemistry for an addition yielding a geminal halide 

follows from the preferential formation of the more stable cation. Once 

again, the product is that predicted by Markovnikov’s rule, in which hy¬ 

drogen is added to the carbon with more bonds to hydrogen atoms. With 

a terminal alkyne, protonation takes place so as to produce the more stable 

secondary vinyl cation, leading to Markovnikov addition. Again, the second 

addition takes place so as to produce a geminal dihalide, in which both 

bromine atoms are bonded to the same carbon atom. 

H,C- 
HBr 

-H -> 

Br H 

H,C 

HBr 
Br Br H 

H H,C 

-H 

H 
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10.2 Addition of 

Other Electrophiles 

EXERCISE 10.8 

For each of the following additions of HX, predict the regiochemistry of the 

adduct(s). Also, state whether the product mixture is optically active. If it is not, 

determine whether the inactivity results from the absence of chiral centers, the for¬ 

mation of equal amounts of enantiomers, or the formation of a meso compound 
(recall Chapter 5). 

10.2 

Addition of Other Electrophiles 

Up to this point, this discussion of electrophilic additions has focused on 

the role of protons (from HX) as the electrophilic species. Other positively 

charged or partially positively charged reagents can also fill this role. 

■ Oxymercuration-Demercuration 

The hydration of an alkene can be accomplished by a two-step sequence 

known as oxymercuration-demercuration: 

Oxymercuration 

\ / Hg(OAc)2 
c=c 

/ \ 

Demercuration 

HO. 

h2o 

Hg(OAc) HO 
\ / NaBH4 \ / 
,c—-> ^c—c. 
/ \ / \ 

H 

O 

OAc 
o 

In the first step, ®Hg(OAc), formed by dissociation of Hg(OAc)2 (mercuric 

acetate), acts as a Lewis acid, adding to the alkene to form a cyclic inter¬ 

mediate called a mercuronium ion. In this intermediate, mercury bridges 

®Hg(OAc) 

H'? \ H 
H,C H 

Mercuronium ion 



between two carbons, forming a three-member ring. The ring is broken by 

the attack of water at one of the two carbons bonded to mercury; the tran¬ 

sition state for this process resembles that for a simple SN2 reaction. 

Oxymercuration 

Hg(OAc)j 

H H 
\ / 
C=C 

/ \ 
h3c h 

®Hg(OAc) + ®OAc 

^Hg(OAc) 

H / \ H 
H3C ) H 

H2Q: 

H3C Hg(OAc) H3C 

H-\ / C— 
-h® H-J\ -> c—c 

rW \ h 
^0 ® H 

/ 
0 

\ \ 
H H 

Hg(OAc) 

\"H 
H 

When the starting alkene is unsymmetrical (as is propene), water prefer¬ 

entially attacks the more substituted carbon of the mercuronium ion. Thus, 

hydration via oxymercuration follows Markovnikov’s rule, adding an OH 

group to the same carbon as in simple acid-catalyzed hydration, for which 

cation stability controls regiochemistry. In oxymercuration, the orientation 

of addition is dictated by the relative strengths of the two C—Hg bonds: 

the bond to the more substituted carbon is weaker, and so the transition 

state involving breaking of this bond is lower in energy. 
In the second step of oxymercuration-demercuration, the C—Hg(OAc) 

group is replaced by C—H upon treatment with NaBH4. The details of this 

reaction are not well understood, but it is likely that radicals are involved. 

Demercuration 

HO Hg(OAc) HO 
\ / NaBH4 \ 

c-c -> A 

H / \ H H / 
H3C h H3C 

H 
/ 

C—C. 
\ H 
H 

Overall, oxymercuration-demercuration effects hydration of an alkene 

with Markovnikov orientation—the same outcome as with acid-catalyzed 

hydration. However, because carbocations are not involved as intermediates 

in oxymercuration, rearrangements do not occur. For example, oxymercu¬ 

ration-demercuration of 3,3-dimethyl-1-butene yields 3,3-dimethyl-2- 

butanol; addition of water in the presence of acid to the same alkene is ac¬ 

companied by rearrangement, forming 2-hydroxy-2,3-dimethylbutane: 

2-Hydroxy-2,3-dimethylbutane 3,3-Dimethyl-1-butene 3,3-Dimethyl-2-butanol 

EXERCISE 10.9 

For each of the following reactants, predict the product that would be formed by 

oxymercuration-demercuration and by acid-catalyzed hydration. 
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503 Hydration of Alkynes 

The hydration of alkynes can also be achieved by electrophilic addition, 10.2 Addition of 

typically via treatment with a mercuric salt in an aqueous acidic solution: Other Electrophiles 

R—C=C—H 
Hg(OAc)2 
-> 
h2so4> h2o 

EM TV® II 

The role of the mercuric ion is the same as in oxymercuration of an alkene— #11 A'kyne Hydration 

that is, mercuric ion serves as a Lewis acid in the first stage of the reaction 

to produce a bridged mercuronium ion (Figure 10.9). Although hydration 

of an alkyne can be effected by aqueous acid without Hg(OAc)2, the con¬ 

ditions required are much more vigorous because an unstable vinyl cation 
is involved. 

The reaction continues via attack by water on the mercuronium ion at 

the more highly substituted carbon. The resulting oxonium ion then loses 

a proton to produce an enol, which also contains a carbon-mercury bond. 

This C—Hg bond is then replaced by a C—H bond. Tautomerization of 

the resulting enol to the more stable keto form is rapid in aqueous acid, 

and a ketone is produced. With a terminal alkyne, the hydrogen atom ends 

up on the less substituted carbon, in accordance with Markovnikov’s rule, 

and after enolization, a methyl ketone is formed. With a nonterminal and 

unsymmetrical alkyne, mixtures of the two possible ketones are usually ob¬ 

tained, because there is only a small difference in energy between the two 

possible vinyl cations formed in the initial electrophilic attack. 

R—C=C—H 
®Hg(OAc) ^ £ 

R—C=C—H 

<A/e 

OAc 

H—O © \ 
H 

/ 
C=C 

/ \ 
R Hg(OAc) 

-H® 
■> 

© 

H—OH2 
f \* 

H—O ( H 

\ V / c=c 
/ \ 

R Hg(OAc) 

H °\® //H 
c—c 

/ 
R HgOAc 

-Hg(OAc) 

H—O: H 
^t\ / 

-» C—C—H / © \ 
R H 

O 
—H 

H 
/ 

C—C—H 
/ \ 

R H 

FIGURE 10.9 

In the hydration of a terminal alkyne, mercuric ion binds to C-l and C-2 to 

form a bridged mercuronium ion. Nucleophilic attack by water, followed by 

deprotonation of the resulting oxonium ion, produces a mercurated enol. 

Protonation followed by loss of ®Hg(OAc) produces an enol, whose acid- 

catalyzed tautomerization yields the observed methyl ketone. 
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10 Addition to Carbon-Carbon 

Multiple Bonds 

EXERCISE 10.10 

Draw the structure(s) of the ketone product(s) expected from hydration of each of 

the following alkynes: 

Write a detailed mechanism for the conversion of propyne to acetone, catalyzed by 

H2S04 in H20: 

Nitrile Amide 

Alkyne Ketone 

Hydration of Nitriles 

The addition of water to a nitrile to produce an amide is similar to hy¬ 

dration of a terminal alkyne to produce a ketone. An organic nitrile con¬ 

tains a carbon atom with the same oxidation level as that of a carboxyl car¬ 

bon (count the number of bonds to heteroatoms). Organic nitriles are 

formed either by using cyanide as a nucleophile in an Sn2 displacement 

from an alkyl halide (Chapter 8) or by treating a primary amide with a 

strong dehydrating reagent such as POCl3: 

R—X 
eC=N 
-» R—C=N 

Acid-catalyzed hydrolysis of nitriles converts these species first into amides 

(Figure 10.10) and then into the corresponding carboxylic acids. These, in 

H3C—C=N:H—OH2 
1/ 

H3C—C=N—H 
O' 

H 
A© 
Oo—H 
/ 

h3c—c 

N—H 

O—H 
/ 

h3c—c —> h3c 

N—H 

© 

h—oh2 
o 

c 
oth o 

-Ha / 

XI 
N—H 

/© 

-> h3c—c 
\ 
NH, 

H 

FIGURE 10.10 
mimmmmBfmmmmmm_ 

Acid-catalyzed hydration of a nitrile produces an amide. This reaction be¬ 

gins by protonation of the nitrile nitrogen, thus activating the nitrile carbon 

to nucleophilic attack by water. Proton exchange and tautomerization lead to 
the amide. 



turn, can be converted into other acid derivatives. Thus, nitriles are versa¬ 

tile substrates that can be converted into a range of other functional groups. 

Hydiolysis of nitriles takes place via protonation on nitrogen (Figure 

10.10), followed by attack of water on the carbon bonded to nitrogen in the 

resulting cation. A primary amide is then obtained after a series of proto¬ 

nation—deprotonation steps. The overall reaction is 

Addition of Halogens 

Molecular bromine and chlorine (Br2 and Cl2) also function as elec¬ 

trophiles in addition reactions, rapidly reacting with alkenes to produce vic¬ 

inal dihalides in high yield. The reaction of bromine with alkynes produces 
tetrahalides. 

Bromine Test for Unsaturation. A solution of Br2 in CH2C12 is deep 

red-brown, and the organic dibromides formed by the addition reaction are 

colorless. This rapid color change that accompanies addition of bromine to 

double and triple carbon-carbon bonds can be used to test for the pres¬ 

ence of unsaturation. 

Mechanism of Br2 Addition. As Br2 (or Cl2) approaches an alkene, 

the halogen-halogen bond becomes polarized by interaction with the elec¬ 

tron-rich 7t cloud of the carbon-carbon double bond. Reaction of Br2 with 

an alkene proceeds through an intermediate cyclic bromonium ion. Attack 

by bromide ion on the bromonium ion yields a vicinal dibromide, bear¬ 

ing two bromine atoms on adjacent carbon atoms: 

The bromine molecule becomes polarized as it approaches a 7r cloud, and 

so the nearer bromine atom can act as an electrophile. Sigma bonds are 

formed between the two carbon atoms of the alkene and this bromine, as 

the electrons of the rr bond are donated toward the partially positively 

charged bromine atom. The result is the cyclic bromonium ion, in which 

bromine bears formal positive charge. (The molecular orbitals representing 

the two C—Br rr bonds are shown at the beginning of this chapter.) 

The bromonium ion is a reactive intermediate and is attacked by bro¬ 

mide ion. The transition state for this second step in the overall sequence 

resembles that for the back-side attack in SN2 reactions, discussed in 

Chapters 7 and 8. As bromide ion attacks, one of the carbon-bromine bonds 

of the cyclic bromonium ion is broken, and the electrons are returned to 

bromine as a lone pair. The resulting adduct is a vicinal dibromide. 
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In the past, carbon tetrachloride was often used as a solvent for the ad¬ 

dition of bromine to an alkene. Unfortunately, this solvent has been shown 

to have detrimental effects on the health of those exposed to it over a long 

period of time. Dichloromethane, CH2C12, can be used in place of CC14, al¬ 

though it, too, is suspected of causing cancer (based on the effect of long¬ 

term, high-level exposure on laboratory animals bred to be susceptible to 

carcinogenic compounds). 

Stereochemistry ofBr2 Addition to Cyclic Compounds. The stereo¬ 

chemical outcome of the anti addition of Br2 can be seen in the reaction 

with cyclohexene. In the product, irons-1,2-dibromocyclohexane, the two 

bromine atoms are oriented on opposite sides of the ring. 

Cyclohexene trans-1,2-Dibromocydohexane 

Even though the anti addition of bromine produces two centers of chi¬ 

rality, the product is an optically inactive mixture. This result is the same 

as that for the other electrophilic additions we have considered so far, al¬ 

though the process by which it is achieved is somewhat different. Formation 

of a cyclic bromonium ion in the first step of electrophilic bromination pro¬ 

duces two centers of chirality. Both carbons bonded to bromine in the 

bromonium ion derived from cyclohexene are stereocenters. A mirror plane 

is possible for this species (through the bromine atom), and consequently 

the two stereocenters are of opposite configuration (one R and one S): 

Back-side nucleophilic attack by bromide ion, which results in opening of 

the bromonium ion, is equally likely at either of the two stereocenters of 

the bromonium ion. Because the process is an Sn2 reaction, inversion of 

configuration occurs. Reaction at the carbon with S configuration in the 

bromonium ion leads to the R,R dibromide, and attack at the carbon with 

R configuration leads to the S,S dibromide. These two stereoisomers con¬ 

stitute the mirror-image components of the racemic mixture produced. 

(Note that, by this pathway, generation of the R,S diastereomeric dibromide, 

which is the cis isomer and a meso compound, is not possible—and, indeed, 
is not observed.) 

Stereochemistry of Br2 Addition to Acyclic Compounds. This type 

of anti addition, in which two substituents assume a trans relation in cyclic 

systems, also has significance for acyclic compounds. Anti addition of 



FIGURE 10.11 

ch3 
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Fischer 

projections 

Delivery of an electrophilic bromine from the top face of the tt bond pro¬ 

duces the cyclic bromonium ion shown. Nucleophilic attack at the R center 

(path b) leads to the S,S enantiomer; attack at the S center (path a) leads to 

the R,R enantiomer. These two compounds are formed in equal amounts, so 

the resulting mixture is optically inactive. 
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bromine to ds-2-butene produces the R,R and S,S isomer pair rather than 

the R,S (meso) compound (Figure 10.11). This is seen more easily in the 

Fischer projections at the right in the figure. 

EXERCISE 10.12 

Write a detailed mechanism for the bromination of trans-2-butene. Identify 

whether the product mixture is a meso compound or a racemic pair. (Be careful in 

assigning the stereochemistry of the bromonium ion: the situation here is differ¬ 

ent from the bromination of ds-2-butene.) §§ 

Addition of CI2. Similar cyclic halonium ions are also formed with 

chlorine and iodine. Apart from the higher electronegativity and smaller 

size of chlorine compared with bromine, the chloronium ion is quite anal¬ 

ogous to the bromonium ion. Reaction of alkenes with Cl2 yields vicinal 

dichlorides. The stereochemistry of chlorination is the same as bromina¬ 

tion: the chlorine atoms are added in an anti fashion. For example, the re¬ 

action of cyclopentene with Cl2 produces trans- 1,2-dichlorocyclopentane: 

Cyclopentene trans-1,2-Dichlorocyclopentane 

Reactivity of I2 and F2. Iodine does not react with simple alkenes to 

form diiodoalkane products. This lack of reactivity is not due to kinetics or 

the inability to form a bridged ion; rather, it arises because the reaction is 

endothermic. Although the strengths of the two C—I cr bonds of the prod¬ 

uct are slightly more than the sum of the strengths of the C=C tt bond 
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and the I—I bond, the reaction is entropically unfavorable, because two 

molecules are joined as one product and AG° (= AH° — TAS) is positive. 

Fluorine is much more reactive than the other halogens and reacts even 

with C—H bonds, resulting in complex mixtures of products. Therefore, 

the dihalogen addition through cyclic halonium ions is important only for 

Br2 and Cl2. 

EXERCISE 10.13 

Calculate AFP for the reactions of F2, Cl2, and Br2 with cyclohexene using the av¬ 

erage bond energies from Table 3.2 (also inside the back cover). 

EXERCISE 10.14 

Predict the structure of the intermediate cation and the stereochemistry of the 

final product in the reaction of each of the following reagents with cyclohexene. 

(a) IC1 (b) PhSBr (c) BrCl (d) HOC1 

Synthetic Utility of Vicinal Dihalides: Protection of Double Bonds 
and Preparation of Alkynes. The halogenation of an alkene generates a 

vicinal dihalide, which, as discussed in Chapter 9, can lose the two vicinal 

halogen atoms by treatment with zinc. The high yields obtained in such 

elimination reactions make bromination-debromination a means of re¬ 

versibly protecting a double bond. 

Cyclohexene Cyclohexene 

For example, cyclohexene can be brominated by treatment with Br2 in 

CH2C12. Because the dibromide lacks the characteristic reactivity of the orig¬ 

inal double bond, it is possible to use a number of reagents that would or¬ 

dinarily attack a double bond to alter functionality in other parts of this 

molecule. The double bond can then be regenerated by removing the two 

bromides via treatment with Zn. The ease of this reverse reaction allows the 

vicinal dibromide to be regarded as a protected alkene, and the bromines 

are referred to as a protecting group. Fiere, a reactive functional group (the 

double bond) is “protected” from reagents used to achieve transformations 

in other parts of the molecule. The concept of the protection of functional 

groups, as well as its applications, will be described in more detail in Chap¬ 

ter 15. 

Because vicinal dihalides can be twice dehydrohalogenated by treatment 

with base (Chapter 9), halogenation also provides an intermediate through 

which an alkene can be converted to an alkyne, as shown here for the trans¬ 

formation of ds-2-butene to 2-butyne: 

cis-2-Butene 2-Butyne 
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The carbocation formed by the protonation of an alkene is itself an 10.3 Radical Additions 

electrophilic species and can attack the starting alkene if the concentration 

of the original alkene is high. For example, the protonation of styrene gen¬ 

erates a carbocation with a regiochemistry consistent with Markovnikov’s 

rule (Figure 10.12). This species can itself be attacked by another molecule 
of styrene, forming a second carbon—carbon <j bond. 

FIGURE 10.12 

Dimer Trimer 

Polymer 

The carbocation generated by protonation of styrene can act as an elec¬ 

trophile to attack another molecule of styrene. The cation formed by the 

combination of the two alkenes can be captured by a nucleophile, Xe (path 

a), lose a proton to form a neutral dimer (path b), or attack a third molecule 

of alkene (path c). 

Several fates are possible for this more complex structure: as in the sim¬ 

ple addition of HX to an alkene (Section 10.1), the cation can be trapped 

by an anion to form a simple adduct (path a). This product has the formal 

elements of HX added across a dimer of the starting alkene. Alternatively, 

the more complex cation can lose a proton (path b), as in the second step 

of an El elimination, discussed in Chapter 9. The dimeric cation can also 

act as an electrophile, attacking yet another molecule of starting material 

(path c) to make an even longer chain. In the trimer shown in Figure 10.12, 

three molecules of styrene are bound together. This reaction can recur again 

and again, ultimately forming a polymer—in this case, polystyrene. This 

important process is discussed in detail in Chapter 16. 

10.3 

Radical Additions 

Recall from Chapters 2 and 6 that carbon radicals, as well as carbocations, 

are electron-deficient and are stabilized by electron donation from alkyl 

groups. For this reason, radicals and cations have the same order of sta¬ 

bility: tertiary > secondary > primary. Thus, the reactivity of radicals and 

cations toward double bonds is similar. 
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Multiple Bonds Although Markovnikov’s rule applies to the electrophilic addition of 

HBr to carbon-carbon double bonds in most organic solvents, the reverse 

regiochemistry is sometimes observed when the reaction is conducted in 

ether: 

Br 
/ 

Because the mechanism determines the regiochemistry of a reaction, this 

switch in regiochemistry means that the anti-Markovnikov hydrobromina- 

tion product is formed by a different mechanism from that discussed in 

Section 10.2: 

Initiation of Addition. Ether solvents are notorious for containing 

small amounts of peroxides, ROOR, or hydroperoxides, ROOH, which are 

formed by partial decomposition of the ether upon standing. Peroxides and 

hydroperoxides are characterized by a weak oxygen-oxygen bond that can 

be cleaved homolytically, either by gentle warming or by light, to initiate a 

radical chain reaction like those described in Chapter 7. 

ROt-OH -> RO-+-OH 

A hydroperoxide 

Homolytic cleavage of the peroxide bond generates alkoxy and hydroxy rad¬ 

icals that can serve as initiators for a radical chain reaction, whose regio¬ 

chemistry is opposite that observed for a reaction that proceeds through 
cationic intermediates. 

Interaction of an alkoxy (or hydroxy) radical with HBr results in the 

rapid abstraction of a hydrogen atom, generating a reactive bromine atom 

that then attacks an alkene to begin a radical chain propagation. 

RO- H—Br -> ROH + • Br 

Radical Propagation Steps. In the first radical propagation step, the 

bromine atom produced by reaction with the alkoxy radical adds to the 

alkene’s double bond, forming a C—Br crbond and the more stable carbon 

free radical. In forming the C—Br a bond, one electron is contributed by 

the bromine radical and the other by the 77 system of the reactant alkene. 

The second electron of the it bond remains in a p orbital on the adjacent 
carbon atom. 



511 In this step of the reaction, a radical is consumed and one is simultaneously 

generated. This sequence constitutes chain propagation because a reactant 

free radical is converted to a product that is also a free radical: the number 

of reactive radicals on the left and right sides of the equation for Step 1 is 
equal. 

In the second radical propagation step, the alkyl free radical, produced 

by the earlier reaction of the bromine radical with the double bond, in turn 

attacks another molecule of HBr, abstracting hydrogen. In this transfor¬ 

mation, the formal hydrohalogenation of the C=C bond is completed, and 

a bromine atom is regenerated. This bromine atom can then attack a sec¬ 

ond alkene, and the cycle can be repeated again and again. Once again, chain 

propagation occurs, because as one radical is consumed, another radical is 
generated. 

Regio chemistry of Addition. The two propagation steps consume one 

equivalent of alkene and one equivalent of HBr to generate one equivalent 

of the adduct. The first step, which generates a carbon free radical, is ther¬ 

modynamically less favorable than the second. The second step, which con¬ 

sumes the alkyl free radical and HBr, generating a C—H cr bond and a 

bromine radical, is faster. 

The intermediate formation of the alkyl radical determines the regio- 

chemistry of this reaction. Because radicals and cations follow the same or¬ 

der of reactivity (3° > 2° > 1°) and because the identity of the attacking 

reagent is reversed (Htt in electrophilic hydrobromination and Br* in rad¬ 

ical hydrobromination), the regiochemistry of this free radical addition is 

also the opposite of that normally observed in an electrophilic addition (and 

predicted by Markovnikov’s rule). This free-radical hydrobromination is 

therefore said to have occurred with an anti-Markovnikov orientation. 

Stereochemistry of Addition. To gain some insight into the stereo¬ 

chemistry of free radical addition of HBr, let’s consider the addition of HBr 

to 1-methylcyclohexene. The alkoxy radical formed by the decomposition 

of trace amounts of peroxide abstracts hydrogen from HBr to produce a 

bromine radical, which adds at C-2 to generate the more stable tertiary rad¬ 

ical. The alternative secondary radical is not formed to an appreciable ex¬ 

tent because it is considerably less stable. (Note that the regiochemistry of 

the addition is fixed at this point.) 

10.3 Radical Additions 

Although the order of radical stability is the same as that observed for car- 

bocations, the identity of the attacking species has changed from a proton, 

H®, to a bromine free radical, Br\ Thus, the anti-Markovnikov product is 

formed. 
The reaction is completed in the second propagation step as the ter¬ 

tiary radical, whose reactive center is planar, abstracts hydrogen from a 

second molecule of HBr. Hydrogen abstraction takes place to nearly equal 
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extent on the two faces of the planar radical intermediate, and so al¬ 

most equal amounts of syn and anti addition of HBr result. 

Conducting HBr additions in the presence of peroxides circumvents 

the usual regiochemical preference of such additions, but, as with the 

Markovnikov addition of HBr, it does not lead to controlled stereochem¬ 

istry. Also, radical addition is restricted to hydrobromination and fails with 

other hydrogen halides. 

EXERCISE 10.15 

To obtain each of the following products, would you use a solvent (such as ethanol 

and water) that favors polar intermediates or one (such as ether) that favors radi¬ 

cal chain reactions? 

Radical Polymerization 

The electrophilic attack by a carbocation is very similar to the attack 

by a carbon free radical on a double bond. The only significant difference 

is that radical intermediates rather than cations are formed. Bearing these 

facts in mind, it should not be too surprising to find that the free radical 

formed by interaction of an alkene with an initiator can attack another mol¬ 

ecule of alkene, leading to the sequence of reactions shown in Figure 10.13. 

The dimer radical formed by a bonding of a carbon free radical to a mol- 

-> Polymer 

Free-radical polymerization of styrene, yielding polystyrene. 



513 ecule of the starting alkene has several avenues open to it. It can combine 

with another radical, terminating the reaction sequence; it can lose a hy¬ 

drogen atom to form a neutral dimer; or it can attack a third molecule of 

alkene. Such a series of reactions parallels the polymerization sequence ini¬ 

tiated by carbocations. Thus, polystyrene can be prepared by either radical 

or cationic polymerization pathways. However, radical polymerization can 

be terminated by radical coupling, a pathway not open to cationic poly¬ 
merization. 

10.4 Cycloaddition 
Reactions 

EXERCISE 10.16 

Radical polymerization of styrene gives a high yield of a regular polymer with a 
phenyl group on every other carbon atom: 

Ph Ph Ph Ph Ph 

Provide a rationale for this observation. 

10.4 

Cycloaddition Reactions 

A number of reactions of alkenes involve simultaneous formation of new 

bonds to both sp2-hybridized carbon atoms of the double bond and, at the 

same time, breaking of the tt bond. These reactions are called cycloaddi¬ 

tions. We have already discussed one such reaction in Chapter 7—-the 

Diels-Alder reaction. In this section, we will consider other cycloaddition 

reactions, which proceed through transition states with three-, four-, and 

five-membered rings, and we will also cover the Diels-Alder reaction in 

more detail. 

Diels-Alder Reaction 

Synthesis of Cyclopropanes 

Cyclopropane rings can be generated by the reaction of carbenes or car- 

benoids, which are electron-deficient, with alkenes. The mechanisms of 

these reactions are considered below. A simple carbene, dichlorocarbene, 

can be prepared by n-elimination of HC1 from chloroform upon treatment 

with base. 

NaOH 

{—HCl) Cl Cl 

Chloroform Dichlorocarbene 

H Cl 

Singlet Carbenes. As described in Chapter 6, a singlet carbene has a 

vacant p orbital that is perpendicular to the plane containing the two a 
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bonds and the lone pair. This vacant p orbital makes the carbene elec¬ 
trophilic, allowing it to attack double bonds in the same way as other elec¬ 
trophiles considered in this chapter do. At the same time as the electrons 
flow from the carbon—carbon tt bond toward the vacant carbene p orbital, 
forming a new carbon—carbon cr bond, the pair of electrons of the carbene 
interacts with the other carbon atom of the alkene, forming a second 
carbon-carbon bond. As in the formation of halonium ions, both new cr 
bonds are formed simultaneously—that is, the formation of a cyclopropane 
derivative is concerted, and there are no intermediates. 

cis-2-Butene l,l-Dichloro-cis-2,3- 
dimethylcyclopropane 

Because there is no free carbocation, the relative stereochemistry of the sub¬ 
stituents on the starting alkene is maintained. Thus, when dichlorocarbene 
adds to a's-2-butene, the cis relation between the methyl groups is found in 
the product. This retention of stereochemistry is excellent evidence for the 
concerted nature of carbene addition to the double bond. 

Triplet Carbenes. Note that a concerted addition (parallel to the for¬ 
mation of a cyclic bromonium ion) is possible only with a singlet carbene. 
Because a triplet carbene has two singly occupied orbitals, it is more likely 
to act as a biradical than as an electrophile. A triplet carbene leads to for¬ 
mation of a biradical intermediate (Figure 10.14), because there is a single 
electron on each of the two developing centers of reactivity. (Recall from 
Chapter 2 that a biradical is a reactive intermediate in which two nonin¬ 
teracting radical sites are present within a single molecule.) This biradical 
can exist long enough for rotation to occur about the a bond joining the 
two carbons that were originally joined by a double bond, which means that 

H H 

H3C CH; 

cis-2-Butene 

h3c^ 
H 

Ph Ph 

Ph Ph 

HAT \"H 
ch3 

cis- and trans-Dimethyl 
diphenylcyclopropanes 

FIGURE 10.14 

The addition of a triplet carbene to an alkene proceeds in two steps through 
a biradical intermediate. Free rotation about the C—C bond of what was the 
alkene leads to formation of both cis- and frarcs-1,1-diphenyl-2,3-dimethyl- 
cyclopropanes. 



515 stereochemistry is lost. In a slower, second step, the biradical collapses, yield¬ 

ing a mixture of cis and trans cyclopropanes. This result is unlike that ob¬ 

tained with singlet carbenes, for which retention of the original stereo¬ 
chemistry about the alkene bond is observed. 

The stereochemistry of carbene addition depends on whether the car- 

bene involved is a singlet or a triplet. The multiplicity of a carbene is de¬ 

termined by the way in which it is formed. Both singlet and triplet carbenes 

can be formed through photochemical routes. Further, some singlet car¬ 

benes convert to triplet carbenes over time, and the stereochemical outcome 

of both singlet and triplet carbene addition to alkenes can be observed in 

the same reactions. The subtleties of carbene reactions are the subject of 
more advanced courses in chemistry. 

Carbenoids. In the Simmons-Smith reaction, an alternative method 

for the formation of cyclopropane rings, CH2I2 is reacted with Zn metal, 
forming a carbenoid, a carbene complexed with a metal: 

Zn 
CH2I2 -> I—CH2—Zn—I 

A carbenoid 

Despite the presence of the metal, carbenoids react like singlet carbenes, 

with retention of the geometric relationship present in the alkene. Thus, 

frans-dimethylcyclopropane is obtained by reaction of the carbenoid with 
frans-2-butene: 

CH2I2 + Zn 

trans- 2-Butene frans-Dimethylcyclopropane 

EXERCISE 10.17 

Predict the product(s) obtained from addition of singlet dichlorocarbene, :CC12, to 
each of the following compounds, and indicate whether they are meso compounds 
or pairs of stereoisomers. 

Epoxidation 

The reaction of peracids with alkenes is the primary laboratory method 

for the synthesis of epoxides (or oxiranes), three-member rings contain¬ 

ing oxygen. 

Cyclohexene oxide 
(an epoxide) 

10.4 Cycloaddition 
Reactions 

CjQfcHEM TV® I 

#20 Alkenes to Glycols 
(anti addition) 
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Peracids are oxygenated relatives of carboxylic acids and are represented by 

the formula RCO3H. Because of their stability and storability as laboratory 

reagents, mefa-chloroperbenzoic acid (MCPBA) and peracetic acid are 

the most widely used peracids. Both of these reagents convert alkenes into 

epoxides. 

m-Chloroperbenzoic acid 

(MCPBA) 

Peracetic acid 

The mechanism of peracid epoxidation is believed to include a cyclic, con¬ 

certed transition state, as shown in Figure 10.15, in which oxygen is trans¬ 

ferred to the alkene at the same time as the carbon-carbon tt bond is bro¬ 

ken and the proton is transferred to the carbonyl oxygen. 

+ 
O 

Epoxide 

FIGURE 10.15 

The hydroxyl oxygen in a peracid initiates electrophilic attack on an alkene. 

As 7t electrons flow from the carbon-carbon double bond to form a cr bond 

between one of the doubly bonded carbons and oxygen, another bond is 

formed to the second doubly bonded carbon as electron density from the 

O—H bond flows toward oxygen and the proton is transferred to the car¬ 

bonyl oxygen atom. 

EXERCISE 10.18 

Write a mechanism for the formation of an epoxide by treatment of cis-2-butene 

with peracetic acid. Predict whether the product will be optically active. 

Epoxides, like cyclic halonium ions, can undergo ring opening through 

back-side attack by a nucleophile: 

■> 

© 
:Nuc 
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ETHYLENE OXIDE: THE SIMPLEST EPOXIDE 

10.4 

Ethylene oxide, the simplest epoxide, is produced in very large quantities via 
oxidation of ethylene using 02 and proprietary catalysts containing copper 
and silver. Reagents such as peracetic acid are far too expensive for use in 
the bulk production of chemicals. In 1995, 7.6 billion (!) pounds of ethyl¬ 
ene oxide were produced worldwide. 

Ethylene oxide is incorporated into a number of products, including the 
antifreeze ethylene glycol and a variety of plastics. In addition, ethylene ox¬ 
ide is an effective sterilizing agent for medical equipment and a fumigant for 
food and clothing. Because of its low boiling point (11 °C), it is readily re¬ 
moved after application. 

OH 
O 

/A r~ 
HO 

Ethylene oxide Ethylene glycol 

Ring opening of epoxides is quite slow unless a Lewis acid (or a proton) is 

complexed with oxygen. For example, the opening of epoxides with NaOH 

in H20 requires elevated temperatures, as in the commercial synthesis of 

ethylene glycol from ethylene oxide: 

o2 
--> 

Metal catalyst 

NaOH 
-•> 
H;A A 

HO 
\ 

OH 

Ethylene Ethylene Ethylene 

oxide glycol 

In the reaction of Grignard reagents with epoxides, the epoxide ring is 

activated by complexation between magnesium and the epoxide oxygen; 

therefore, the reaction occurs at room temperature and below. The prod¬ 

uct alcohol contains a new carbon-carbon bond (Chapter 8). 

Grignard reagent 

Epoxides are relatively reactive under biological conditions, and some 

molecules containing more than one of these functional groups have been 

demonstrated to induce cancer in laboratory test animals. Although the 

mode of biological action is not absolutely clear, carcinogenicity is thought 

to result from sequential reactions with both strands of double-stranded 

DNA. 

Cycloaddition 

Reactions 
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EXERCISE 10.19 __ 

Suggest a sequence of reactions that could be used to achieve each of the follow¬ 

ing overall conversions: 

EXERCISE 10.20 

Suggest a mechanism for the opening of the ethylene oxide ring by the phenyl 
Grignard reagent, as shown in reaction 1. 

Four-Member Cyclic Transition State: 
Hydroboration-Oxidation 

The reaction of diborane, B2H6, with an alkene, followed by oxidation 

with alkaline hydrogen peroxide, results in net addition of water across the 

double bond. Reaction of an unsymmetrical alkene in this two-step se¬ 

quence of hydroboration-oxidation yields an alcohol having anti- 

Markovnikov orientation (with the hydroxyl group on the less substituted 

carbon). Thus, products with opposite regiochemistry are formed by the 

hydration of 1-methylcyclohexene in dilute acid and by the hydrobora¬ 

tion-oxidation sequence. Further, the product of hydroboration-oxidation 

of 1-methylcyclohexene is frans-2-methylcyclohexanol. Both regio- and 
stereochemical control are observed in this sequence. 

cis-1 -Methylcyclohexanol 1 -Methylcyclohexene 

(1) B2H6 
-> 
(2) H202) ®OH 

trans-2-Methylcyclohexanol 

Mechanism of Hydroboration: syn Addition. Let’s consider hydro- 

boration more closely. Diborane, B2H6, exists in equilibrium with small 
amounts of borane, BH3. 

B2H6 2 BH3 

Because boron has only three valence electrons, it can form only three co¬ 

valent bonds and still remain neutral. Therefore, borane is highly electron- 

deficient and acts effectively as a Lewis acid to coordinate with virtually any 

source of electron density. (This is why it exists predominantly as a dimer 



rather than a monomer.) When brought into contact with a double bond, 

a boron—hydrogen bond can interact directly with the alkene p orbital to 

form the four-membered cyclic transition state shown in Figure 10.16. 

Because the carbon—boron and carbon—hydrogen bond are formed on the 

same face of the double bond, this first step, referred to as hydroboration, 
is a syn addition. Hydroboration has proved to be a very important reac¬ 

tion in both organic and inorganic chemistry. For his extensive and pio¬ 

neering studies of organoboron chemistry, Herbert C. Brown of Purdue 

University was awarded a Nobel prize in chemistry in 1979. 

Hydroboration 

Because hydroboration is a concerted reaction in which hydrogen and BH2 
are delivered simultaneously to one face of the alkene, syn addition is ob¬ 
served. When the BH2 group is replaced by an OH group in the oxidation 
step, the configuration at the center of chirality is retained, and the same 
stereochemical relation (syn) is maintained between the H and OH groups. 

Oxidation of Organoboranes. Although we will not consider the 

mechanistic details of the next step, a peroxide-induced oxidation, car¬ 

bon-boron bonds can commonly be replaced by carbon-oxygen bonds 

upon treatment with alkaline hydrogen peroxide. When this occurs, the 

product of the hydroboration is converted to an alcohol. The orientation 

of the C—O bond formed in the oxidation step is identical with that of the 

original C—B bond. The syn addition achieved through hydroboration thus 

leads to syn addition in the formation of the final alcohol product. 

Regiochemistry of Hydroboration-Oxidation. The regiochemistry 

of the hydroboration step controls the regiochemistry of the overall se¬ 

quence, because in the oxidation step the boron is replaced by a hydroxyl 

group, on the same carbon and with the same orientation, to give the prod¬ 

uct alcohol. The less substituted alcohol is produced, because in the reac¬ 

tion of the alkene with borane, addition of boron to the less substituted 

carbon atom is favored. In most cases, this regiochemistry is dictated by 



steric factors, and the transition state with hydrogen added to the more sub¬ 

stituted carbon atom is lower in energy than that with the reverse regio- 

chemistry. 

EXERCISE 10.21 

For each of the following reactions, predict whether the desired stereochemistry 
and regiochemistry can be attained with acid-catalyzed hydration, hydrobora- 

tion-oxidation, or not at all. 

°v /° 

Os 
S % 

O O 

Osmium tetroxide 

Ox Oe ®K 

Mn 
^ % 

O O 

Potassium permanganate 

TV® | 

#20 Alkenes to Glycols 

(syn addition) 

Five-Member Cyclic Intermediates 

Oxidation by Osmium Tetroxide or Potassium Permanganate. 
Osmium tetroxide and potassium permanganate are both oxidants that 

convert alkenes into 1,2-glycols. In both cases, the addition of the two hy¬ 

droxyl groups is syn, as can be seen in the reactions of cyclohexene and 

trans-2-butene with these reagents. These addition reactions are called cis- 
hydroxylations. 

(Quinuclidine) 

KMn04 
-> 

OH 

520 trans-2-Butene 

NaOH 

OH 

1,2-Glycol 



521 There is some evidence that both of these reagents add to alkenes in a con¬ 

certed process, simultaneously forming the two C—O bonds present in the 

product 1,2-glycols. The cyclic osmate ester and manganate ester are con¬ 

verted to the glycols under the reaction conditions, although the details of 

how the Os O and Mn—O bonds are cleaved are not known. 

H 

Osmate ester 

Manganate ester 

10.4 

There are disadvantages to the use of these reagents. Osmium tetrox- 

ide is both expensive and toxic, although it can be used in a catalytic amount 

when another oxidizing agent—for example, K3Fe(CN)5—is present. (The 

tertiary amine base quinuclidine greatly increases the reaction rate.) Po¬ 

tassium permanganate is significantly less toxic and is even used as a topi¬ 

cal antibacterial agent. However, the permanganate ion is a more powerful 

oxidizing agent than osmium tetroxide, and yields of the glycol are 

generally low (50%) because of overoxidation. Indeed, potassium perman¬ 

ganate is used in acid solution to cleave both the 7i and or bonds of an 

alkene. Depending on the substitution pattern of the carbon atoms of the 

alkene, permanganate oxidizes the sp2~hybridized carbons of the double 

bond to ketone or carboxylic acid groups (Figure 10.17). 

FIGURE 10.17 

The oxidation level of the products of oxidative degradation with hot aque¬ 
ous KMn04 is determined by the degree of substitution of the sp2-hybri- 
dized carbon atoms of the starting alkene. (a) When the carbon bears two 
hydrogen atoms (as in a terminal alkene), C02 is produced, (b) When the 
carbon bears one hydrogen atom, a carboxylic acid is produced, (c) When 
the carbon has two substituents (and no hydrogen atoms), a ketone results. 

Cycloaddition 

Reactions 
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When the alkene carbon is bonded to a hydrogen and an alkyl group, 

the initial product of permanganate oxidation is an aldehyde, but this is 

rapidly oxidized to a carboxylic acid by permanganate. In fact, when two 

such hydrogen atoms are present, C02 is formed (see, for example, the ox¬ 

idation of 1-hexene in Figure 10.17). Oxidation of a trisubstituted alkene 

produces a ketone and a carboxylic acid. Permanganate oxidation of cyclic 

alkenes results in difunctional products: 

KMn04 

h3o® 

Permanganate Test for Oxidizable Functional Groups. Permanganate 

is purple, and its reduction product, Mn02, is brown. The fading of the 

purple color of the permanganate ion is indicative of oxidative degradation 

and is another color test that can be used as a quick indicator of the pres¬ 

ence of oxidizable functional groups. Alkenes, alkynes, alcohols, and alde¬ 

hydes give positive permanganate oxidation tests. The simple rule for per¬ 

manganate oxidations is that all carbon-carbon multiple bonds will be 

completely cleaved (two bonds for alkenes and three for alkynes), and the 

original sp2-hybridized carbons will appear in the products at the highest 

possible oxidation level that can be achieved without cleavage of another 

carbon-carbon cr bond. 

EXERCISE 10.22 

Draw the structure of an alkene that would yield each of the following compounds 
upon treatment with potassium permanganate in acid: 

Ozonolysis. Ozone, 03, also acts as an electrophilic agent. It exists in 

a zwitterionic form in which the central oxygen formally bears positive 

charge. (Recall from Chapter 2 that a zwitterion is a neutral molecule that 

bears two oppositely charged centers in at least one significant resonance 

structure.) Two resonance contributors make the terminal oxygens of ozone 



523 partially negatively charged, but the formal oxygen-oxygen multiple bond 

confers part of the electrophilicity of the central positively charged oxygen 
on the terminal oxygens. 

© © 

This zwitterion can thus initiate electrophilic attack. Electrons from the car¬ 

bon-carbon 7T bond of an alkene are polarized toward the terminal oxy¬ 
gen, allowing a shift of electrons: 

Molozonide Ozonide 

Electrophilic attack by ozone proceeds through a six-electron transition 

state to form a molozonide, a compound containing two weak oxygen- 

oxygen bonds. This compound is relatively unstable and rearranges to an 

ozonide by routes that need not be considered here. This rearrangement 

accomplishes the breaking of both the a and the 77 bonds between the car¬ 

bons originally joined by a double bond, replacing each with a single bond 

to oxygen. That is, in the ozonide, each of the original sp2-hybridized car¬ 

bon atoms is joined to oxygen by two cr bonds. Upon treatment with zinc 

in acetic acid, the ozonide is reduced to the corresponding carbonyl com¬ 

pounds. 
The ozonolysis of alkynes, followed by treatment with zinc and acetic 

acid, leads to carboxylic acids at each of the originally sp-hybridized atoms: 

Carboxylic acids 

Ozonolysis effects the net conversion of an alkene into two carbonyl 

compounds (aldehydes or ketones). This occurs by cleavage of the carbon 

skeleton in a process known as oxidative degradation. Ozonolysis is a tech¬ 

nique commonly used to simplify complex structures by replacing a C=C 

bond with two carbonyl groups. This method has proved very effective for 

determining structures of complex, naturally occurring compounds. 

Ozonolysis degrades a complex molecule to smaller fragments that can be 

more easily analyzed. 
Here are simple examples of oxidative degradation: 

H 

tra«s-2-Hexene Acetaldehyde Butanal 

Cycloaddition 

Reactions 
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(1) O3 

(2) Zn, HOAc 

trans-3-Hexene 

H 

Propanal 

One can distinguish trans-2-hexene from trans-3-hexene, despite their close 

chemical structures and reactivities, on the basis of the products formed 

upon ozonolysis. Thms-2-hexene gives rise to two products (acetaldehyde 

plus butanal), whereas frans-3-hexene gives rise to only one (two equiva¬ 

lents of propanal). Ozonolysis is particularly important in the degradation 

of functionally complicated, naturally occurring molecules. The structures 

of such complex molecules can be more readily deduced by first degrading 

them to the smaller and less complex corresponding carbonyl compounds, 

whose structures can be analyzed more easily. 

Ozonolysis of cyclic alkenes can also be used to prepare molecules con¬ 

taining two carbonyl groups. For example, ozonolysis of 1,2-dimethylcy- 

clohexene affords a diketone, an ozonolysis of 1-methylcyclooctene pro¬ 

duces a ketoaldehyde. We will see in Chapter 13 how these dicarbonyl 

compounds can be further converted to cyclic compounds with ring sizes 
different from the starting alkene. 

1,2-Dimethylcyclohexene Diketone 

EXERCISE 10.23 

Predict the product(s) expected from ozonolysis of each of the following com¬ 
pounds: 

TV® || 

Formation of Six-Member Rings: 
The Diels-Alder Reaction 

The Diels-Alder reaction is a versatile synthetic tool for the construc¬ 

tion of six-member rings. However, there are certain restrictions on the na¬ 

ture of the two components, the diene and the dienophile. #7 Diels-Alder Reaction 



Diene Dienophile 

The most simple example of the Diels-Alder reaction—the reaction of bu¬ 

tadiene with ethylene—requires fairly rigorous conditions and gives unsat¬ 

isfactory yields of cyclohexene because of two competing reactions. First, 

butadiene reacts with itself, at a rate comparable to its reaction with ethyl¬ 

ene; one molecule of butadiene serves as the diene and another as the 

dienophile, producing a substituted cyclohexene: 

10.4 

Diene Dienophile 

Second, the cyclohexene formed from the reaction of butadiene and ethyl¬ 

ene has a reactivity comparable to that of ethylene: 

Diene Dienophile 

Furthermore, the product of each of these two competing reactions is itself 

a dienophile and can participate in further Diels-Alder reactions with bu¬ 

tadiene. 

Fortunately, the presence of electron-withdrawing substituents in the 

dienophile offers the means of controlling the Diels-Alder reaction. First, 

electron-withdrawing groups substantially increase the rate of the reaction. 

For example, methyl acrylate and maleic anhydride both participate in 

Diels-Alder reactions at rates that are orders of magnitude faster than those 

of simple alkenes. 

0 

a^och3 
+ 

% 
Methyl acrylate 

O 

+ 
r< 

0 
k/ 

o 

OCH, 

Maleic anhydride 

Second, although the products retain the electron-withdrawing groups of 

the starting dienophiles, these groups are not substituents of the sp2- 
hybridized carbon atoms of the products. Thus, the double bonds of the 

products react very slowly with the starting dienes, and further reaction is 

avoided. 

Cycloaddition 

Reactions 
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EXERCISE 10.24__ 

Provide the structures of the starting diene and dienophile that would produce each 
of the following compounds by a Diels-Alder reaction: 

10.5 
— 

Reduction of Multiple Bonds 

The addition of hydrogen across multiple bonds (also called reduction) can 

be accomplished by two fundamentally different methods, as illustrated for 

the reduction of an alkene: 

Catalytic Hydrogenation 

Dissolving-Metal Reduction 

+ 2H® -> 

These two methods—catalytic hydrogenation and electron transfer reduc¬ 

tion-protonation (dissolving-metal reduction)—are general methods for 

achieving the reduction of unsaturated organic compounds. Neither 

method can be described mechanistically using full-headed curved arrows, 

because each takes place through steps in which only one electron is trans¬ 

ferred. 

EM TV® I 

#18 Catalytic Hydrogenation 

of Alkenes 

Catalytic Hydrogenation 

Catalysts. Catalytic hydrogenation requires the activation of molecu¬ 

lar hydrogen, H2, through interaction with the surface of a noble metal. A 

noble metal is one that is very stable at the zero oxidation level. Among the 

noble metals most commonly used in catalytic hydrogenation are platinum 

and palladium, but finely divided nickel and other metals can also be used. 

Typically, noble metals used as catalysts are in the form of highly dispersed 

powders on a support with a large surface area (carbon or alumina). 

Sometimes, the zero-valent metal is generated in situ by reduction of the 

corresponding oxide. For example, treating platinum oxide, Pt02, with hy¬ 

drogen generates water and finely divided platinum, which is highly active 



527 in catalytic hydrogenation. The interaction of molecular hydrogen with the 

surface of platinum results in the rupture of the hydrogen-hydrogen bond 

and the formation of two metal—hydrogen bonds. 
10.5 Reduction of 

Multiple Bonds 

A multiple bond (for example, the C=C bond of an alkene) interacts with 

this activated form of hydrogen, which is then transferred, resulting in the 

net addition of H2 to the C=C 77 bond, with formation of two C—H a 
bonds. This conversion effects reduction of the double bond, while the metal 

catalyst is regenerated in its initial form, ready to interact with another mol¬ 
ecule of hydrogen. 

The metal surface is absolutely critical for these reactions, but it is not 

consumed in the net chemical transformation. It is said, therefore, to act as 

a catalyst—that is, as a species that accelerates the rate of a reaction with¬ 

out itself being consumed. For this reason, these reactions are called cat¬ 
alytic hydrogenations. 

Hydrogenation of Alkenes. In the catalytic hydrogenation of an 

alkene, both hydrogens are delivered to the same face of the molecule. This 

reaction is thus a stereospecific syn addition—that is, the hydrogens add to 

give cis products. This result can be observed in the addition of one equiv¬ 

alent of H2 to an alkyne: 

H H 
h2 \ / 

—c=c-—> c=c 
pt / \ 

An alkyne A cis-alkene 

Catalytic hydrogenation of alkenes normally yields the product expected 

from syn addition, but this is not always the case. For example, the follow¬ 

ing reduction of a bicyclic alkene affords a 9:1 mixture of the trans and cis 

products: 

90% 
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Here, the trans product arises because the rate of reduction of the double 

bond decreases with increased alkyl substitution, and positional isomeriza¬ 

tion of the starting alkene occurs at a comparable rate. Reduction of the 

isomerized starting material yields the trans product. In practice, the ob¬ 

servation that catalytic reductions proceed by the cis addition of hydrogen 

is usually of consequence only for the reduction of disubstituted alkynes. 

Hydrogenation of Alkynes. The ease with which a multiple bond is 

reduced by catalytic hydrogenation is related to the strength of the 7r bond. 

For example, because of electron-electron repulsion, the two it bonds of 

an alkyne are individually weaker than the it bond that remains in the prod¬ 

uct alkene after the addition of two hydrogen atoms. 

R—C=C—R 
h2 

Pd, pyridine 

H H 
\ / 
C=C 

/ \ 
R R 

H H 
H^\ 

C—C 
/ \ 

R R 

Thus, the rate of catalytic hydrogenation of an alkyne is faster than that of 

the resulting alkene, and, with care, the process can be limited to the addi¬ 

tion of one equivalent of hydrogen. If the alkene is the desired product, it 

is often useful to deactivate the catalyst somewhat—for example, by adding 

small amounts of an amine (such as pyridine or quinoline) that can bind 

to the surface of the metal. (These species are referred to as catalyst poi¬ 
sons.) Even in these circumstances, further reduction can be accomplished, 

and whether an alkene or the corresponding alkane is the final product is 

often determined by the reaction time. The progress of catalytic hydro¬ 

genation can be monitored by the uptake of hydrogen from the gas phase 
as the reduction proceeds. 

Hydrogenation of Aromatic Compounds. Catalytic reduction of aro¬ 

matic compounds is also possible, but such reactions are quite slow. The 

addition of one equivalent of hydrogen to an aromatic compound such as 

benzene requires disruption of the aromatic system and is considerably 

slower than the addition of hydrogen to the remaining it bonds. In con¬ 

trast to the reduction of alkynes, in which it is possible to produce an alkene, 

it is not possible to isolate any partially reduced products—a cyclohexadi- 

ene, for example—at an intermediate oxidation level. 

Hydrogenation of Heteroatom Functional Groups. Carbon—oxygen 

and carbon-nitrogen double bonds are also reduced with hydrogen and a 

metal catalyst. The 77 bond of a carbonyl group is considerably stronger 

than that of an alkene (93 versus 63 kcal/mole), and catalytic hydrogena¬ 

tion of aldehydes, ketones, and (especially) esters requires the use of high 

temperature and pressure to increase both the hydrogen concentration in 

the solution and the reaction rate. The rates of reduction of these stronger 



and more polarized bonds are much slower than those for carbon—carbon 
double bonds. 

Imines undergo reduction to form amines. The carbon-nitrogen tt 

bond in an imine is weaker than the carbon—oxygen tt bond in a carbonyl 

group but stronger than the carbon-carbon tt bond in a simple alkene. 

Therefore, imines are reduced at rates somewhere between those for the 

other two functional groups. However, amines complex with noble metals 

and greatly reduce their effectiveness as catalysts. (Quinoline, for example, 

is a catalyst poison.) Thus, the reduction of an imine is best carried out in 

the presence of acid (for example, by using acetic acid as a solvent) so that 

the product amine is protonated, blocking surface complexation. 

Molecules containing both an alkene and a carbonyl group undergo 

catalytic hydrogenation at room temperature and atmospheric pressure only 
at the carbon-carbon tt bond: 

For hydrogenation of a carbonyl group or imine, syn addition cannot 

be demonstrated because the position of the hydrogen atom on the hetero¬ 

atom is not fixed with regard to that of the hydrogen atom on the carbonyl 

or imine carbon. Since no isomers can be formed, it is not possible to use 

the structure of the product to determine the stereochemistry of addition. 

Selective Hydrogenation. The relative ease with which catalytic hy¬ 

drogenation reduces the various functional groups discussed so far is shown 

in Figure 10.18. Alkynes are hydrogenated most easily, and esters are the 

most difficult to reduce. Even though the catalytic hydrogenation of esters 

and aromatic hydrocarbons requires high temperatures and pressures and 

special catalysts, it is often the preferred method for accomplishing indus¬ 

trial-scale reductions. Factors that seem undesirable for small-scale reac¬ 

tions in the laboratory are often advantageous when applied to large quan¬ 

tities. For example, in the case of catalytic hydrogenation, excess reagent 

(hydrogen) and the insoluble metal catalyst are easily removed, and no waste 

by-products are formed from the reagent, as is the case in reduction with 

complex metal hydrides. 

N 
R—C=C—R > R—CH=CH—R > 

R 

R 

> 

R R 

O 
> 

R 

FIGURE 10.18 
--- 

The ease of catalytic hydrogenation (with H2 and a metal catalyst) depends 
on the functional group being reduced. 

529 

10.5 Reduction of 

Multiple Bonds 
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Reduction of Carbonyl Groups. The addition of an electron to a car¬ 

bonyl group generates a radical anion (a ketyl), which is ion-paired with 

the alkali metal cation formed when the electron is transferred from the 

neutral metal. 

m Dissolving-Metal Reductions 

Another method for effecting reduction provides an electron source 

(often a zero-valent alkali metal) capable of generating a radical anion or 

dianion intermediate, which is then protonated in situ. 

In the presence of a proton source (typically, ferf-butanol), the radical an¬ 

ion is protonated, producing a carbon radical that is, in turn, further re¬ 

duced by the addition of an electron from a second atom of sodium. 

Protonation of the resulting carbanion leads to the fully reduced product. 

In some cases, the ketyl formed on the surface of sodium is further reduced 

by the addition of another electron before it is protonated. The resulting 

dianion then adds two protons, resulting in the same product. 

Although the sequence may be different, both routes involve adding two 

electrons and two protons, giving rise to a net reduction. 

Because sodium can react directly with an alcohol (generating hydro¬ 

gen gas), these reactions are usually conducted in an ether solvent or in liq¬ 

uid ammonia containing only enough alcohol to serve as a proton source. 

ROH + Na -> RO0 + Na® + V2 H2 T 

In the course of these reactions, the sodium metal disappears as it reacts 

and is converted into soluble sodium salts. Such reactions are therefore 

called dissolving-metal reductions. In principle, these reactions require not 

a metal, but rather a source of electrons. Indeed, the reactions can also be 

carried out by the addition of electrons in an electrochemical cell. 

Reduction of Alkynes. The facility with which dissolving-metal re¬ 

ductions proceed depends on the ability of the organic compound to ac¬ 

commodate an extra electron to form a radical anion. These reductions 

work well for carbonyl groups and alkynes but not for simple alkenes, be¬ 

cause alkali metals do not transfer electrons efficiently to alkenes. Therefore, 

it is possible to reduce an alkyne to an alkene without further reduction to 

the alkane. When a dianion intermediate is formed, the negative charges are 

trans to each other in order to minimize electron repulsion. Protonation of 

the dianion leads to trans addition. This stereochemical course differs from 



that of catalytic hydrogenation, where cis addition of hydrogen to an alkyne 
occurs. 

R—C=C— R 

2 Na 
-» 
Ether 

H2/Pd 
-> 
Quinoline 

R H 
ch3oh 

H R 

Biological Reductions. Dissolving-metal reductions have particular 

biological relevance, although in living systems, less rigorous reducing 

agents than alkali metals are used to form the radical anion intermediates. 

10.6 

EXERCISE 10.25 

Write the structures of the products, if any, expected from each of the following 
reductions: 

(a) 
1 equiv. H2 

Pt 

2 equivs. Na 

NH3, EtOH 

(c) 

(d) 

(e) 

2 equivs. Na 

NH3, EtOH 

1 equiv. H2, Pt 

Quinoline 

Excess Na 

NH3, EtOH 
■> 

10.6 

Synthetic Methods 

Like other types of reactions, addition reactions can be grouped according 

to the functional-group conversion accomplished. Table 10.1 provides such 

a summary. When combined with the methods presented in Chapter 9 for 

preparing alkenes, these reactions are powerful techniques for intercon¬ 

verting a number of functional groups. 

531 

Synthetic Methods 



TABLE 10.1 

Using Addition Reactions to Make Various Functional Groups 

Functional Addition 

Group Reaction Example 

Alcohol Acid-catalyzed hydration 
of an alkene 

Oxymercuration- 
demercuration 

\ / 

/ \ H«° 

NaBEL 

HO H 
\ / 

^c-c^ 

Aldehyde 

Alkane 

Alkene 

Alkyl halide 

Carboxylic acid 

Cyclohexene 

Hydroboration-oxidation 

Ozonation-reduction 
(ozonolysis) of an alkene 

Catalytic reduction of 
an alkene 

Catalytic reduction of 
an alkyne 

Partial hydrogenation of 
an alkyne (cis) 

Dissolving-metal reduction 
of an alkyne (trans) 

Electrophilic 
hydrohalogenation 

Peroxide-initiated 
radical hydrobromination 

Hot KMn04 oxidation 
of alkenes 

Diels-Alder reaction 

(1) b2h6 

(2) H202) eOH 

H 

R—C=C—R 
Pd / 

R 

R—C=C—R 

R—C=C—R 

H3C ch3 

h2, Pd 

Pyridine 

2 Na 

Ether 
■> 

HC1 
-> 

CHjOH 
---> 

H R 

H H 

H3C ch3 

KMn04 
-> 

h2o 

OH 



Functional 
Group 

Addition 
Reaction Example 

Cyclopropane 

Dihalide, 
vicinal 

Dihalide, 
geminal 

Epoxide 

1,2-Glycol 

Ketone 

Polymer 

Carbene addition to 
alkenes 

Electrophilic bromination 
or chlorination 

Hydrohalogenation of 
an alkyne 

Peracid oxidation of 
an alkene 

Osmium tetroxide 
oxidation of an alkene 

Basic permanganate 
oxidation of an alkene 

Acid-catalyzed hydration 
of an alkyne 

Ozonation-reduction 
(ozonolysis) of an alkene 

(Quinuclidine) 

R—C=C—H 
Hg(OAc)2 ^ 

h2so4, h2o ch3 

Hot KMn04 oxidation 
of an alkene 

KMn04 HjO® 
->'-> 

h2o h2o 

Cationic polymerization 

Free-radical polymerization 
x- 
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Summary _ 
■Carbon 

1. Electrophiles attack regions of electron density, particularly tt or¬ 

bitals in alkenes, dienes, and alkynes, so as to form the more stable of two 

possible carbocations. 

2. Electrophilic addition is a two-step process. In the first, rate-deter¬ 

mining step, the electrons of the tt bond move toward the electrophile, 

forming a new bond between one of the carbons and the electrophile. In 

the second step, the other carbon of the original double bond becomes 

bonded to a nucleophile. 

3. Because carbocations are the intermediates in electrophilic addi¬ 

tion, the regiochemistry of these reactions is controlled by the formation 

of the more stable cation. Consistent with Markovnikov’s rule, the order of 

carbocation stability (tertiary > secondary > primary) dictates that the 

more highly substituted carbon becomes positively charged as the carbo¬ 

cation intermediate forms in electrophilic addition. 

4. Carbocations are planar, and so the addition of a nucleophile in 

the second step of electrophilic addition occurs equally easily on either face. 

Thus, both stereoisomers are present in a product mixture when stereo¬ 

centers are formed. 

5. The carbocation intermediates formed in electrophilic addition re¬ 

actions undergo skeletal rearrangements when a driving force exists for do¬ 

ing so. For example, when secondary carbocations are formed in elec¬ 

trophilic addition reactions, they often rearrange to more stable tertiary 

cations. 

6. Reversal of the normal (Markovnikov) orientation is accomplished 

by changing reagents, and thus the mechanism of addition, (a) Hy- 

drobromination of alkenes occurs in polar solvents according to Mar¬ 

kovnikov’s rule; in ether in the presence of a free-radical initiator, the op¬ 

posite regiochemistry is obtained, (b) Anti-Markovnikov orientation is 

achieved by hydroboration-oxidation proceeding through a syn addition of 
borane in the first stage. 

7. Addition to 1,3-dienes (conjugated dienes) occurs with a regio¬ 

chemistry consistent with the formation of the most stable cationic inter¬ 

mediate (an allylic cation). This intermediate cation adds nucleophiles so 
as to form both 1,2- and 1,4- (conjugated) adducts. 

8. Stereochemical control is afforded in some electrophilic additions 

to alkenes because of the intermediacy of bridged cationic intermediates: 

(a) The cyclic bromonium ion formed as an intermediate in the halogen- 

ation of an alkene is responsible for the overall trans addition, (b) 

Stereochemistry is also controlled in singlet carbene additions forming cy¬ 

clopropanes and in peracid oxidations forming epoxides. Both are concerted 

reactions that proceed without the formation of intermediates. 

9. The first step of ozonolysis is concerted, forming a molozonide. 

However, rapid rearrangement followed by reduction ultimately produces 

two carbonyl compounds, with the cleavage of both the a and tt bonds of 
the original alkene. 

10. The addition of bromine to an alkene and oxidative cleavage of an 

alkene with permanganate are used as characteristic color tests for the pres¬ 
ence of carbon-carbon double or triple bonds. 



11. Reaction of alkenes with peracids provides a practical method for 

preparing epoxides. Epoxides react with powerful nucleophiles by ring 
opening via an SN2 mechanism. 

12. The Diels-Alder reaction forms six-member rings with the simul¬ 

taneous formation of two C—C a bonds. 

13. Catalytic hydrogenation adds two hydrogen atoms to sites of un¬ 

saturation with a syn orientation. Alkenes, alkynes, aromatic rings, carbonyl 

groups, and imines can be reduced by this method. 

14. Dissolving-metal reductions with a proton source in inert solvent 

add hydrogen to carbonyl compounds and alkynes. Addition of H2 to 

alkynes gives trans stereochemistry. 

Review of Reactions 

Alkenes 
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Alkynes 

R—C=C—R 

R 
2 Na CH,OH 
-» -> 
Ether 

H 
f 

R 

Hg(OAc)2 9 
R—C=C—H - 1 

H2SO4, H2O 
R CH3 

R—C=N 
h30®  

O 

-> R—C 
h2o \ 

NH, 

Review Problems 

10.1 What product(s) would you expect when 1-methylcyclohexene is treated 
with each of the following reagents? 

(a) HBrinMeOH 

(b) HI in H20 

(c) HBr in ether 

(d) (1) B2H6; (2) H202, NaOH 

(e) (1) Hg(OAc)2; (2) NaBH4 

(f) Br2 in CH2C12 

(g) :CH2 (singlet) 

(h) m-chloroperbenzoic acid 

(i) (1) 03; (2) Zn, HOAc 

(j) Cl2 in CH2C12 

(k) hot KMn04 

(l) dilute aqueous H2S04 



537 10.2 What product(s), if any, do you expect from the reaction of 2-butyne with 
each of the following reagents? 

(a) Pt, excess H2 

(b) one equivalent of HBr 

(c) two equivalents of HBr 

(d) one equivalent of Br2 in CH2C12 

(e) two equivalents of Br2 in CH2C12 

(f) aqueous HgS04 

(g) (1) 03; (2) Zn, HO Ac 

(h) hot KMn04 

(b) 2-bromobutane 

(c) 1-butanol 

(d) 2-butanol 

(e) butane 

(k) 2-heptanone 

(l) hexanoic acid 

(m) 1-hexanol 

10.3 What major product(s), if any, do you expect from the reaction of 1,3- 
butadiene with each of the following reagents? 

(a) excess H2, Pt (c) dilute aqueous H2S04 

(b) one equivalent of Br2 (d) HC1 

10.4 What reagent (or series of reagents) can transform 1-butene into each of 
the following compounds? 

(a) 1-bromobutane (f) 1-butyne 

(g) 2-butyne 

(h) s-butyllithium 

(i) propanoic acid 

(j) 2-aminobutane 

10.5 Suggest a sequence of reagents that can convert 1 -pentanol into each of the 
following products: 

(a) 1-chloropentane (d) 2-pentene (g) pentanal 

(b) 1-pentene (e) 2-pentanone (h) 2-bromopentane 

(c) 2-pentanol (f) pentanoic acid 

10.6 Determine the correct starting material required to prepare each of the fol¬ 
lowing products by using the indicated reagents: 

(a) Br2 in CH2C12 to prepare meso-2,3-dibromobutane 

(b) D2/Pt to prepare (d,l)-2,3-dideuterobutane 

(c) Cl2 in CH2C12 to prepare (d,/)-2,3-dichlorobutane 

(d) HBr in CH2C12 to prepare racemic 2-bromobutane 

(e) methylene (:CH2) to prepare (d,l)-frans-dimethylcyclopropane 

(f) m-chloroperbenzoic acid to prepare this meso-epoxide: 

Review Problems 

10.7 Arrange each of the following series of alkenes in order of reactivity toward 
acid-catalyzed hydration, and explain your reasoning. 

(a) 1-hexene, 2-methyl-1-pentene, 2-hexene 

(b) 2-methylpropene, ris-2-butene, frans-2-butene 

(c) 1-phenyl-1-butene, 1 -phenyl-2-butene, 2-phenyl-1 -butene 

10.8 The conditions commonly used for acid-catalyzed hydration of alkenes can 
sometimes lead to competing positional isomerization. Propose a mechanism by 
which 1-pentene can be converted to trans-2-pentene by treatment with acid, 
justifying at each step any relevant stereochemistry or regiochemistry. 



10.9 When HBr is added to a simple alkene in the presence of an ether solvent 
containing peroxides, the regiochemistry obtained is the reverse of that observed 
in a polar solvent. From your knowledge of the radical addition mechanism, 
what product would you expect from treatment of 1,3-butadiene with HBr in 
peroxide-containing ether? 

10.10 Chlorine adds to frans-2-butene in methylene chloride to give meso-2,3- 
dichlorobutane. However, if the reaction is conducted in water, a chlorohydrin (a 
compound bearing OH and Cl on adjacent carbons) is obtained. Using curved 
arrows to indicate electron flow, suggest a mechanism for this reaction that also 
predicts its stereochemical course. 

10.11 Explain why 2-butyne is less reactive than frans-2-butene toward most 
electrophiles such as bromine, and why it is nonetheless possible to stop after a 
single equivalent of bromine has been added to the alkyne. 

10.12 Draw three-dimensional structures for all products of addition of singlet 
diphenylcarbene to trans-2-butene. Are there centers of asymmetry in the prod¬ 
uct^)? Compare the product(s) with that obtained from treatment of trans-2- 
butene with m-chloroperbenzoic acid. 

10.13 Write a detailed mechanism for each of the following reactions. Explain 
any relevant regio- or stereochemistry. 
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(g) 

(h) H3C H 
H,0® 
—-> 
H,0 h3c ch3 

o 



539 10.14 Choose a chemical and a spectroscopic method that can be used to distin¬ 
guish between each pair of compounds. Describe what you would see for each 
compound with each technique. 

(a) cyclohexane and cyclohexene 

(b) 1-hexene and 1-hexyne 

(c) 2-hexene and 1 -hexanol 

(d) 2-hexene and 2-bromohexane 

(e) 2-hexene-l-ol and 1-hexanol 

(f) 2-hexanol and 2-bromohexane 

(g) hexanal and hexane 

10.15 Osmium tetroxide can add to an alkene, giving an intermediate osmate es¬ 
ter that is hydrolyzed stereospecifically to a 1,2-diol. For example, when cyclo¬ 
hexene is treated with OSO4, meso- 1,2-cyclohexanediol is ultimately formed. 
Assuming that the hydrolysis occurs with retention of configuration, determine 
whether the stereochemistry for the formation of the osmate ester is syn or anti. 
Write a mechanism for this formation that is consistent with your answer. 

10.16 Limonene, C10H16, is a naturally occurring hydrocarbon that gives lemons 
their odor (a “citrusy” smell). When treated with excess hydrogen in the presence 
of a platinum catalyst, limonene takes up two equivalents of hydrogen. When 
treated with ozone, followed by zinc in acetic acid, it forms one equivalent of 
formaldehyde and one equivalent of a tricarbonyl compound: 

Propose one or more structures for limonene that are consistent with these data. 
If you cannot distinguish between two or more structures on the basis of the 
data given, propose a chemical or a spectroscopic method, or both, by which the 
structures could be distinguished. How many unique peaks would appear in the 
13C NMR spectrum of each structure you proposed? 

10.17 Hydroboration-oxidation of an alkyne proceeds through the same syn ad¬ 
dition mechanism as for an alkene. The C—B bond of the resulting vinyl borane 
is also replaced, with retention of configuration in the oxidation step. From what 
you know about the mechanism of hydroboration-oxidation of alkenes, what 
products will be formed by hydroboration-oxidation of each of the following 
alkynes? (Hint: Recall that enols tautomerize easily to carbonyl compounds.) 

(a) 1-hexyne (b) 3-hexyne (c) phenylacetylene 

Review Problems 

Supplementary Problems 

10.18 Draw an energy diagram for the following transformation. Be sure to in¬ 
clude any intermediates and to place multiple transition states at the appropriate 

relative energies. 
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10.19 Provide reagents that could be used to effect the transformation of meth 

ylenecyclohexane to each of the following compounds. 

Methylenecydohexane 

{Note: Some transformations may require two separate reaction steps.) 

10.20 Bromine in solution is in rapid equilibrium with Br3® and Br°: 

2 Br2 ^=± Br3® + Bre 

Br3® is considerably more reactive in providing Br® to an alkene than is Br2. 

How might this affect the rate of bromination of an alkene as the concentration 

is lowered? 

10.21 Treatment of a vicinal dibromide with strong base generally results in the 

formation of an alkyne. 

Nevertheless, yields of the alkyne are only moderate because of the formation of 
other products. 

(a) What other compounds might be formed by the double dehydrohalogena- 
tion of a vicinal dibromide? 

(b) Can you think of a vicinal dibromide for which formation of an alkyne 
might be highly unfavorable? 

10.22 From what alkene might the following carbonyl compounds be prepared 

by reaction with ozone followed by reduction with zinc in acetic acid? 

O 
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Electrophilic Aromatic 
Substitution 

Protonation of benzene produces an arenium 

ion, typical of all of the intermediates in elec¬ 

trophilic aromatic substitution: 

H® 

H H H H 

Benzene An arenium ion 

(pentadienyl cation) 

Shown here are three of the five it molecular 

orbitals of the arenium ion of benzene. Each of 

the bonding orbitals (green and blue) is occu¬ 

pied by two electrons. The antibonding orbital 

(red and yellow) is empty but can accept elec¬ 

tron density from substituents on the ring at 

positions where this orbital has density. 



The 77 cloud of an aromatic ring, like that of a carbon-carbon double 

bond, makes it a potential chemical target for electrophiles. However, 

with aromatic molecules, electrophilic attack leads to substitution products, 

whereas electrophilic attack on alkenes generally leads to addition products. 

This difference in reactivity follows from the energetic importance of aro¬ 

maticity in planar, cyclic, conjugated compounds that contain An + 2 elec¬ 

trons. In this chapter, we examine electrophilic substitution on aromatic 

rings. The groups introduced as ring substituents in these substitution re¬ 

actions can be chemically modified to other substituents that cannot be in¬ 

troduced directly by electrophilic substitution. Some of these transforma¬ 

tions were presented in earlier chapters and some are new. This chapter will 

cover the production of the active electrophiles needed for aromatic sub¬ 

stitution, the identity of the products formed when these electrophiles at¬ 

tack aromatic rings, and the mechanisms of these substitution reactions. 

The examination of the mechanisms of substitution reactions will explain 

why substituents alter the reaction rate and why they direct additional sub¬ 

stitution to specific sites on the aromatic ring. 

A study of the chemistry of aromatic compounds leads to deeper under¬ 

standing of the effects of electronic and steric factors on reactivity, which 

will be of benefit in the further study of chemistry and biochemistry. 

Mechanism of Electrophilic 
Aromatic Substitution 

EM TV® II 

#08 Electrophilic Aromatic 

Substitution 

In an electrophilic aromatic substitution, an electrophile reacts with an 

aromatic ring to give overall replacement of a hydrogen atom with another 

substituent. In nitration, for example, the nitronium ion (®N02) replaces 
a proton, producing nitrobenzene: 

Benzene Nitrobenzene 

Electrophilic substitution occurs in two steps: first, the addition of the elec¬ 

trophile; second, the loss of a proton. The first step is generally rate-deter¬ 

mining. Therefore, significant insight into the overall reaction process can 

be gained by considering the structure of the intermediate cation formed 

upon addition of an electrophile to benzene. Because this step is quite en¬ 

dothermic, the transition state will closely resemble this intermediate. 

Step 1: Addition of the Electrophile and 
Formation of a Pentadienyl Cation as Intermediate 

Although the 77 electrons in an aromatic compound such as benzene 

are delocalized, they are still available for reaction with an electrophile, just 



like the tt electrons of an alkene (Chapter 10). Addition of an electrophile 

to benzene results in a cation in which electrons are also delocalized, called 

a pentadienyl cation, or an arenium ion. We can draw three significant res¬ 
onance structures for this cation: 
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11.1 Mechanism of 

Electrophilic Aromatic 

Substitution 

5+ H 

A pentadienyl 

cation 

This cation bears significant positive charge on three of the ring carbon 

atoms, as can be seen in the three significant resonance structures that con¬ 

tribute to the hybrid. Two of the three charged carbon atoms are adjacent 

to the site of electrophilic attack, and one is on the other side of the ring. 

Although this cation is significantly stabilized by delocalization, the loss 

of aromaticity from the addition of an electrophile to an aromatic ring rep¬ 

resents a substantial energy cost, making the first step in an electrophilic 

aromatic substitution highly endothermic. 

Step 2: Loss of a Proton 

In the second step of electrophilic aromatic substitution, a proton is 

lost, forming the ultimate substitution product. This step is quite exother¬ 

mic as the aromatic tt system is reformed. 

In theory, the arenium ion intermediate could react with a nucleophile, just 

as in electrophilic addition to alkenes. However, if this did happen, the prod¬ 

uct would lack the aromatic stabilization derived from cyclic conjugation. 

The alternative route, whereby a proton is lost, restores the 4n + 2 aromatic 

system and is thus highly favored. In electrophilic addition to carbon-car¬ 

bon double bonds, reaction of the cation intermediate with a nucleophile 

is usually observed. In those cases, addition of the nucleophile results in a 

C—Nuc bond that is generally stronger than the tt bond that would be 

formed by loss of a proton. The stability of the aromatic system accounts 

for the difference observed when electrophiles react with aromatic systems 

versus nonaromatic systems (e.g., alkenes). The former systems undergo 

substitution; the latter, addition. 
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Loss of a proton from the arenium ion does not affect the overall rate 

of electrophilic aromatic substitution because the first step is rate-deter¬ 

mining. Furthermore, only one proton can be lost to form a stable prod¬ 

uct, and therefore only one product can be formed from the arenium ion. 

In considering various factors that affect the rate and outcome of elec¬ 

trophilic aromatic substitution, we can safely focus on the first step—for¬ 

mation of the arenium ion intermediate. 

11.2 
— 

Introduction of Groups by Electrophilic 
Aromatic Substitution: Activated Electrophiles 

Complex of CI2 and A1C13 

Cation formation by reaction of an electrophile with an aromatic ring 

is accompanied by the loss of aromatic stabilization. Therefore, the elec¬ 

trophiles that can effect aromatic substitution of benzene must be more re¬ 

active than those that accomplish electrophilic addition to alkenes. Some 

common reagents used for electrophilic aromatic substitution are shown in 

Figure 11.1. 

Reagents such as molecular chlorine, Cl2, are not sufficiently elec¬ 

trophilic to bring about a practical rate of electrophilic aromatic substitu¬ 

tion with benzene. However, prior interaction of Cl2 with a strong Lewis 

acid such as A1C13 or FeCl3 produces a complex that has greatly enhanced 
reactivity: 

Cl—Cl + A1C13 -> Cl—Cl—AICI3 

2© 

' © © © © 

Cl—Cl—A1CU Br—Br—FeBr, ©■ 
NO, 

Cl2 + AICI3 Br2 + FeBr3 HN03 + H2S04 H2SO 

FIGURE 11.1 

so3 
_ © 0 
®R R—Cl—AICI3 

© 
R—C=0 

> V 

\ / 
> 

h2so4 R—Cl + AICI3 O Jf 
R^Xl 

+ Aid, 

Some of the common reagents used for electrophilic aromatic substitution. In 

some cases, the reactivity of an electrophile is increased by interaction with 

either a Lewis acid such as A1C13 or a strong mineral acid such as H2S04. 



545 It is often difficult to achieve a sufficiently reactive electrophile for elec¬ 
trophilic aromatic substitution; thus, most electrophiles are produced in the 
reaction medium from a neutral species and a Lewis or Bronsted acid. 

M Halogenation 

The mechanism for electrophilic aromatic halogenation is shown in 
Figure 11.2 for the production of chlorobenzene from benzene. The reac¬ 
tion of Cl2 with the Lewis acid AICI3 (acting as an electron acceptor) re¬ 
sults in a complex that is significantly more reactive than molecular chlo¬ 
rine alone. The terminal chlorine in this complex is a very reactive 
electrophile because the Cl—Cl bond is strongly polarized toward the bridg¬ 
ing, positively charged chlorine. In part, the formation of the Cl—A1 bond 
in the complex weakens the Cl—Cl bond that must be broken. To some ex¬ 
tent, the charge separation in the ion pair consisting of the arenium ion and 
the counterion is already partially developed in the complex. Loss of the 
proton from the carbon that has bonded to the electrophile returns a pair 
of electrons to the it system, restoring aromaticity. 

11.2 Introduction of Groups 

by Electrophilic Aromatic 

Substitution: Activated 

Electrophiles 

AlCb 

Benzene Arenium Chlorobenzene 

ion 

FIGURE 11.2 

Complexation of Cl2 with A1C13 (a strong Lewis acid) results in polarization 

of the Cl—Cl bond. Electrons are then donated from the aromatic 7r system 

to form a C—Cl cr bond with the terminal chlorine as the Cl—Cl bond is 

broken. Upon deprotonation of the intermediate cation, two electrons from 

the C—H cr bond are released to restore ring aromaticity in the substitution 

product, chlorobenzene. 

Bromination of benzene follows a pathway similar to that for chlori¬ 
nation, using a combination of Br2 and FeBr3. The corresponding reactions 
of F2 and I2 fail, however. We will see later in this chapter how fluorine and 
iodine can be introduced as substituents on an aromatic ring. 

EXERCISE 11.1 

Write a detailed mechanism for the formation of bromobenzene by treatment of 

benzene with Br2 and FeBr3: 



CHEMICAL PERSPECTIVES ---- 

TOXICITY OF CHLORINATED AROMATICS 

Dioxins are a group of chlorinated aromatic hydro¬ 
carbons that are formed in trace amounts during 
production of many chlorinated compounds. For 
example, 2,4,5-trichlorophenoxyacetic acid (2,4,5-T, 
also known as Agent Orange) is an effective her¬ 
bicide that kills many different kinds of plants. 
It was widely used as a defoliant during the Viet¬ 
nam War. In the manufacture of 2,4,5-T from 
2,4,5-trichlorophenol and chloroacetic acid, small 
amounts of the dioxin 2,3,7,8-TCDD also are gen¬ 
erated. This compound is extremely toxic in very 
small doses and has been shown to cause mutations 
in laboratory animals. Some of the health problems 
that later developed in soldiers exposed to Agent 
Orange in Vietnam are related to contact with this 
dioxin. 

OH OH 

Hexachlorophene 

Hexachlorophene, an effective topical antibacte¬ 
rial agent, has a structure similar to that of 2,3,7,8- 
TCDD. It has been shown to cause neurotoxic symp¬ 
toms in laboratory animals when given in very large 
doses. Because of the possible risks associated with 
long-term exposure, hexachlorophene has been 
banned for most uses. 

o 
cl 

OH 

NaOH 

Cl 

Cl 

Cl 

+ 

Cl 

2,4,5-Trichlorophenol 2,4,5-Trichlorophenoxyacetic acid 

(2,4,5-T, Agent Orange) 

2,3,7,8-TCDD 

(a dioxin) 

Nitration 

Nitration of benzene using nitric acid involves the nitronium ion, 

®N02, as the active electrophile. This ion is generated from nitric acid by 

treatment with sulfuric acid; protonation is followed by loss of water: 

:0: 

H 

h2so4 
—:-» 

:0: 
II 

H. aNf 
•O© 

H 

\-© 

Nitric acid 

-H20 
-> 

:0: 

Nitronium ion 

The highly reactive nitronium ion can attack an aromatic hydrocarbon to 

form a a bond to carbon in the rate-determining step of the electrophilic 

aromatic substitution. Deprotonation of the resonance-stabilized cation re¬ 
stores aromaticity to the ring, yielding nitrobenzene: 

546 
Nitrobenzene 



547 EXERCISE 11.2 

Draw a Lewis dot structure for ®NC>2. Compare it with the Lewis dot structure for 
CO2. From what you know about hybridization, do you expect the nitronium ion 
to be linear or bent? 

11.2 Introduction of Groups 
by Electrophilic Aromatic 

Substitution: Activated 
Electrophiles 

Sulfonation 

Electrophilic aromatic sulfonation can be induced by the use of either 

concentrated sulfuric acid or sulfuric acid in which SO3 (as much as 30%) 

has been dissolved, a mixture called fuming sulfuric acid (the word fuming 
is used because of the tendency of SO3 to escape into the air where it mixes 

with water vapor, forming microdroplets of sulfuric acid). Actually, many 

different species present in sulfuric acid act as electrophiles. These include 

S03 and protonated S03. The reaction of S03 with benzene results in an 

intermediate zwitterion: 

O 

O 6,0 

Benzenesulfonic acid 

Loss of a proton from carbon regenerates the aromatic system, and proto¬ 

nation of the sulfonate group forms the product, benzenesulfonic acid. 

Friedel-Crafts Alkylation 

Reaction of an alkyl halide with an aromatic compound in the presence 

of a Lewis acid results in replacement of a hydrogen by an alkyl substituent. 

This net carbon-carbon bond-forming reaction is referred to as a 

Friedel-Crafts alkylation, in acknowledgment of the contributions of two 

chemists, Charles Friedel, a Frenchman, and James Crafts, an American, 

who discovered this reaction in 1877. The mechanism is quite similar to 

that shown in Figure 11.2 for the chlorination of benzene. 
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Complexation of AICI3 with the chlorine atom of an alkyl chloride weak¬ 

ens the carbon-chlorine bond and induces charge separation, just as in 

molecular chlorine. Reaction of the complex of R Cl and AICI3 with ben¬ 

zene produces an arenium ion that, upon loss of a proton, forms an alkyl- 

benzene, R—Ph. 

Complications in Friedel-Crafts Alkylation: Carbocation Formation 
and Rearrangement. Primary alkyl halides react in the form of Lewis acid 

complexes, but tertiary and some secondary alkyl halides form a carbocat¬ 

ion (and eAlCl4) by cleavage of the C—Cl bond of the complex between 

the alkyl halide and A1C13. Then the free carbocation reacts with benzene. 

Cl — AICI3 (erf-Butylbenzene 

We can understand this difference between primary and tertiary alkyl 

halides on the basis of cation stability. (Recall that 3° cations are much more 

stable than 2° ones, and that 1° cations are rarely, if ever, formed.) The rate 

of formation of the carbocation for a tertiary halide is faster than reaction 

of the complex of the alkyl halide and A1C13 with benzene. Note also that 

the formation of the cation from the complex is a unimolecular reaction, 

whereas transfer of the alkyl group from the complex to benzene is bimo- 

lecular. Because unimolecular reactions are not affected by concentration 

as bimolecular reactions are, whether the attacking species is an alkyl 

halide-Lewis acid complex or a carbocation will depend to some extent on 

reaction conditions. 

An important limitation of Friedel-Crafts alkylations is the occurrence 

of cationic rearrangements with primary and secondary alkyl halides. 

Indeed, virtually all primary alkyl halides undergo rearrangement upon 

treatment with A1C13, presumably as a result of the formation, in the com¬ 

plex, of appreciable positive charge on the primary carbon. The driving 

force behind these rearrangements is the greater stability of secondary and 

tertiary carbocations compared with primary ones. 

HP/ U* 
H' 

© © 

Cl— A1CL 
© 

H—(© + Cl—A1CL 

H P/U 

© © 

Cl —A1CL 
© 

-> -(© + Cl —A1CL 

Because of the facility with which such rearrangements occur, it is not pos¬ 

sible to introduce a straight-chain alkyl group via Friedel-Crafts alkylation. 

For example, reaction of benzene with 1-chlorohexane and A1C13 produces 
2-phenylhexane: 



H H 

1 -Chlorohexane 

© 

CLA1 

2-Phenylhexane 

Starting Materials for the Alkyl Side Chain. It is possible to use 

bromo- and iodoalkanes in a Friedel—Crafts alkylation. However, there is 

no particular advantage to doing so, and these halogens and their derived 

alkyl halides are more expensive than molecular chlorine and alkyl chlo¬ 

rides. On the other hand, alkylation of benzene can be accomplished with 

a number of species that can give rise to sp2-hybridized carbocations—such 

as alkenes or alcohols in the presence of Lewis and Bronsted acids. For ex¬ 

ample, cyclohexene reacts with benzene in the presence of A1C13 to produce 
cyclohexylbenzene: 

Reaction of terminal alkenes with benzene in the presence of acid gives the 

same products as are obtained from primary alkyl halides. Alkenes are sub¬ 

stantially cheaper than alkyl chlorides, and their use in Friedel-Crafts alky¬ 

lations is of significant industrial importance. 

EXERCISE 11.3 

Write a complete and detailed mechanism for the following reaction: 

From the point of view of the alkyl halide, Friedel-Crafts alkylation is 

a nucleophilic substitution reaction—SnI for tertiary and secondary alkyl 

halides, and Sn2 for secondary and primary alkyl halides. Recall that nu¬ 

cleophilic substitution does not occur with aryl halides and vinyl halides, 

in which the carbon bearing the halogen leaving group is sp2-hybridized. 

Thus, the group that becomes attached to the ring in a Friedel-Crafts alky¬ 

lation must be derived from an sp3-hybridized alkyl halide. 549 



CHEMICAL PERSPECTIVES 
-———-- 

RESEARCHERS DISCOVER THAT SQUIRRELS ARE NOT FOND OF MEXICAN FOOD 

Hot peppers are the mainstay of Mexican and 
Southwestern American cooking. Capsaicin is the 
primary constituent of peppers such as the jalapeno 
(top photo) and the habanero (bottom photo). 
(Peppers are rated for “hotness” on the Scoville scale. 
The most intense pepper known is the habanero, 
rated at 100,000-300,000 Scoville heat units. The 
jalapeno’s heat rating is only 2,500-5,000.) 

Capsaicin has several uses, including use in per¬ 
sonal defense sprays and as a component (0.025%) in 
a topical analgesic cream to relieve arthritis pain. When 
first applied to skin, capsaicin causes local heating and 
irritation. However, after repeated use, the area be¬ 
comes desensitized to pain without loss of the sense of 
touch. 

Researchers have uncovered another possible ap¬ 
plication for this naturally occurring compound. It 
appears that squirrels avoid bird seed treated with 
capsaicin (although so far they have not told inves¬ 
tigators why). There are difficulties to be overcome 
before truly squirrel-proof bird seed is available. It 
takes 11 grams of capsaicin—the extract from 30 
habanero peppers—per pound of bird seed to com¬ 
pletely turn off squirrels. 

EXERCISE 11.4 

What product will be formed in each of the following Friedel-Crafts alkylations? 
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Friedel-Crafts Acylation 

Friedel-Crafts acylation (named for the same chemists who invented 
Friedel-Crafts alkylation) produces a phenyl ketone from reaction of ben¬ 
zene with a carboxylic acid chloride in the presence of A1C13: 
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The reaction proceeds by a pathway very similar to that for alkylation, 
with complexation between a Lewis acid and the chlorine atom of the acid 
chloride: 

O O 

/k AlClj © © 
^ Cl -* ^ J Cl— A1C13 

Acylium ion 

:Q: 

© 

:Q ,© 
u 

-X- © 
H (1) 

An acylium ion is then formed by cleavage of the C—Cl bond (in analogy 
with the formation of a carbocation intermediate in Friedel-Crafts alkyla¬ 
tion). This ion bears formal positive charge on carbon and is stabilized by 
a resonance contributor that uses one of the lone pairs of oxygen to “back- 
bond” forming a triple bond between carbon and oxygen. The acylium ion 
is a highly reactive electrophile. 

Unlike simple carbocations, acylium ions do not undergo rearrange¬ 
ment. The resonance-stabilized acylium ion is considerably more stable than 
the cation (shown at the right in equation 1) that would result from the 
1,2-shift of a hydrogen atom. As a result, an aryl ketone is always produced 
from Friedel-Crafts acylation. Overall, the mechanism is 

O O 

Comparison of Friedel-Crafts Alkylation and Acylation. There is 
one practical difference between Friedel-Crafts alkylation and acylation. 
The aryl ketone that is the product of acylation is sufficiently basic that it 
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forms a complex with the Lewis acid used to form the acylium ion, effec¬ 
tively removing the Lewis acid from further reaction: 

© 

Thus, at least one equivalent of Lewis acid must be used in order to effect 
complete conversion. Furthermore, this complex bears positive charge ad¬ 
jacent to the benzene ring, and the ring is deactivated toward further reac¬ 
tion; a second acylation reaction does not occur. This is not the case with 
alkylation, where the presence of an alkyl group in the product actually in¬ 
creases the rate of further alkylation reactions. (We will discuss the effect 
of substituents on the rate of electrophilic aromatic substitution in a later 

section.) 

Synthetic Utility of Friedel-Crafts Acylation. Friedel-Crafts acyla¬ 
tion is important because it results in the attachment of a straight-chain 
(unbranched) carbon fragment to an aromatic ring. (This is not always pos¬ 
sible with Friedel-Crafts alkylation because of fast skeletal rearrangements.) 
The Friedel-Crafts acylation attaches an unbranched acyl group to the ring, 
producing an aryl ketone. It is relatively easy to reduce aryl ketones under 
either acidic or basic conditions to the corresponding hydrocarbon (that is, 
to convert a C=0 bond into a CF12 group). Therefore, it is possible to con¬ 
vert the straight-chain ketone substituent attached via a Friedel-Crafts acy¬ 
lation to the corresponding unbranched hydrocarbon chain. This reduction 
can be accomplished in several ways, as shown in Figure 11.3. Under acidic 
conditions, reduction can be carried out by treatment with zinc in HC1, a 
reaction called the Clemmensen reduction. Reduction can be carried out 
under neutral conditions with H2 and Pd as a catalyst at high temperature, 
although this reaction is accelerated by acid. Under basic conditions, re¬ 
duction can be carried out by treatment with hydrazine, NH2NH2, and KOH 
at elevated temperature, a reaction known as the Wolff-Kishner reduction. 

Zn(Hg), HC1 

Wolff-Kishner reduction 

FIGURE 11.3 

The carbonyl group of a ketone can be converted into a methylene group by 
reduction under acidic (Clemmensen reduction), neutral (catalytic hydro¬ 
genation), or basic (Wolff-Kishner reduction) conditions. 



Friedel-Crafts Alkylation Friedel-Crafts Acylation 

O 

i-Propylbenzene w-Propylbenzene 

FIGURE 11.4 

Straight-chain alkyl groups cannot be attached directly to a benzene ring by 
Friedel-Crafts alkylation because rearrangements occur. However, straight 
chains can be attached indirectly to a benzene ring by Friedel-Crafts acyla¬ 
tion followed by reduction. 

The sequence of Friedel-Crafts acylation followed by reduction makes 
it possible to attach long-chain hydrocarbons to a ring without the re¬ 
arrangements that accompany Friedel-Crafts alkylation. For example, 
Friedel-Crafts alkylation with 1-propyl chloride produces isopropylben¬ 
zene, whereas Friedel-Crafts acylation by propanoyl chloride, followed by 
reduction, produces n-propylbenzene (Figure 11.4). 

11.3 

Reactions of Substituents and 
Side Chains of Aromatic Rings 

Just as the acyl group introduced by Friedel-Crafts acylation can be con¬ 
verted to an alkyl group, other substituents introduced by electrophilic aro¬ 
matic substitution can be converted to different functional groups. 

Reduction of Nitro Groups to 
Primary Amines 

A nitro (—N02) group can be reduced to the corresponding amino 
(—NH2) group by treatment with a reducing metal such as tin or zinc in 
the presence of acid. Sodium bicarbonate is used to neutralize the acid from 
the first step. This two-step sequence is an important route to aniline. 

Nitrobenzene Aniline 

For the introduction of a primary amino group, this sequence (nitra¬ 
tion followed by reduction) is superior to the alternative route in which 
bromobenzene is treated with sodium amide to produce a benzyne inter¬ 
mediate. The benzyne intermediate subsequently reacts with ammonia, as 

described in Chapter 9. 
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ll Electrophilic The treatment of a primary aniline with nitrous acid, HNO2, produces 
Aromatic Substitution a diazonium salt, in a reaction called diazotization. Diazonium salts are 

important synthetic intermediates that can undergo coupling reactions to 

form azo dyes and substitution reactions to effect functional group con¬ 

versions on aromatic rings. 

Diazo Coupling. Anilines are important because they constitute the 

starting material for the production of azo dyes. The diazonium salts ob¬ 

tained from anilines by diazotization are cations, which, as active elec¬ 

trophiles, can attack other, electron-rich aromatic rings. For example, ben- 

zenediazonium chloride reacts with N,N-dimethylaniline in the para 
position to produce p-(dimethylamino)azobenzene, a bright yellow solid 

that was, at one time, used as a colorant in margarine (Figure 11.5). 

Aniline 
p-(Dimethylamino) azo benzene 

► 

FIGURE 11.5 

Electrophilic attack by the terminal nitrogen atom of a diazonium salt forms 
a C—N a bond to an electron-rich aromatic ring. Deprotonation of the res¬ 
onance-stabilized cation produces the highly colored azo compound. 

Benzenediazonium 

chloride 
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CHEMICAL PERSPECTIVES 

A WARNING FOR THOSE WHO ENJOY COCKTAILS 
WITH FUNNY UMBRELLA HATS 

Red No. 2, an azo compound, is a commercial dye now used only for dye¬ 
ing wool and silk. Before its use was restricted in 1976 by the U.S. Food and 
Drug Administration, this dye was used for coloring food, especially 
maraschino cherries. However, Red No. 2 was shown to be a mutagen in one 
especially sensitive test. The battle raged for years between those who argued 
that there was no rationale for using, even at very low levels, any food color 
that might be dangerous and those who contended that no one consumed 
enough cherries to be at significant risk. Finally, a compromise banned Red 
No. 2 but permitted existing stocks of colored cherries to be sold. 

S03Na 

Red No. 2 

11.3 Reactions of Substituents 
and Side Chains of 

Aromatic Rings 

Azo compounds are highly colored because the —N=N— linkage be¬ 
tween aromatic rings extends the conjugation in the rr systems, resulting in 
strong absorption in the visible region. With various substituents on the 
two aromatic rings, azo compounds of nearly every color have been pre¬ 
pared. Azo dyes were among the first synthetic colorfast agents to be used 
for dyeing wool and cotton. 

Diazo Substitution: Functional Group Conversion (Sandmeyer 
Reaction). The aryl diazonium functional group can be converted into a 
number of other functional groups, some of which are difficult to intro¬ 
duce onto an aromatic ring in other ways. 

Nitriles. Reaction of benzenediazonium chloride with Cu2(C=N)2 
and KC=N at 50 °C yields benzonitrile: 

This reaction, discovered by Traugott Sandmeyer in 1884, is known as the 
Sandmeyer reaction. Its mechanism (and those of other reactions that re¬ 
place the diazonium group) is not known, although there is sufficient evi¬ 
dence to rule out loss of nitrogen to form a phenyl cation as an intermedi¬ 
ate. Radical intermediates are probably involved in most of these reactions. 
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Halides. In reactions similar to those of diazonium salts with cyanide 
ion (Sandmeyer reactions), aryl halides can be produced by the treatment 
of aryl diazonium salts with CU2CI2, Cu2Br2, or KI to yield aryl chlorides, 

bromides, or iodides: 

.Cl 

The formation of aryl iodides via this reaction is especially important be¬ 
cause in the reaction of I2 and Fel3 with benzene, the equilibrium favors 
the starting materials and the aryl iodide is not obtained. Aryl fluorides can 
be prepared by heating aryl diazonium tetrafluoroborates, which are pre¬ 
pared by reaction of an aryl amine with NaN02 and fluoroboric acid, HBF4: 

Phenols. Reaction of diazonium salts with water at 100 °C represents 
a valuable method for preparing phenols. The reaction is carried out in the 
presence of acid to suppress the reaction of the product phenol with the 
starting diazonium salt. This route to phenol is superior to the alternative 
discussed in Chapter 9, the treatment of bromobenzene with NaOH. 

EXERCISE 11.5 

Show all of the steps, including intermediates and reagents, required to convert 
benzene into the following diazo compound: 
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hydrogen atom upon treatment with hypophosphorous acid, H3P02: 

Reactions of Substituents 
and Side Chains of 

Aromatic Rings 

This might at first seem of little value—why introduce a nitro group, re¬ 
duce it to an amine, convert it to a diazonium salt, and then remove the ni¬ 
trogen to arrive where you started? However, in Exercise 11.15, we will see 
how this replacement of a nitrogen substituent by hydrogen can be of value 
in synthesis. 

Oxidation of Carbon Side Chains 

The oxidation of side chains on aromatic rings is another means of im¬ 
parting functionality. The vigorous oxidation of alkyl-substituted aromatic 
rings with hot aqueous KMn04 results in oxidative cleavage of the side 
chain, forming a carboxylic acid group, irrespective of the length or branch¬ 
ing of the side chain. For example, both alkyl groups in p-diethylbenzene 
are cleaved by hot KMn04 to form the diacid terephthalic acid: 

O 

O 

p-Diethylbenzene Terephthalic acid 

Various benzoic acids can be prepared by Friedel-Crafts alkylation or acy¬ 
lation followed by oxidative degradation of the attached chains. 

Reactions of Aryl Side Chains 

The presence of an aryl group can modify the reactivity of side-chain 
functional groups. For example, alkylbenzenes produced by electrophilic 
aromatic substitution exhibit special reactivity at the benzylic position. An 
alkyl chain introduced by electrophilic substitution can undergo free-radi¬ 
cal bromination at the benzylic position, as discussed in Chapter 7: 

Br 



CHEMICAL PERSPECTIVES 

ASPIRIN: A SIMPLE AROMATIC PHARMACEUTICAL COMPOUND 

Aspirin, or acetylsalicylic acid, is the world’s most widely used remedy for 
reducing pain and lowering fever. Although aspirin’s first description in the 
medical literature in 1899 was for the treatment of rheumatic fever, its phe¬ 
nolic precursor, salicylic acid, had been described earlier (1876) as being ef¬ 
fective for controlling fever and treating gout and arthritis. Still earlier (1763), 
homeopathic medical practitioners reported that the chewing of willow 
(Salix) bark was effective in treating malaria. Only later was it determined 
that extraction of willow bark yields salicin, a compound that can be hy¬ 
drolyzed and oxidized to salicylic acid: 

O OH 

Acetylsalicylic acid 

(aspirin) 

This reaction is regiospecific for C—H bonds adjacent to the aromatic ring 
because of the enhanced radical stability of benzylic radicals. The bromide 
can be dehydrobrominated by treatment with a strong base, as described in 
Chapter 9. 

EXERCISE 11.6 

Devise a synthesis for each of the following compounds starting from benzene and 
any other reagents needed. 
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Substituent Effects in Aromatic 

Compounds: Reactivity and Orientation 

11.4 Substituent Effects in 
Aromatic Compounds: 

Reactivity and Orientation 

To this point we have considered only benzene as a substrate for electrophilic 
aromatic substitution reactions. However, the resulting monosubstituted 
benzene derivatives (list them in your mind) can undergo further substi¬ 
tution. In this way, disubstituted aromatics can be prepared and can, in turn, 
serve as starting materials for more highly substituted aromatic compounds. 

A ring substituent has two important effects on further electrophilic 
aromatic substitution reactions: (1) it affects reactivity, that is, the rate of 
the reaction compared with that of benzene, and (2) it affects orientation, 
that is, the regiochemistry of the substitution. Both factors are illustrated 
by the following examples: 

#09 Electrophilic Aromatic 
Substitution—Substituent 
Effects 

Faster than nitration of benzene 

para ortho 

Slower than nitration of benzene 

There are two possible effects on the rate (substitution is either faster or 
slower relative to the same reaction with benzene) and two possible effects 
on regiochemistry (the orientation is either ortho and para, or meta). In this 
section, we will discuss why some substituents are ortho, para directors and 
others are meta directors. Furthermore, we will see why some substituents 
accelerate the rate of substitution (activating substituents), and others de¬ 
crease the rate (deactivating substituents). Finally, we will explore why 
there are both activating and deactivating ortho, para directors, whereas all 
meta directors are deactivating toward electrophilic aromatic substitution. 
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Aromatic Substitution 

It is important to keep in mind that relative reactivity is evaluated by 

comparing the rate of reaction of a substituted benzene with that of ben¬ 

zene itself. In contrast, directing effects are determined by comparing the 

intermediates resulting from ortho, meta, and para attack on a monosub- 

stituted benzene derivative. Therefore, there is no necessary relationship be¬ 

tween activation/deactivation and orientation. 

Weakly Activating Substituents: 
Alkyl Groups 

Toluene is 600 times more reactive toward electrophilic aromatic bromi- 

nation than is benzene, because the methyl group of toluene stabilizes the 

transition state (and the arenium cation) more than does the hydrogen atom 

of benzene. 

Orientation. The electrophilic bromination of toluene affords mostly 

para-bromotoluene, not a statistical mixture of the three possible bromine 

substitution products. 

ortho 

Statistical: 40 
Observed: 40 

Br 

para meta 

20 40 
60 <1 

In the absence of other factors, a purely statistical distribution of products 

would give a 2:2:1 mixture of ortho, meta, and para substitution, reflect¬ 

ing the number of hydrogen atoms available for substitution. (Because there 

are two ortho and meta positions but only one para, statistics favors ortho 

and meta by a factor of 2.) However, in the electrophilic bromination of 

toluene, the ratio of ortho and para products to meta products is substan¬ 

tially greater than statistically predicted. 

Electrophilic bromination takes place in the same way as electrophilic 

chlorination, following the mechanism shown in Figure 11.2. Complexation 

of Br2 and a Lewis acid (in this case, FeBr3) gives an activated electrophile 

that can deliver the equivalent of Br® to the aromatic ring. Attack by this 

electrophilic reagent on toluene can occur at the ortho, meta, and/or para 

positions. In each case, a resonance-stabilized cation results, and three res¬ 

onance contributors can be written for each of these cations (Figure 11.6). 

For the cations produced by attack at the ortho and para positions, one 

of the contributing resonance structures bears positive charge at the site 

substituted by the methyl group. Because an alkyl substituent stabilizes a 

cation (recall that tertiary cations are more stable than secondary or pri¬ 

mary ones), these structures are particularly stable. The existence of a res¬ 

onance contributor having unusual stability stabilizes the delocalized 

cations formed from ortho and para attack and facilitates their formation 

in the rate-determining step. Deprotonation, as described earlier for ben¬ 

zene, then gives rise to the substitution products. Note that none of the car- 

bocations resulting from attack at the meta position is particularly stable. 



Particularly 

stable 

Br 

Particularly para 

stable 

FIGURE 11.6 

The resonance-stabilized cations formed by attack at the ortho or para posi¬ 
tions bear positive charge at a site to which the methyl group of toluene is 
attached. When attack is at the meta position, the positive charge in the 
resonance-delocalized cation appears on an unsubstituted carbon atom. 
Because more highly substituted cations are more stable, the cations formed 
by attack at the ortho and para positions are favored over the cations pro¬ 
duced by meta attack. 

The observed preference for the ortho and para products is the result 

of electron release from the substituent methyl group, which stabilizes the 

intermediate carbocations for the ortho and para (but not the meta) prod¬ 

ucts. Thus, the transition states leading to these isomers are lower in en¬ 

ergy. If this electronic effect were the only important one, two-thirds of the 

product would be ortho-substituted and one-third would be para-substi¬ 

tuted. The fact that the fraction of para-substituted product is larger than 

expected means that some additional factor is working against formation 

of the ortho-substituted product. 
The proximity of an alkyl side chain makes the transition state for or¬ 

tho attack more crowded than that leading to para substitution. For exam¬ 

ple, the electrophilic sulfonation of t-butylbenzene produces almost exclu¬ 

sively para product because the bulky alkyl group effectively blocks ortho 
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drance further favors para substitution. 
11 Electrophilic 
Aromatic Substitution 

Activation. Not only does the methyl group of toluene control regio- 
chemistry, by directing the attack of the electrophile to the ortho and para 

positions, but it also accelerates the reaction. The bromination of toluene 
is faster than the bromination of benzene, because the methyl group stabi¬ 
lizes the transition state leading to the intermediate cation more than does 
the hydrogen atom in benzene. 

ch3 ch3 
H 

© ^Br and 
r 
i © i 

// '—y/ V 
H Br 

More stable 

ch3 ch3 
H A 

© Br , 
and i © i 

H Br 

H 

Less stable 

H Br 

More stable Less stable 

Recall that electrophilic substitution of toluene leads to ortho and para prod¬ 
ucts, because the transition state leading to the intermediate cation is more 
stable when the methyl group is ortho or para to the site of electrophilic at¬ 
tack than when it is meta. As noted earlier, it is important to keep in mind 
that relative reactivity is evaluated by comparing the reaction of a substi¬ 
tuted benzene with benzene itself, whereas directing effects are determined 
by comparing the intermediates resulting from ortho, meta, and para attack. 
Thus, it is possible that a deactivating group can direct ortho-para substi¬ 
tution because it destabilizes these intermediates less than it does the meta. 

The halogens fit into this category of substituents that are ortho, para di¬ 
rectors but are also deactivating. On the other hand, all activating groups 
are also ortho, para directors. 



563 The activating nature of alkyl groups creates a problem in Friedel-Craffs 
alkylation: the product is more reactive than the starting material. Thus, 
simply mixing one equivalent each of benzene and an alkyl halide with AICI3 

will lead to a mixture of mono-, di-, and trisubstitution products. 

11.4 Substituent Effects in 
Aromatic Compounds: 

Reactivity and Orientation 

Slower >- Faster 

Slower -M-►- Faster Slower -* >- Faster 

This polyalkylation is an unavoidable consequence of the activating nature 
of the alkyl groups introduced by Friedel-Craffs alkylation. However, this 
problem is unique to alkylation. All of the other electrophilic aromatic sub¬ 
stitution reactions we have discussed introduce substituents that deactivate 
the aromatic ring toward further reaction. 

EXERCISE 11.7 

The three xylenes (dimethylbenzenes) do not undergo electrophilic aromatic sub¬ 
stitution at the same rate. Indeed, meta-xylene undergoes chlorination 200 times 
faster than para-xylene and 100 times faster than ortho-xylene. Explain these rate 
differences using resonance structures for each of the intermediate arenium ions. 

EXERCISE 11.8 _ 

Aryl substituents, like alkyl groups, are activating ortho, para directors. Thus, 
biphenyl undergoes bromination to give predominantly p-bromobiphenyl. 



564 Rationalize the directing effect of a phenyl group as a substituent, using resonance 
structures of the intermediate arenium ion involved in this reaction. 

11 Electrophilic 

Aromatic Substitution 

Strongly Activating 
Heteroatom Substituents 

Nitrogen and oxygen attached directly to an aromatic ring are effective 
stabilizers of the intermediate arenium cations leading to ortho and para 
substitution products. Indeed, they are even more effective than alkyl groups 
in activating the aromatic ring toward substitution and directing the ori¬ 
entation of substitution. 

Hydroxyl Group. The effectiveness of the hydroxyl group in activat¬ 
ing the aromatic ring toward electrophilic substitution and directing the 
orientation of bromination can be seen from the bromination of phenol 
(Figure 11.7). Carried out using bromine in the absence of a Lewis acid cat¬ 
alyst, at temperatures near 0 °C, this reaction leads almost exclusively to 
para-bromophenol. 

H Br 

Particularly 
stable 

OH 

Br 

p-Bromophenol 

FIGURE 11.7 

Bromination of phenol proceeds through the cation shown here. A fourth 
resonance structure involving donation of lone-pair electron density to the 
arenium ion contributes significantly to the hybrid. 

The effectiveness of oxygen and nitrogen substituents in directing the 
orientation ortho, para is due to the contribution of a fourth resonance 
structure to the stability of the cation. At first it might appear that this 
fourth resonance structure would not be particularly stable because it bears 
positive charge on oxygen. Nonetheless, this structure is the dominant con¬ 
tributor because it has one more bond (a carbon-oxygen it bond) than the 
other three structures. Moreover, all the atoms in this structure have a filled 



valence shell, whereas in each of the others, the carbon bearing formal pos¬ 

itive charge has only six electrons. Indeed, stabilization of the cation by oxy¬ 

gen is so significant that phenol reacts with bromine in the absence of a 
Lewis acid catalyst. 

The intermediate cation that would lead to m-bromophenol cannot be 

stabilized by lone-pair electron donation, because the oxygen substituent is 

not located on one of the three carbon atoms that bears positive charge: 
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Without lone-pair donation, the oxygen substituent, because of its electron- 

withdrawing inductive effect, destabilizes this cation relative to that formed 

in the bromination of benzene. Thus, a free hydroxyl group is a strongly 
activating ortho, para director. 

Introduction of a bromine substituent on phenol produces a product 

(p-bromophenol) that is less reactive than phenol toward electrophilic aro¬ 

matic substitution. As you will learn shortly, halogens are deactivating sub¬ 

stituents. Thus, bromination of phenol can be controlled to monobromi- 

nation by adjusting the amount of Br2 added, because each successive 
reaction is slower. 

Faster Slower 

Br Br Br 

Faster ◄-► Slower 

EXERCISE 1 1.9 

Unlike electrophilic bromination, chlorination and nitration of phenol both lead 
to nearly equal mixtures of ortho and para products. Draw all reasonable resonance 
structures for the cationic intermediate from which ort/zo-chlorophenol is pro¬ 
duced. 

Amino Group. The nitrogen atom of aniline is also able to donate lone- 

pair electron density to the intermediate cations formed in electrophilic aro¬ 

matic substitution. Treatment of aniline with excess Br2 leads to 2,4,6-tri- 

bromoaniline, in which all possible positions ortho and para to the amino 

substituent have undergone substitution. The reaction rate decreases sig¬ 

nificantly as the reaction proceeds, because the HBr produced protonates 
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nitrogen to produce an ammonium ion. The nitrogen atom of the ammo¬ 

nium ion does not have a lone pair of electrons to donate to the arenium 

ion. Furthermore, it bears formal positive charge and thus is a deactivating 

substituent. Bromination takes place on the small concentration of free 

amine present in equilibrium with the salt. 

Br Br 

2,4,6-Tribromoaniline 

Moderately Activating 
Heteroatom Substituents 

Amides and esters act as electron donors, directing ortho, para, but they 

are only moderate activators of electrophilic aromatic substitution. Because 

the lone pair of electrons on the heteroatom attached to the ring also takes 

part in a resonance interaction with a carbonyl group, the substituent is less 

able to release electrons to the ring. In phenyl acetate and N-phenylacetamide, 

for example, the existence of resonance structures reduces the availability 

of the lone pair of electrons on the nitrogen atom for stabilization of the 

arenium ion intermediate: 

N-Phenylacetamide (acetanilide) 

In many electrophilic aromatic substitution reactions, it is preferable to use 

these acyl derivatives rather than the free phenol or free amine. Hydroxyl 

and amino groups are so strongly activating that their substitution reac¬ 
tions can be difficult to control. 

Alkyl groups, lacking a delocalizable lone pair on the atom attached to 

the benzene ring, stabilize the carbocationic intermediates to a somewhat 

lesser degree than do amide or ester groups. Alkyl groups cannot stabilize 

the transition state through 7r-electron release in the way these strong or 
moderate electron donors can. 

Moderately Deactivating Substituents: 
The Halogens 

The halogens are moderately deactivating, as can be seen from the fact 

that the nitration of chlorobenzene is approximately 50 times slower than 
nitration of benzene: 



no2 

Although the halogens are moderate deactivators, they do direct ortho, 

para, just like other substituents with lone pairs of electrons. The interme¬ 

diate cations leading to ortho and para substitution are stabilized relative to 

that leading to meta substitution by the same overlap of lone pair and rr 

electrons as occurs with oxygen and nitrogen substituents. These interac¬ 

tions are less effective than those with second-row elements such as nitro¬ 
gen or oxygen, however. 

The halogen atom of an aryl halide has three lone pairs of electrons, 

but donation of this electron density to stabilize the arenium ion interme¬ 

diate requires overlap between the second-level p orbital of carbon with a 

substantially larger third-level (Cl), fourth-level (Br), or even fifth-level (I) 

orbital of the halogen atom (Figure 11.8). Because the orbital overlap is not 

sufficient to compensate for the high electronegativity of the halogens, they 

are moderate deactivators, providing less electron density to stabilize the 

intermediate arenium ion than does a hydrogen atom. Although fluorine 

has approximately the same orbital sizes as carbon, its high electronegativ¬ 

ity prevents significant electron donation. (Recall that all four halogens are 

more electronegative than hydrogen.) 
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FIGURE 11.8 

Halogen substituents are deactivating because they provide less electron den¬ 
sity to the arenium ion than does a hydrogen atom. They are ortho, para di¬ 
rectors because the meta intermediate is destabilized by the presence of the 
halogen substituent to a greater extent than are the ortho, para intermediates. 



568 

11 Electrophilic 
Aromatic Substitution 

In the cation leading to meta product, the major effect of the halogen 

is to withdraw electron density (relative to hydrogen) through the cr bond. 

In the cations leading to ortho and para substitution, this electron with¬ 

drawal is partially offset by lone-pair tt donation. Thus, the ortho and para 

intermediates are more stable than the meta intermediate but less stable than 

the intermediate arenium ion for benzene itself. 
Because the halogens are deactivating substituents, the product of sub¬ 

stitution is less reactive than the starting material, and the extent of substi¬ 

tution can be readily controlled by adjusting the ratio of reagent to sub¬ 

strate. For example, to obtain monochlorination of isopropylbenzene, one 

equivalent of CI2 is used. To obtain dichlorination, two equivalents of CI2 

are used. 

Minor Major Isopropylbenzene 2,4-Dichloroisopropylbenzene 

Chloroisopropylbenzene 

Moderately and Strongly 
Deactivating Substituents 

The substituents shown in Figure 11.9 all decrease the stability of the 

intermediate arenium ion and are thus deactivating substituents. Most bear 

significant positive charge because of polarization of the 7r system toward 

a heteroatom. 

s- 

-► 
Increasing deactivation 

FIGURE 11.9 

Electron-withdrawing substituents deactivate an aromatic ring toward elec¬ 

trophilic aromatic substitution. 

Two of the substituents, the ammonium ion and the nitro group, are 

attached to the ring through a nitrogen atom with a formal positive charge 

and are strongly deactivating. The trifluoromethyl group is unique because 

it deactivates as a result of the polarization of the C—F cr bonds. None of 

these substituents bears a lone pair of electrons at the atom directly attached 

to the ring (as the halogens do). As a result, all of these deactivating sub¬ 

stituents are also meta directors (Figure 11.10), because they lack the abil¬ 

ity to serve as 77-electron donors to the arenium ion intermediate. 



FIGURE 11.10 

Less stable 
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A nitro group strongly deactivates an aromatic ring toward electrophilic aro¬ 

matic substitution. Destabilization is greatest for the intermediate arenium 

ions that lead to the ortho and para products because one of the three reso¬ 

nance structures for the arenium ion has positive charge on the carbon atom 

bearing the positively charged nitrogen atom of the nitro group. The inter¬ 

mediate leading to meta substitution is also destabilized, only less so because 

none of its three resonance structures has this proximity of positive charges. 

For example, nitration of nitrobenzene gives a mixture of ortho-, para-, 

and meta-dinitrobenzene, with meta predominating. 

no2 

Product ratio = 93 : 6 : 1 

The effects of an electron-withdrawing group are sometimes so significant 

that the reaction fails—for example, it is impossible to conduct a 

Friedel-Crafts alkylation or acylation on a ring deactivated by the presence 

of a moderately or strongly electron-withdrawing group such as —N02, 

—C=N, or —C02R. 

■ Summary of Substituent Effects 

Table 11.1 (on page 570) summarizes the substituents discussed here, 

organized into groups based on activation/deactivation effects. The groups 

that bear a lone pair of electrons on a second-row element directly attached 

to the ring are most effective in stabilizing the intermediate cation and are 

therefore the strongest activators. Donation of lone-pair electrons can oc¬ 

cur only in the intermediate cations leading to ortho and para substitution; 



TABLE 11.1 

Reactivity and Orientation Effects of Substituents in Aromatic Compounds 

Strongly activating; ortho, para directors 

-{-(jf -f-NH2 -fNR2 -f-OH -fOR 

Moderately activating; ortho, para directors 

O O 

H 

Weakly activating; ortho, para directors 

4-Alkyl -f-Aryl 

Weakly deactivating; ortho, para directors 

4-F -fCl -fBr 4-1 

Moderately and strongly deactivating; mete directors 

5— 5- s- s- o5 O 
0 

-f(s+ 
o 

-H(5+ 

O 
—^s+ 

O 
+S-OH 

II 

8+ 8 — 

-f-C=N 
. . 4 

4-cf3 4-N® 
© 

4-NR3 

nh2 OR R H 
os~ 

O© 

thus, these substituents are ortho, para directors. With the larger halogen 

substituents—Cl, Br, and I—the stabilizing effect of lone-pair donation is 

diminished by the mismatch in orbital size. The halogens are therefore mod¬ 

erate deactivators but ortho, para directors, because they destabilize the or¬ 

tho and para intermediates less than the meta intermediate. The groups that 

bear positive charge (or partial positive charge) at the atom attached di¬ 

rectly to the ring deactivate the ring toward electrophilic attack and direct 

substitution toward the meta position. 

EXERCISE 11.10 

Only one resonance structure is shown in Figure 11.10 for each of the three inter¬ 
mediate cations. Draw the remaining significant resonance structures for each in¬ 
termediate. 

EXERCISE 11.11 

Write the resonance structures for an electrophilic attack at the para position of 
fluorobenzene. Justify why fluorobenzene undergoes electrophilic substitution at 
the ortho and para positions. 

EXERCISE 11.12 

570 Predict the regiochemistry of the monosubstitution product expected in each case: 
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Multiple Substituents 

When more than one group is attached to a benzene ring, the effect of 

the stronger activator (or weaker deactivator) prevails. In o-methylanisole, 

for example, substitution is directed by the strongly activating —OCH3 

group to the ortho and para positions, rather than being directed by the 

more weakly activating methyl group. 

Br, 
-» 
FeBr3 

+ 

o -Methylanisole 

EXERCISE 11.13_ 

Predict the regiochemistry of the monosubstitution product expected in each case: 



572 

11 Electrophilic 
Aromatic Substitution 

Using Substituent Effects 
in Synthesis 

As explained in Section 11.3, many substituents possess characteristic 

chemical reactivity that enables them to be converted from electron-with¬ 

drawing groups to electron-releasing ones, or vice versa. For example, an 

electron-withdrawing —NO2 group can be reduced to an electron-releas¬ 

ing —NH2 group, and an electron-releasing alkyl group can be oxidized to 

an electron-withdrawing —C02H group. The order in which substituents 

are introduced onto an aromatic ring can control the regiochemistry of the 

isomeric products, and the ability to alter the substituents further enhances 

the chemist’s control over regiochemistry. 

As an example, let’s consider the preparation of m-chlorobenzoic acid 

and p-bromobenzoic acid from benzene. First, we recognize that, for both 

products, we must replace (1) a ring hydrogen atom by a halogen and (2) 

a second ring hydrogen by a —C02H group. The carboxyl group can be in¬ 

troduced by the oxidation (with hot KMn04) of an alkyl chain introduced 

by a Friedel-Crafts alkylation. If we chlorinate benzene first, the chlorine 

substituent will direct further substitution to the ortho and para positions: 

Cl Cl Cl 

CH3 

A nonstatistical mixture of o- and p-chlorotoluene is formed, because cr in¬ 

ductive withdrawal and steric hindrance are greater at the positions ortho 

to the bulky chlorine substituent. Thus, Friedel-Crafts alkylation of chloro¬ 

benzene cannot place the alkyl group at the meta position. If we reverse the 

order, first alkylating to yield toluene and then chlorinating, we obtain the 

same mixture, because —CH3 also is ortho, para directing. 

Cl 

However, if we first introduce the methyl group by a Friedel-Crafts alkyla¬ 

tion and then oxidize the methyl group, we obtain a meta-directing —CO7H 
group. Chlorination of benzoic acid then gives the desired product. 



Two routes to the second synthetic target, p-bromobenzoic acid, are 

shown in Figure 11.11. The choice between these two routes would be made 

on secondary grounds—for example, the relative ease with which the mix¬ 

tures produced could be separated to give a pure product. For example, sep¬ 

aration of the liquid o-bromotoluene (mp —26 °C) from the solid p-iso¬ 

mer (mp 28 °C) could be effected relatively easily by crystallization. The 

meta isomer is also low-melting, at —40 °C. (The more symmetrical iso¬ 

mer almost always has the higher melting point.) On the other hand, the 

boiling points of the three bromotoluenes do not differ sufficiently for easy 

separation by distillation (ortho, 181 °C; meta, 183.7 °C; para, 184.5 °C). 

Alternatively, either toluene or bromobenzene may be available to be used 

as a starting material, allowing a step in one of the sequences to be omit¬ 

ted. For our purposes, it is important to note that several routes are possi¬ 

ble for this synthesis. An important element of designing chemical synthe¬ 

sis is knowing not only what reactions are needed, but also the order in 

which they can be used. This is especially important in the synthesis of 

compounds with multiple substituents on aromatic rings. 
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Methylation of Bromobenzene 

Bromination of Toluene 

FIGURE 11.11 
■WBWWWMWWWaBMWgS---’- 

Methylation of bromobenzene (formed by electrophilic bromination of ben¬ 

zene) by Friedel-Crafts alkylation affords a mixture of o- and p-bromo- 

toluene (upper sequence). The same mixture is formed by bromination of 

toluene (lower sequence). The ortho and para isomers of bromotoluene can 

be separated, and p-bromotoluene can then be oxidized to p-bromobenzoic 

acid. 
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EXERCISE 11.14 

Identify the reagents required and the order in which they should be used to gen¬ 

erate each of the following products from benzene: 

EXERCISE 11.15 

Recall that it is possible to remove an amino group from a benzene ring by reac¬ 

tion with HNO2 and treatment of the resulting benzenediazonium ion with H3PO2. 

Thus, it is possible to use the directing influence of a nitro or an amino group to 

introduce substituents onto benzene and then completely remove the directing 

group. For example, 1,3,5-tribromobenzene can be prepared from aniline by bromi- 

nation followed by removal of the amino group: 

1,3,5-Tribromobenzene 

The diazonium group can also be replaced by a halogen or a nitrile group via the 

Sandmeyer reaction. Using these reactions, devise a good synthesis of each of the 

following compounds starting with benzene. (Hint: You may use more than one 

amino or nitro group, or a combination of both.) 
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11.5 Electrophilic Attack on 
Polycyclic Aromatic Compounds 

The same rationale used to explain substituent directive effects (resonance 

stabilization of transition states leading to the most stable cationic inter¬ 

mediate) can also explain the regiochemistry of electrophilic attack on poly¬ 

cyclic aromatics. This electrophilic reactivity is important because it is be¬ 

lieved to be related to the carcinogenicity associated with these compounds. 

(Recall from Chapter 2 that benzo[a]pyrene is a known carcinogen.) 

The reaction of naphthalene with electrophiles illustrates these 7r res¬ 

onance effects. Figure 11.12 shows the cationic intermediates formed by 

electrophilic attack at the a and (3 positions of naphthalene. In both cases, 

Electrophilic Attack on Polycyclic 
Aromatic Compounds 

a Attack E® 

Naphthalene 

yS Attack 

FIGURE 11.12 

Electrophilic attack at either the a or j8 position of naphthalene produces a 

cation with five significant resonance contributors. In the cation formed by 

a attack, two of these structures are benzenoid, whereas in the cation 

formed by (3 attack, only one is benzenoid. 
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CHEMICAL PERSPECTIVES 

PERKIN’S MAUVE: THE DYE THAT NATURE FORGOT 

William Perkin was just 18 in 1856, when he decided to spend his vacation 

from London’s Royal College of Chemistry working in his home laboratory, 

somewhat naively trying to make quinine. In one attempt, he tried to attach 

an allyl group to a mixture of aniline and toluidine (methylaniline), pro¬ 

ducing a mixture that gave a black sludge after being oxidized with chromic 

acid. The residue, which contained the first synthetic dye, dissolved in alco¬ 

hol and dyed cloth purple. It was fortunate for Perkin that this dye was pur¬ 

ple: since ancient times, purple was the color of royalty. Only kings could af¬ 

ford purple or lavender cloth that did not fade, because the only source of 

color-fast purple dye was a small shellfish that lived in the Tyrian Sea. 

With a method in hand to make a mauve dye, Perkin interrupted his 

education, obtained a patent on the process, and persuaded his father to lend 

him money to build a factory to manufacture the several dyes he quickly 

learned to synthesize. Eighteen years later, at age 36, Perkin sold his factory, 

leaving him sufficiently wealthy that he was free to do research without fi¬ 

nancial concern. He later discovered a number of important organic reac¬ 

tions. The highest award of the American Chemical Society is named in his 

honor. 

five resonance contributors can be drawn in which the positive charge is 

delocalized throughout the fused rings. However, with a attack, two of these 

structures retain three formal double bonds within a single six-member 

ring. This structural element is called a benzenoid ring; in accord with 

Hiickel’s rule (Chapter 2), it exhibits particular stability and contributes sig¬ 

nificantly to the resonance stabilization of the cation. The transition state 

leading to the cation with a larger number of benzenoid contributors is 

more stable. Thus, the cation formed by a attack is more stable than the 

one formed by /3 attack, and electrophilic attack on naphthalene is easier 

at the a position. For example, nitration of naphthalene occurs exclusively 

at the a position: 



This extra stabilization of the transition state leading to the cationic inter¬ 

mediate results in acceleration of the electrophilic aromatic substitution of 
naphthalene relative to that of benzene. 

The reactions involving derivatives of benzene can also be used with 

comparably substituted derivatives of naphthalene. For example, o-naph- 

thyl amine can be prepared by reduction of o'-nitronaphthalene with Fe and 

HC1, and o-naphthoic acid can be prepared by reacting a-bromonaphtha- 

lene with Mg, followed by reaction of the Grignard reagent with C02. 

EXERCISE 11.16 

Predict the monosubstitution product formed in each of the following reactions: 

11.6 

Synthetic Applications 

Table 11.2 (on pages 578-579) is a summary of the reactions discussed in 

this chapter, grouped according to their synthetic utility. These reactions 

can be used in various sequences to achieve conversions not specifically 

listed. An important intellectual challenge is the integration of these new 

reactions with those presented in earlier chapters. 

11.7 

Spectroscopy 

Both XH and 13C NMR spectroscopy are useful tools for assigning struc¬ 

tures to the products of the reactions covered in this chapter. For example, 

p-chlorotoluene can be readily distinguished from the ortho and meta iso¬ 

mers by 13C NMR, because there are only four unique sp2-hybridized car¬ 

bon atoms in the symmetrical para isomer. There are six signals in the aro¬ 

matic region for o- and m-chlorotoluene but only four for p-chlorotoluene. 

In principle, the presence or absence of symmetry should also impact 

the !H NMR spectra of aromatic compounds. Unfortunately, it is not al¬ 

ways the case that the chemical-shift differences in the proton spectra of 

aromatic compounds are sufficiently definitive so as to distinguish each 

unique proton or group of identical protons. For example, there are two 

different types of aromatic hydrogen atoms in p-cymene (p-isopropyl- 
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TABLE 11.2 

Using Electrophilic Aromatic Substitution to Introduce Various Functional Groups 

Functional Group Reaction Example 

Alkyl aromatics Friedel-Crafts alkylation 

Wolff-Kishner reduction 
of an aryl ketone 

Clemmensen reduction of 
an aryl ketone 

Anilines Reduction of an aryl nitro 
compound (Zn, HC1) 

Aryl carboxylic 
acids 

Oxidation of an 
alkylbenzene 

Aryl halides Halogenation of an 
aromatic hydrocarbon 
(not for I or F) 

Cl2 
—-—> 

aici3 

Cl 



Functional Group Reaction Example 

Aryl halides 

(continued) 
Substitution reaction of 

a diazonium salt 

Aryl ketones Friedel-Crafts acylation 

Aryl nitriles Sandmeyer reaction 

Aryl nitro 

compounds 

Nitration of an aromatic 

hydrocarbon 

Aryl sulfonic 

acids 

Azo compounds 

Sulfonation of an 

aromatic hydrocarbon 

Treatment of an electron-rich 

aromatic with a diazonium 

salt 

h2so4 

(Fuming 
sulfuric acid) 

■> 

SO3H 

NH, 
Diazonium salts Diazotization of aniline 
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FIGURE 11.13 

’H NMR spectrum of p-cymene. 

H H 

178.1 S 

methylbenzene), but they occur as what appears to be a broad singlet (Figure 

11.13). 
Spectroscopy has also been of value in confirming the existence of the 

arenium ion that exists as an intermediate in all the electrophilic aromatic 

substitution reactions covered in this chapter. For example, treatment of 

benzene with a mixture of F1F, SbF5, S02C1F, and S02F2 (an exotic and 

strongly acidic mixture) at —134 °C led to protonation of benzene, pro¬ 

ducing the simplest arenium ion that could be studied by 13C NMR spec¬ 

troscopy. Signals for the carbon atoms ortho and para to the site of proto¬ 

nation are shifted dramatically downfield because of delocalization of 

positive charge to these positions. The Nobel prize in chemistry was awarded 

in 1994 to George Olah of the University of Southern California in part for 

his contributions to the characterization of cations by spectroscopic tech¬ 

niques. 

Summary 
----—-- 

1. Despite the accompanying loss of aromaticity, a highly active electro¬ 

phile can attack an aromatic ring to form a new a bond and a resonance- 
stabilized cation. 

2. The rate and regiochemistry of electrophilic attack are determined 

by electron density in the tt system of the aromatic ring and resonance sta¬ 

bilization of the intermediate arenium ion. 

3. The resonance stabilization available in a re-aromatized six-mem¬ 

ber ring dictates the ensuing deprotonation of the cationic intermediate, 

restoring aromaticity and producing net substitution rather than addition. 



581 4. Electron-donating substituents stabilize the arenium ion intermedi¬ 

ates and accelerate the rate of electrophilic substitution. Such substituents 

also direct further substitution to the ortho and para positions in substi¬ 
tuted benzenes. 

5. Electron-withdrawing substituents inhibit electrophilic attack. This 

inhibition is most intense at the ortho and para positions, allowing meta 

substitution to become dominant in compounds bearing electron-with¬ 
drawing groups. 

6. Halogenated aromatic compounds combine cr-electron withdrawal 

with 7r-electron donation, leading to slower electrophilic substitution and 
ortho, para direction. 

7. Resonance and inductive effects similar to those seen in substitution 

reactions of benzene influence the regiochemistry of electrophilic substitu¬ 

tion in fused aromatic rings. 

8. Substituents introduced onto an aromatic ring retain their charac¬ 

teristic reactivity. For example, alkyl side chains can be oxidized, reduced, 

halogenated, and so forth. 

9. Oxidation-reduction reactions often reverse the electron-donating 

or electron-withdrawing character of a substituent, altering its directive ef¬ 

fect on further substitution. 

Review of Reactions 

Review of Reactions 
sji—I-— 

NaOH 
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Review Problems 

11.1 Predict the preferred regiochemistry for the product(s) expected from treat¬ 
ment of each of the following compounds with chlorine and AICI3: 

(a) toluene (e) p-chlorophenol 

(b) nitrobenzene (f) acetophenone 

(c) acetanilide (g) o-chlorotoluene 

(d) anisole 

11.2 Draw the structure of the major product obtained from each of the follow¬ 

ing sequences: 

11.3 Predict the major product expected from the reaction of Br2 and AlBr3 with 
phenyl benzoate. Be sure to explain why one ring is more active than the other. 

11.4 Suggest a sequence of reagents for converting toluene into each of the fol¬ 
lowing compounds: 

(a) p-nitrobenzoic acid (c) p-nitrobenzyl alcohol 

(b) m-nitrobenzoic acid (d) p-toluenesulfonic acid (HOTs) 

11.5 Write a mechanism that accounts for the formation of each of the following 
products. Be sure to explain any important regiochemical and stereochemical 
control elements. 
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no2 

Cl Cl 

so3H 

11.6 Predict the major product (or products) obtained from nitration of each of 
the following compounds: 

(a) N-phenylacetamide (c) fluorobenzene (e) 1-methylnaphthalene 

(b) methyl benzoate (d) n-propylphenylether 

11.7 Propose a synthesis for each of the following compounds from either ben¬ 
zene or toluene. You may use any inorganic reagent(s) and any organic com¬ 
pound containing up to four carbons. 

Review Problems 
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11.8 Identify the starting material needed to prepare each of the following com¬ 

pounds from the given reagents. 

(b) X 
h2nnh2 
-> 

NaOH 

Zn(Hg) ^ HNQ3 ^ Sn 

HC1 H2S04 HC1 

11.9 Write a mechanism, using curved arrows to indicate electron flow, for the 

Friedel-Crafts acylation of naphthalene at the a and (3 positions. Explain why 

the major product is that formed by a substitution. 

11.10 BHT, the major antioxidant used as a food preservative in the United 

States, is a mixture of positional and structural isomers of butylated hydroxytoluene. 

The major component in BHT is 2,6-di-t-butyl-4-methylphenol, which is made 

industrially from p-methylphenol and isobutene (2-methylpropene). Explain the 

preferred regiochemistry of the major product. Propose a mechanism for the for¬ 

mation of 2,6-di-f-butyl-4-methylphenol from these reagents in acidic methanol. 

Supplementary Problems 

11.11 Provide an IUPAC name for each of the following aromatic compounds: 

OH 



11.12 Draw a structure corresponding to each of the following names: 

(a) 2-chloro-3-bromophenol (c) 3,4,5-trimethoxybenzoic acid 

(b) p-divinylbenzene (d) 3,4-dichlorobenzaldehyde 

11.13 Phenolphthalein sodium is used as a pH indicator because this red com¬ 

pound becomes colorless upon protonation. Phenolphthalein sodium is prepared 

from phenolphthalein, which, in turn, is produced by the reaction of phthalic 

anhydride and phenol in the presence of ZnCl2. Account for this reaction by 
writing a detailed, stepwise mechanism. 
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Review Problems 

11.14 Amino groups are ortho, para directing and activating toward electrophilic 

aromatic substitution, whereas nitro groups are rneta directing and deactivating. 

The nitroso group, whose nitrogen is intermediate in oxidation level between 

that of an amino and that of a nitro group, is ortho, para directing but deactivat¬ 

ing. Account for this difference in reactivity and directive effect. 

o,p Directing, 

activating 

o,p-Directing, 

deactivating 

m-Directing, 

deactivating 

11.15 An aryl substituent is weakly activating and ortho, para directing. Thus, 

chlorination of biphenyl results in the formation of two monochlorobiphenyls: 

Cl 

Biphenyl Monochlorobiphenyls 

Account for the directing influence of the phenyl ring on electrophilic aromatic 

substitution by examining the three possible cationic intermediates that result 

from addition of the electrophile at positions ortho, meta, and para to the phenyl 

substituent. 

11.16 Chlorination of alkylbenzenes produces a mixture of ortho and para iso¬ 

mers from which further reaction yields mainly the 2,4-dichloro isomer. This 

compound is converted to the 3,5-dichloro isomer upon heating in the presence 

of AICI3 for an extended period. Account for this isomerization with a detailed 

mechanism. 
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11.17 Reaction of dimethylaniline with benzaldehyde in the presence of HC1 re¬ 
sults in the formation of compound X (C25H30N3), which is oxidized by Pb02 to 
form the intensely colored dye malachite green. (This dye is named for the min¬ 
eral malachite, basic copper carbonate, which it resembles in color.) Propose a 
structure for the intermediate X, and account for its formation with a detailed 
reaction mechanism. 

Malachite green 

11.18 Predict the major product expected when each of the following com¬ 
pounds is treated with the indicated reagent(s). 

o 



11.19 Explain why the reaction of acetanilide with bromine is considerably 

slower than the reaction of aniline with bromine. 

O 

11.20 Bisphenol A, a component of several plastics, is synthesized industrially by 

the following reaction. Propose a detailed mechanism for the formation of 
bisphenol A. 

11.21 There are a number of different possible ways that this tertiary alcohol 

could be prepared from benzene: 

OEI 

Devise three syntheses of this compound using: 

(a) Friedel-Crafts acylation 

(b) Friedel-Crafts alkylation 

(c) electrophilic aromatic bromination 

11.22 Reaction of H3CC1 with p-xylene in the presence of A1C13 at 25 °C gives 

1,2,4-trimethylbenzene. However, when this product is treated further with A1C13 

at 100 °C, a 63% yield of 1,3,5-trimethylbenzene is obtained. 

(a) Which isomer, 1,2,4- or 1,3,5-trimethylbenzene, is the kinetic isomer in this 

reaction, and which is the thermodynamic isomer? 

(b) What factors lead to the greater stability of the thermodynamic isomer of 

trimethylbenzene? 

(c) Devise a mechanism for the conversion of 1,2,4-trimethylbenzene to the 

1,3,5-isomer. 
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Review Problems 



588 

11 Electrophilic 
Aromatic Substitution 

11.23 When either o- or p-xylene is heated at 50 °C with 5% AICI3 in the pres¬ 

ence of HC1, a mixture of all three xylenes in the ratio shown is obtained. 

(a) Can you devise a mechanism for the transformation of either 0- or p-di- 

methylbenzene to the m-isomer? 

(b) Why is the meta isomer favored in the equilibrium? 

(c) Why might the ratio of the three isomers formed in the experiment de¬ 

scribed be nearly the same as that found in oil obtained from coal (coal 

tar)? 

11.24 Treatment of m-xylene with 80% H2S04 at 25 °C results in sulfonation to 

form (mostly) 2,4-dimethylbenzenesulfonic acid. On the other hand, both the 

ortho and para isomers of xylene are unreactive under these conditions but do 

react when 84% H2SO4 is used. 

(a) What other isomer(s) might be formed in the sulfonation of m-xylene, and 

why is 2,4-dimethylbenzenesulfonic acid the major product? 

(b) Why is the meta isomer more reactive than the ortho and para isomers? 

(c) Why does the relatively small change in the concentration of sulfuric acid 

produce a significant rate increase in sulfonation? {Hint: The percent com¬ 

position is by volume, and the remainder is H20.) 

11.25 Draw structures for all of the possible isomers of tetrachlorobenzene. One 

is found in higher concentration in the mixture of tetrachlorobenzenes formed 

when benzene is treated with excess chlorine in the presence of A1C13. Which iso¬ 

mer is it? Reaction of this tetrachlorobenzene with NaOH at elevated tempera¬ 

tures produces 2,4,5-trichlorophenol, an intermediate in the synthesis of hexa- 

chlorophene (see Problem 11.26). Propose a mechanism for this conversion. Why 

does this reaction not proceed to replace all of the chlorine substituents with 

hydroxyl groups? 

11.26 Propose a synthesis for hexachlorophene starting with 2,4,5-trichloro¬ 

phenol. 



OH Cl OH HO Cl 589 

2,4,5-Trichlorophenol Hexachlorophene 

11.27 The presence of a nitro group increases the acidity of both phenol and 
protonated aniline. First, rationalize this observation. Then explain why the effect 
in both cases is greater when the nitro group is ortho or para to the acidic group 
rather than meta. 

Protonated aniline NO2 

11.28 During the industrial production of trichlorophenol (see Problem 11.25), 
a by-product known as a dioxin is produced. (This class of compounds has been 
implicated as the causative agent of a number of serious ailments.) Propose a 
mechanism for the formation of the following dioxin: 

Cl 

Cl 

Review Problems 

11.29 Using the bond energies provided in Table 3.5, calculate AH° for electro¬ 
philic chlorination of benzene with molecular chlorine in the presence of cat¬ 
alytic amounts of AICI3. 

Cl 

11.30 Devise a synthesis of 1,3,5-benzenetricarboxylic acid starting from ben¬ 
zene and any reagents and other sources of carbon needed. (Hint: See Problem 

11.22.) 





Nucleophilic Addition 
and Substitution 
at Carbonyl Groups 

The 7t bonding (lower) and tt 

antibonding (upper) molecular 

orbitals of formaldehyde, H2CO, 

are shown here. When a nucle¬ 

ophile approaches the carbonyl 

carbon, electron density is 

added to the 7r antibonding 

orbital as the electrons in the tt 

bonding orbital shift toward 

oxygen. These electrons ulti¬ 

mately become the third lone 

pair of the negatively charged 

oxygen of the alkoxide ion. 



(j\/f any of the reactions described in Chapters 10 and 11 proceed through 

J Kl. the formation of a carbocationic intermediate derived from an or¬ 

ganic compound containing one or more multiple bonds. In Chapter 10, 

we saw how an electrophile interacts with an electron-rich carbon-carbon 

multiple bond, initiating electrophilic addition. By contrast, as described in 

Chapter 11, electrophilic attack on the electron-rich aromatic it system re¬ 

sults in net substitution. In this chapter, we consider reactions in which ad¬ 

dition is initiated by the attack of a nucleophile on the C=0 bond of a car¬ 

bonyl group. In some cases, the initial product undergoes further reaction, 

with loss of the oxygen atom of the original carbonyl group. Whether the 

final product is the result of addition or of addition followed by substitu¬ 

tion depends on the nature of the nucleophilic reagent and the carbonyl 

group. 

12.1 
8381.8’ 

Nucleophilic Addition 
to a Carbonyl Group 

EM TV® II 

#03 Aldehydes/Ketones 

The Carbonyl Group 

Carbonyl groups have unique chemical properties. The 7rbond between 

carbon and oxygen is polarized, because of oxygen’s greater electronegativ¬ 

ity (3.5 for oxygen versus 2.5 for carbon). This polarization in the carbonyl 

group can be viewed as resulting from significant contributions from two 

resonance structures, one in which the C=0 ir bond is intact, and a sec¬ 

ond with only a a bond between carbon and oxygen and formal positive 

charge on carbon and negative charge on oxygen: 

Hybrid 

The hybrid has significant contributions from both of these resonance struc¬ 

tures, and as a result, there is significant positive charge on the carbon end 

and significant negative charge on the oxygen end of the carbonyl group. 

The polarization of the carbonyl group enhances the electrophilic char¬ 

acter of its carbon atom. Addition of a nucleophile to a carbonyl group 

leads to an intermediate with negative charge on the oxygen atom: 

-H® 
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~:Nuc 
Nuc 
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Nuc 

(pJQ 16-18) 
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to a Carbonyl Group 

The significance of this difference is revealed by the differing acidities of a 
simple hydrocarbon and a typical alcohol (piCa ~50 versus 16-18). 

The interaction of a nucleophile with a carbonyl carbon results in the 
formation of a C Nuc a bond that provides energetic compensation for 
the accompanying rupture of the carbonyl it bond. The two electrons orig¬ 
inally in that n bond shift to the more electronegative oxygen atom, plac- 
ing surplus electron density on the atom best able to accommodate nega¬ 
tive charge. Polarization of the carbonyl group is increased by prior 
coordination of the carbonyl oxygen with a proton or metal ion. 

(E = H® or M®) 

In contrast, if the same nucleophilic addition occurred to a simple alkene, 
a species with negative charge on carbon would be formed: 

Nucleophilic addition is facilitated by this complexation, because the nu¬ 
cleophile interacts with an intermediate bearing a full positive charge. As a 
result, the product formed is neutral (when the attacking nucleophile is an¬ 
ionic). 

Possible Reactions of a Nucleophile 
with a Carbonyl Group 

The reactions of nucleophiles with carbonyl compounds can be divided 
into two important classes: those that result in a bond between carbon and 
a heteroatom, and those in which a new carbon-carbon bond is formed. 
Each class can result in net addition or net substitution. When addition oc¬ 
curs, the nucleophile becomes bonded to carbon and an electrophile be¬ 
comes bonded to oxygen. With net substitution, the nucleophile replaces 
either the carbonyl oxygen or another heteroatom. The four possibilities— 
addition or substitution by a heteroatom nucleophile, and addition or sub¬ 
stitution by a carbon nucleophile—are illustrated in Figure 12.1 (on page 
594). We will examine all of these reactions in this chapter. 

Regardless of whether the final product is the result of net addition or 
substitution, the first step is the addition of the nucleophile to the carbonyl 
group’s carbon atom. Additions and substitutions of heteroatom nucle¬ 
ophiles result in the conversion of one functional group to another. 
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12 Nucleophilic Addition 

and Substitution at 

Carbonyl Groups 

Addition of a heteroatom nucleophile—for example, hydrate formation 

O 

H 

eOH 
-> 
h2o 

y 
O 

H^H 
OH 

Substitution by a heteroatom nucleophile—for example, imine formation 

Addition of a carbon nucleophile—for example, cyanohydrin formation 

N 

Substitution by a carbon nucleophile—for example, Wittig reaction 

FIGURE 12.1 

The four classes of reactions of nucleophiles with carbonyl groups. Reactions 

from each class can occur with aldehydes, ketones, and carboxylic acid deriv¬ 

atives. 

Additions and substitutions of carbon nucleophiles result in the formation 

of products with larger, and often more complex, carbon skeletons. 

An important goal of organic chemists is to make new molecules that 

have interesting properties or that duplicate the structural features of nat¬ 

urally occurring molecules having significant biological activity. To under¬ 

stand how such molecules can be constructed both in the laboratory and 

in nature, you must know how to manipulate functional groups and how 

to build molecules of greater structural complexity from simple precursors. 

This chapter will expand your repertoire of synthetic reactions to include 

the interactions of heteroatom and carbon nucleophiles with the sp2-hy- 

bridized carbon atoms in carbonyl groups. 

Anions as Nucleophiles 

Negatively charged reagents act as nucleophiles and can add to the car¬ 

bon end of the C=0 group. Let’s consider how the reactions of carbonyl 

compounds depend on the activity of the nucleophile. 

As you know from the trends discussed in Chapter 6, the acidity of an 

acid, HX, increases as the position of X in the periodic table progresses from 
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9-Ketodecenoic acid 
(honeybee queen substance) 

SIMPLE CARBONYL COMPOUNDS AND CHEMICAL COMMUNICATION BY INSECTS 

Pheromones are chemicals used for communication 

between individual members of a species. These 

compounds function as sex attractants, trail mark¬ 

ers, or alarms. When you see ants marching in a line 

across your kitchen, know that they are following a 

chemical trail to food or water mapped by a suc¬ 

cessful explorer that excreted a specific compound 

to help her coworkers. One species of ant 

(.Iridomyrmex priunosus) uses 2-heptanone to alert 

other members of the hill to danger. The placement 

in traps of molecules that have been identified as sex 

attractants has made it possible to control both the 

voracious gypsy moth (which threatened New 

England’s forests) and the screwworm (which cre¬ 

ated serious problems in Texas cattle) without re¬ 

sorting to widespread spraying of insecticides. 

To be effective, a pheromone must be both 

highly potent and narrowly specific, so that only one 

species will respond. Most known sex attractants 

contain 10-17 carbon atoms—a range that permits 

sufficient complexity to create a molecule that is 

unique to a given species, but also allows for easy 

biosynthesis. Many pheromones are simple carbonyl 

compounds or carboxylic acid derivatives. For ex¬ 

ample, 9-ketodecenoic acid is the sex attractant used 

by a honeybee queen in her nuptial flight; it also de¬ 

velops ovaries in worker bees that ingest it. 

OH 

Do human pheromones exist? Studies indicate 

that mammals do not give an automatic, standard¬ 

ized response to chemicals the way insects do. 

However, two steroids have been used commercially 

to induce the mating stance in sows, facilitating the 

artificial insemination of pigs. Folk medicine in 

Africa and Asia abounds with examples of substances 

purported to be human aphrodisiacs; however, none 

of those substances has been proved objectively to be 

effective. One of them, xylomollin, was first synthe¬ 

sized in the laboratory by one of the authors of this 

book. 

left to right. Therefore, the trend in acidity of binary hydrogen compounds 

with first-row elements is CH4 < NH3 < H20 < HF. This also means that 

basicity, the affinity of an atom or anion for a proton, decreases in the same 

left-to-right progression (NH3 is a stronger base in water than is F1F). A 

strong base has a high affinity for a proton, and the conjugate acid of a 

strong base is thus a weak acid. For example, NFi3 is a strong base, and 

®NH4 is a weak acid: 

(A . © a 
H3N: ^H—A H3N—H + Ae 

Strong Weak 
base acid 

Nucleophilicity refers to the affinity of an atom or an anion for an elec¬ 

trophilic carbon atom. Basicity, the affinity of an atom or anion for a pro¬ 

ton, sometimes correlates well with nucleophilicity. Within a row in the pe¬ 

riodic table, the elements farther to the left are less electronegative and, as 

a result, more nucleophilic. Ammonia is more nucleophilic than water, for 
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example. This relation also holds in the progression from top to bottom of 

a column of the periodic table. The larger, less electronegative halide ions 

(for example, iodide ion) are more nucleophilic than the smaller, more elec¬ 

tronegative fluoride ion; sulfur anions are more nucleophilic than oxygen 

anions. This is because differences in polarizability (the larger atoms are 

more polarizable), as well as in electronegativity, contribute to differences 

in nucleophilicity within a column of the periodic table. Because two fac¬ 

tors, electronegativity and polarizability, affect nucleophilicity, such com¬ 

parisons must be restricted to the same row or the same column of the pe¬ 

riodic table. 
In Chapter 8, we saw that halide ions are effective nucleophiles for SnI 

and Sn2 reactions at sp3-hybridized carbon atoms. However, halide ions do 

not effect nucleophilic addition or substitution at carbonyl groups. Let’s 

look at the mechanism to see why this is so. In the reaction of chloride ion 

with an aldehyde, the aldehyde is favored over the addition product, for two 

reasons. 

..0 

First, the carbon-chlorine cr bond formed upon addition is weaker than the 

carbonyl ir bond of the aldehyde that is lost (81 versus 91 kcal/mole). 

Second, chloride ion is a much weaker base than the alkoxide ion gener¬ 

ated by the addition (compare the acidity of HC1, pKa —7, to that of a typ¬ 

ical alcohol, pfCa 16-18), and simple acid-base chemistry favors the weaker 

acid and weaker base in an equilibrium reaction. Thus, although the addi¬ 

tion of halide ion to an aldehyde (and other carbonyl functional groups) 

can and does take place, there is no net consequence because the position 

of equilibrium favors the carbonyl compound. 

EXERCISE 12.1 

Use the bond energies in Table 3.5 (page 115) and the pKa values in Table 6.1 (page 

305) to evaluate the addition of bromide ion and iodide ion to an aldehyde. Rank 

the three halides—chloride, bromide, and iodide—according to how much addi¬ 

tion product will be present in equilibrium with the aldehyde. 

EXERCISE 12.2 

Using curved arrows to represent the flow of electrons, write a mechanism that 

shows how an acid chloride can be converted into a carboxylate anion upon treat¬ 

ment with aqueous base. Explain why the reverse reaction, the conversion of a car¬ 

boxylic acid into an acid chloride by treatment with NaCl, does not occur. 
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12.2 

Nucleophilic Addition of Hydrogen to 
Carbonyl Groups 

Among the simplest possible nucleophilic reagents is the hydride ion, He . 
However, because of the low solubility of alkali metal hydrides (LiH, NaH, 
and KH) in organic solvents and their strong basicity, these reagents can¬ 
not be used as sources of nucleophilic H® . On the other hand, complex 
reagents in which hydride is bonded to boron or aluminum are soluble in 
organic solvents and can provide the equivalent of the hydride ion as a nu¬ 
cleophile. 

Complex Metal Hydride Reductions 

The two most common sources of hydride are sodium borohydride, 
NaBH4, and lithium aluminum hydride, LiAlH4 (abbreviated as LAH). Both 
have appreciable solubility in organic solvents. Indeed, 35-40 g of LiAlH4 
will dissolve in 100 mL of ethyl ether. In the space-filling models of these 
two reagents, note the greater size of sodium compared with lithium and 
of aluminum compared with boron. The addition of a hydride ion to a car¬ 
bonyl group effects net reduction. 

Sodium borohydride Lithium aluminum hydride 

Reduction of Aldehydes and Ketones. When a complex metal hydride 
delivers the equivalent of He to the C=0 bond, a new C—H bond is 
formed at the carbonyl carbon. In this way, an aldehyde is converted to a 
primary alcohol, and a ketone to a secondary alcohol. 

NaBH4 
-> 
EtOH 

Butanal n-Butanol Cyclohexanone Cydohexanol 

Let’s look more closely at the reaction of acetone with sodium borohy¬ 
dride in ethanol. Sodium borohydride, NaBH4, is sufficiently stable that pro- 
tic solvents such as alcohols can be used for this reaction. In alcohol, ion¬ 
ization occurs to form Na® and eBH4. As this negatively charged hydride 
complex approaches the polar C=0 bond, a bond between carbon and 
hydrogen forms at the same time as the 77-bond electron pair shifts onto 
oxygen and the bond between the hydrogen and boron breaks. When the 

Nucleophilic Addition 
of Hydrogen to 

Carbonyl Groups 
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reaction is carried out in ethanol, the reduction is facilitated by hydrogen¬ 
bonding interactions between the carbonyl oxygen and the acidic hydroxyl 

group of ethanol. 

+ eOEt + BH3 
^-Y-> 

I-> H—BH2OEt 

A borate 

The ethoxide produced reacts in a Lewis acid-base fashion with BH3, form¬ 
ing a borate with an O—B cr bond. This borate has three remaining B—H 
bonds, each of which, in turn, acts as a hydride equivalent for the reduc¬ 
tion of another molecule of the starting ketone. 

,H 

O © HOEt 
+ H-—BH2OEt -3 

O' 

+ (EtO)3B 

H 

Upon treatment with aqueous acid, the borates decompose, forming boric 
acid, B(OH)3. Overall, one mole of NaBH4 reduces four moles of ketone. 
(In practice, there is also some side reaction between the reagent and the 
solvent, producing hydrogen gas. Thus, a small excess of NaBH4 is typically 
used.) The product alcohol—in this case, 2-propanol—is formed by a re¬ 
duction of the 0=0 bond. The reducing agent NaBH4 thus effects a nu¬ 
cleophilic addition of hydride to the C=0 bond. 

Lithium aluminum hydride also effects nucleophilic addition of hydride 
to carbonyl groups. For example, reduction of acetone with LiAlH4 results 
in the delivery of a hydride equivalent through the same pathway as for re¬ 
duction with NaBFI4: 

An alkyl aluminate A tetra-alkyl aluminate 2-Propanol 

Lithium aluminum hydride is considerably more reactive than sodium 
borohydride and must be used in aprotic solvents such as tetrahydrofuran 
(THF) or another ether. In the absence of a proton source in the solvent, 
the neutral A1H3 complexes with the negatively charged oxygen, producing 
an aluminate containing an oxygen-aluminum bond. This species still con¬ 
tains three aluminum-hydrogen bonds and can provide three additional 
hydride equivalents. By further reaction, all of the hydrogen atoms of 
eAlFI4 can be delivered to the C=0 bonds of additional molecules of the 
ketone being reduced, ultimately producing the tetra-alkyl aluminate 



shown. The aluminum-oxygen bond has appreciable polar character, much 
like the ionic bond in a sodium alkoxide. Therefore, like the boron-oxygen 
bond of the borates produced with NaBH4, it is easily hydrolyzed by aque¬ 
ous acid, forming the alcohol product by protonation of the oxygen. [Any 
unreacted or partially reacted aluminum hydride is rapidly protonated to 
form Al(OH)3 and hydrogen gas.] Overall, the stoichiometry is the same 
for NaBH4 and LiAlH4. In the absence of side reactions, one mole of reagent 
provides four hydride equivalents, which can reduce four moles of aldehyde 
or ketone. Primary alcohols are produced from the reduction of aldehydes, 
and secondary alcohols from that of ketones. 

The reduction with lithium aluminum hydride and the second step, in 
which the aluminate salt is decomposed by acid, must be conducted as two 
separate steps. Otherwise, an acid-base reaction intervenes, decomposing 
the hydride reagent and generating hydrogen faster than hydride can be 
added to the carbonyl carbon. 
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LLAIH4 Al(OH)3 + LiOH + 4 H2 t 

Reduction of unsymmetrical ketones such as 2-butanone with NaBH4 

and LlA1H4 produces the alcohol as a racemic mixture. The two faces of the 
carbonyl group do not appear different to these achiral reducing agents, 
and the reaction rates are the same for reduction leading to (R)- and (S)- 
2-butanol. 

EXERCISE 12.3 

Using curved arrows to show all electron flow, write a complete mechanism for the 

reduction of 2-butanone with LiAlH4. 

Reduction of Derivatives of Carboxylic Acids. All ketones, alde¬ 
hydes, and carboxylic acid derivatives have carbonyl groups, but the reac¬ 
tions of carboxylic acid derivatives with hydride reagents differ from those 
of aldehydes and ketones in a significant way. Once hydride ion has been 
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added to the carbonyl group of a carboxylic acid derivative, the intermedi¬ 
ate loses a heteroatom substituent, a reaction that is not possible in the re¬ 
duction of an aldehyde or ketone. This loss of the heteroatom substituent 
paves the way for delivery of a second equivalent of hydride ion. 

Esters. In the reaction of lithium aluminum hydride with an ester such 
as ethyl acetate, an aluminate is initially formed, just as in the reduction of 

an aldehyde or ketone. 

A1H3 + eOEt _J _J 
Y 

V 

© 

AlH3OEt 

In the ester, however, there is a leaving group (eOR) bonded to the car¬ 
bonyl carbon. Electron density flows from the oxygen-aluminum bond to 
regenerate a it bond as the leaving group takes up the electrons originally 
present in the a bond between it and the carbonyl carbon. The aldehyde 
produced in this step is more reactive toward hydride reducing agents than 
is the ester from which it was derived, and it is reduced more rapidly by 
aluminum hydride. An alcohol is produced when the aluminate is treated 
with acid. Thus, reduction of an ester with lithium aluminum hydride re¬ 
sults in the formation of a primary alcohol, with the OR group of the orig¬ 
inal ester lost as the corresponding alcohol. 

Amides. The reduction of a tertiary amide by lithium aluminum hy¬ 
dride begins in the same way as the reduction of an ester: 
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the two oxygen groups present in the tetrahedral intermediate formed in 

reduction of an ester. Oxygen is more electronegative than nitrogen, and 

the carbon-oxygen a bond is more easily broken than the carbon-nitrogen 

a bond. The lone pair of electrons on nitrogen forms a carbon-nitrogen 

double bond as the carbon-oxygen bond is broken, resulting in an iminium 

ion. The iminium ion is highly electrophilic and rapidly undergoes hydride 

reduction by a second equivalent of LiAlH4, producing an amine with all 

C—C and C—N bonds originally present still intact. Thus, the reduction 

of an amide with LiAlH4 has the net effect of replacing the carbonyl oxy¬ 

gen and the C—O cr and 77 bonds with the two carbon-hydrogen bonds in 

a —CH2— unit. The degree of substitution on nitrogen does not change, 

and the tertiary amide is reduced to form a tertiary amine. 

Primary and secondary amides are also reduced by LiAlH4, to form, re¬ 

spectively, primary and secondary amines: 

O 

The pathway for the reduction of primary and secondary amides is similar 

to that for tertiary amides, as illustrated by the reduction of the secondary 

amide N-methylacetamide: 

I 
H 

\ © 

H—A1H3 

N-Methylacetamide 

© _ 

A1H3 H 

A /CH3 
-H® 

ct_7® 
H | H 

H 

Iminium 

ion 

However, the intermediate iminium ion in this case has a proton on nitro¬ 

gen that is rapidly lost, forming a neutral imine. The C=N bond in an 

imine is polarized in the same direction as the C=0 bond in a carbonyl 

compound, with carbon bearing partial positive charge and the heteroatom 

bearing partial negative charge. As a result, hydride attack at the carbon end 

Nucleophilic Addition 
of Hydrogen to 

Carbonyl Groups 
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of the C=N bond is rapid, effecting reduction and the formation of a new 

C—H a bond, with a shift of the 77 electron density onto nitrogen. The re¬ 

sulting negatively charged nitrogen atom coordinates with AIH3, produc¬ 

ing a complex that, after treatment with mild acid, leads to the free amine. 

Thus, metal hydride reductions of all three classes of amides generate the 

corresponding amine, as the carbonyl group is converted to a methylene 

unit. 

EXERCISE 12.4 

Write a detailed mechanism for the LLA.IH4 reduction of acetamide: 

LiAlH. H,0® 

EXERCISE 12.5 

Draw the structures of all possible amides from which each of the following amines 

could be produced by reduction with LiAlH4: 

Relative Reactivity of Carbonyl Compounds 
toward Hydride Reducing Agents 

The relative reactivity of various carbonyl compounds toward nucle¬ 

ophilic attack roughly correlates with the magnitude of the positive charge 

density on the carbonyl carbon. In a nucleophilic hydride transfer reaction, 

the 77 bond of the carbonyl group is destroyed. The rate of hydride reduc¬ 

tion is affected by factors that increase or decrease the stability of the 77 

bond of the carbonyl group in the starting material and by factors that af¬ 

fect the stability of the intermediate tetrahedral anion. For example, car¬ 

boxylic acid esters react more slowly than ketones and aldehydes, because 

donation of electrons from the oxygen of the —OR group stabilizes the es¬ 

ter and shifts electron density toward the carbonyl group (see Chapter 3). 

..© ..© 
:Q: 



Resonance stabilization is even greater in amides because nitrogen is less 
electronegative than oxygen. On the other hand, resonance stabilization is 
weaker in thiol esters than in simple esters. This stabilization can be viewed 
as a contribution from the zwitterionic ester and amide resonance struc¬ 
tures. Because this resonance stabilization is lost as the tt bond is broken 
and the nucleophile is added to the carbonyl carbon, resonance-stabilized 
reactants have higher activation energies and, consequently, are slower to 
react with nucleophiles (including complex metal hydrides) than are alde¬ 
hydes or ketones. 

The order of reactivity toward nucleophiles of several functional groups 
containing C=0 bonds is shown in Figure 12.2. Aldehydes are more reac¬ 
tive than ketones, and both are more reactive than carboxylic acid deriva¬ 
tives. Because the hydrogen atom attached to the carbonyl carbon in an 
aldehyde is smaller than the second alkyl group of a ketone, and because 
hyperconjugative electron release from the additional alkyl group of a ke¬ 
tone stabilizes its carbonyl double bond relative to that of an aldehyde, ac¬ 
tivation energy barriers for nucleophilic attack are somewhat larger for ke¬ 
tones than for aldehydes. Therefore, aldehydes are more reactive than 
ketones. The relative reactivity of carboxylic acid derivatives is governed by 
how effectively the heteroatom bonded to carbon can release electrons to 
the carbonyl tt system. The third-level orbitals of sulfur are significantly 
larger than the second-level orbitals used by carbon for bonding. As a con¬ 
sequence, there is little overlap between the 2p and 3p orbitals and little res¬ 
onance stabilization in a thiol ester, which is more reactive than a simple 
ester. 
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Increasing reactivity 

o o o 

Aldehyde Ketone Thiol 

ester 

FIGURE 12.2 

o O o 
A„ A, x 

rAAq© 
OR R NR2 

Ester Amide Carboxylate 

anion 

Order of reactivity of carbonyl compounds toward nucleophiles. 

The relative reactivity of the various carbonyl groups has important 
consequences. Both sodium borohydride and lithium aluminum hydride 
reduce aldehydes and ketones, but the more reactive reagent, lithium alu¬ 
minum hydride, is required for the reduction of thiol esters, esters, and 

amides. 

EXERCISE 12.6 

Recall that complex metal hydrides react with acids as weak as water to generate 

hydrogen in an acid-base reaction. Why are carboxylic acids much more difficult 

to reduce with LiAlH4 than esters are? 

EXERCISE 12.7 

For each of the following pairs of compounds, consider whether it would be pos¬ 

sible to reduce the first compound in a mixture of the two. If so, what reducing 

agent could be used to effect the selective reduction? 
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(b) 

(c) 

(d) 

12.3 

Oxygen Nucleophiles 

Unlike halide ions, oxygen nucleophiles productively attack carbonyl com¬ 
pounds. Common oxygen nucleophiles that effect such nucleophilic addi¬ 
tions include water, hydroxide ion, and alcohols. In this section, we con¬ 
sider how these nucleophiles react with aldehydes and ketones to produce, 
respectively, hydrates, disproportionation products (through the Canniz¬ 
zaro reaction), and acetals and ketals. 

Addition of Water: Hydrate Formation 

For the reasons given in Section 12.5, halide ions do not effect nucle¬ 
ophilic addition to carbonyl groups. However, elements to the left of the 
halogens in the periodic table form stronger bonds to carbon than do the 
halogens and are less stable as free anions than are halide ions. These fac¬ 
tors combine to increase the productivity of attack by oxygen nucleophiles. 

Base-Catalyzed Hydration. Attack by hydroxide ion (an oxygen nu¬ 
cleophile) on an aldehyde leads to a hydrate: 

:QH Alkoxide A hydrate 

•• ion 

When hydroxide ion attacks the carbonyl group, the carbonyl oxygen be¬ 
comes negatively charged, and an alkoxide ion is formed. There is little dif¬ 
ference in the stability of the two negatively charged species, the tetrahe¬ 
dral alkoxide ion and the nucleophilic hydroxide ion. Although the 
carbon-oxygen n bond of the aldehyde is still somewhat stronger (91 
kcal/mole) than the carbon-oxygen a bond that replaces it (86 kcal/mole), 
the energy difference is smaller than it would be if a halide ion were the at¬ 
tacking nucleophile. Protonation of this intermediate alkoxide ion by wa¬ 
ter produces a geminal diol (a hydrate) and hydroxide ion. The overall re¬ 
action can thus be viewed as the addition of water across the 7r bond, 
catalyzed by hydroxide ion. In fact, this hydration of an aldehyde (as well 
as that of a ketone) is very rapid in alkaline solution. Nonetheless, the prod¬ 
uct hydrate is generally less stable than the starting carbonyl compound, 
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MICKEY FINN: WHO WAS HE? 

The presence of electron-withdrawing groups on the carbon adjacent to a 
carbonyl group destabilizes the tt system. With sufficient destabilization, the 
energy of the aldehyde or ketone can be raised until the hydrate is more sta¬ 
ble. For example, chloral (trichloroacetaldehyde) reacts exothermically with 
water to form the crystalline hydrate: 

O HO OH 

12.3 Oxygen Nucleophiles 

Chloral hydrate is both a sedative and a hypnotic and has been used medi¬ 
cinally for these purposes. It has also been used for more sinister purposes: 
when secretly added to another person’s drink, it yields a so-called Mickey 
Finn, a surreptitious knock-out. For this reason, chloral is a controlled sub¬ 
stance. 

and the equilibrium for this reversible reaction lies on the side of the car¬ 
bonyl compound. For most aldehydes, there is no net chemical consequence 
of this reversible addition. However, the addition can be detected, and its 
rate can be measured by the use of water enriched in 170 or lsO, since the 
heavy isotope of oxygen finds its way into the carbonyl group. 

EXERCISE 12.8 

Propose a mechanism by which normal acetone (in which the oxygen is 160) is la¬ 
beled with lsO upon treatment with H2018 in the presence of acid. 

Acid-Catalyzed Hydration. In acidic water (at low pH), the concen¬ 
tration of hydronium ion increases, and the concentration of hydroxide ion 
is correspondingly reduced. (Remember that [H®][GOH] = 10-14.) 

H 
I T-T® 

o® 
+H® 

Low pH 

-H® 
_^ 

' +H® 

Water 

High pH 

The nucleophilicity of a neutral water molecule is much lower than that of 
a hydroxide ion, which should result in a correspondingly slower attack on 
a carbonyl group by water. (The hydronium ion is not nucleophilic because 
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the oxygen bears a formal positive charge.) However, in acidic solution, wa¬ 
ter does add to the C=0 bond. 

H 

Aldehyde 

OH 

R 

Hydrate 

Here, the carbonyl group is rapidly and reversibly converted by protona¬ 
tion into a significantly better electrophile, one sufficiently reactive to be 
attacked by the less nucleophilic neutral water molecule. Thus, nucleophilic 
attack occurs in acidic solution, even with a weak nucleophile such as wa¬ 
ter, to generate an oxonium ion. Deprotonation of this species gives the hy¬ 
drate. Here again, the net reaction is addition of water across the tt bond, 
but in a process catalyzed by acid. 

An important point to be inferred from this comparison of two means 
of addition of water to an aldehyde is that nucleophilic attack can be ac¬ 
celerated under both basic and acidic conditions. In the presence of base, 
the nucleophile is deprotonated, resulting in an anion with enhanced nu- 
cleophilicity. In the presence of acid, the nucleophile is neutral (and thus 
less reactive than the anion), but the carbonyl compound can be activated 
toward reaction with the nucleophile by protonation on oxygen. 

High pH 

HOH 

Equilibria Involving Carbonyl Compounds and Their Correspond¬ 
ing Hydrates. Each step in the addition of water is reversible and rapid, 
and thus an equilibrium is established between the carbonyl compound and 
its hydrate. This process can be catalyzed by either acid or base. By defini¬ 
tion, a catalyst is not consumed in a reaction and can have no effect on the 
overall energetics of the reaction. The equilibrium position of hydration is 
therefore unaffected by whether an acid or a base is the catalyst. The posi¬ 
tion of this equilibrium is governed by the stability of the hydrate adduct 
relative to that of the starting carbonyl compound. Structural features in 
the starting material that stabilize the carbonyl group include the presence 



of electron-donating groups or, conversely, the absence of electron-with¬ 
drawing substituents. The relative amounts of four carbonyl compounds 
and their hydrates present at equilibrium are as follows (the significance of 
these equilibrium processes will become apparent when we turn our atten¬ 
tion to sugars in Chapter 16): 

o OH O OH 

OH 

T 
h3c h h3c^^h 

OH 
0.01 99.9 42 58 

O OH o OH I 
C13C H Cl3C'^fVH 

OH 

T 
h3c ch3 H3C^^CH3 

OH 

0 100 100 0 
(not detectable) 
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EXERCISE 12.9 

For each of the following carbonyl compounds, predict whether the amount of hy¬ 
drate present at equilibrium in aqueous acid is larger or smaller than that present 
when acetone is dissolved in the same acidic medium. Explain your reasoning 
clearly. 

(a) Q (b) O 

H F,C 

(c) O 

H NFC 

Addition of Hydroxide Ion: The Cannizzaro 
Reaction and Hydride Transfer 

Certain aldehydes, upon treatment with sodium or potassium hydrox¬ 
ide, are converted to equal amounts of the corresponding carboxylate an¬ 
ion and alcohol. This is known as the Cannizzaro reaction. 

©.. 

Carboxylate Alcohol 

This reaction works only with aldehydes (such as benzaldehyde) that lack 
a hydrogen atoms. For such aldehydes, cr-deprotonation by hydroxide ion 
cannot lead to an enolate anion, for which other reactions are possible, as 
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we will see in Chapter 13. Instead, hydroxide ion adds to the carbonyl car¬ 
bon. Reversal of this addition is quite rapid, but the reverse reaction sim¬ 
ply reforms the starting material. In an alternative pathway, the carbonyl 
group can be regenerated from the tetrahedral intermediate if hydride ion 
(instead of hydroxide ion) is lost. Simple loss of hydride ion is not possi¬ 
ble because this ion is very unstable as a result of its concentrated charge. 
However, hydride can be transferred simultaneously to an electrophile—in 
this case, benzaldehyde—by a route very similar to that for the complex 
metal hydride reductions presented in Section 12.2. Thus, as the carbonyl 
group is reformed from the tetrahedral intermediate derived from one mol¬ 
ecule, hydride is transferred to a second molecule of starting material, so 
that a carboxylic acid and an alkoxide ion are formed. Proton transfer be¬ 
tween these products generates a carboxylate anion and a neutral alcohol. 
This hydride transfer mechanism results in the oxidation of aldehyde that 
was initially subject to hydroxide attack and reduction of the aldehyde group 
to which the hydride was transferred. 

The hydroxide ion-induced conversion of two molecules of benzalde¬ 
hyde into one molecule of carboxylic acid and one of alcohol is a dispro¬ 
portionation, a reaction in which a species of intermediate oxidation level 
(an aldehyde) is both oxidized (to an acid) and reduced (to an alcohol). In 
the Cannizzaro reaction, this conversion is catalyzed by hydroxide ion. 

Hydride Transfer under Biological Conditions. In the Cannizzaro 
reaction, an aldehyde is reduced by the transfer of a hydride ion equivalent 
from a C—H bond. The biological cofactor nicotinamide adenine dinu¬ 
cleotide (NADH) is also a carbon-based reducing agent. 

sugar sugar 

NADH NAD+ 

(reduced form) (oxidized form) 

Like the intermediate adduct in the Cannizzaro reaction, NADH delivers a 
hydride equivalent to the carbon of a C=0 bond in the presence of a cat¬ 
alyst (the enzyme alcohol dehydrogenase). The resulting pyridinium ion 
(NAD+) is aromatic, providing a driving force for the transfer of He . The 
reverse transfer of a hydride from an alcohol to NAD+ accomplishes alco¬ 
hol oxidation. Note that this process is quite different from that discussed 
in Chapter 8 for metal-centered redox reactions. 

EXERCISE 12.10 

Predict which of the following compounds can undergo a Cannizzaro reaction. If 
the reaction is possible, write structures for the expected products. 

O O 



Addition of Alcohols 

The addition of an alcohol across the carbonyl tt bond of an aldehyde 
or ketone takes place by a pathway essentially identical to that for the ad¬ 
dition of water. These additions can be catalyzed by either base or acid. 

Formation of Hemiacetals and Acetals. Hemiacetals and acetals are 
formed by reaction of alcohols with aldehydes. Hemiacetals are unstable 
substances that cannot be isolated; they exist only in solution. Their for¬ 
mation can be catalyzed by either base or acid. Acetals are stable, isolable 
compounds. Their formation from hemiacetals is acid-catalyzed. 

Base Catalysis of Hemiacetal Formation. Let’s first consider the re¬ 
action of an alcohol and an aldehyde in the presence of base. In this reac¬ 
tion, the attacking nucleophile is an alkoxide ion: 

EM TV® II 

#12 Hemiacetal/Acetal 
Formation 

c o 

R H 

ROH 
Li (or Na or K) ^ ©•• 
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As we have seen, alcohols are acidic, and treatment with an alkali metal re¬ 
sults in the formation of an alkoxide anion. (The reaction with potassium 
metal is so exothermic that dangerous conditions can result when potas¬ 
sium salts are made from primary or secondary alcohols in this way. The 
heat generated can cause the hydrogen that is formed to combine explo¬ 
sively with oxygen, forming water in a highly exothermic reaction.) 
Alternatively, smaller concentrations of alkoxide ions can be generated in 
situ by treatment of the neat alcohol with strong base, such as solid sodium 
hydroxide or potassium hydroxide. Alkoxide ions are effective nucleophiles 
and rapidly add to a carbonyl carbon. However, as in the reaction of an 
aldehyde with hydroxide, this first step is readily reversible, and the addi¬ 
tion product is less stable than the starting carbonyl compound both be¬ 
cause the bonds of the hemiacetal are weaker than those of the aldehyde 
and alcohol and because entropy favors the two molecules of starting ma¬ 
terial over the single product molecule. 

Acid Catalysis of Hemiacetal and Acetal Formation. In contrast to 
catalysis by base, catalysis by acid does produce an observable product. 
Treatment of an aldehyde with an alcohol in the presence of acid leads to 
the formation of an acetal and water in a multistep process: 

O H3CO OCH3 

+ 2 H3COH —^ + H20 

Aldehyde Alcohol Acetal 
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FIGURE 12.3 

Mechanism for the acid catalyzed reaction of an aldehyde and an alcohol. The 
first stage produces a hemiacetal, and the second stage produces an acetal. 

Because water is produced as a product, it is possible to “pull” the reaction 
toward the acetal by removal of the water as it is formed. The steps in the 
formation of an acetal (Figure 12.3) are quite similar to those for forma¬ 
tion of a hydrate under acidic conditions. 

In the presence of acid, protonation of the carbonyl oxygen activates 
the carbonyl group toward nucleophilic attack. An alcohol can therefore at¬ 
tack, producing a hemiacetal after deprotonation. Then a hydroxyl group 
of the hemiacetal is converted to a good leaving group by protonation by a 
relatively strong acid. The loss of water from the protonated hemiacetal is 
assisted by donation of a lone pair from the alkoxy oxygen, and an inter¬ 
mediate oxonium ion analogous to a protonated carbonyl group is formed. 
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Addition of a second molecule of alcohol to the carbonyl carbon re¬ 
sults in the formation of an oxonium ion intermediate. The sequence is fin¬ 
ished by deprotonation, producing an acetal—a tetrahedral carbon with 
two geminal alkoxy groups. Hemiacetals, acetals, and analogous functional 
groups are of great importance in the chemistry of sugars and nucleic acids. 

Structure and Nomenclature of Carbonyl-Alcohol Adducts. A 
hemiacetal, like a hydrate, is thermodynamically less stable than the start¬ 
ing material. However, under acidic conditions, further transformations ul¬ 
timately convert the aldehyde and two equivalents of alcohol into an acetal 
and water. A hemiacetal is a functional group with both an alkoxy and a 610 



hydroxy group attached to the same carbon atom; an acetal has two alkoxy 
groups on the same carbon atom. The corresponding products derived from 
a ketone are called a hemiketal and a ketal. Shown here are ball-and-stick 
representations of the methyl hemiacetal and methyl acetal of acetaldehyde 
and the methyl hemiketal and methyl ketal of acetone. 

Hemiacetal Acetal Hemiketal 
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12.3 Oxygen Nucleophiles 

RO OR 

UC 
Ketal 

Acetals and ketals are often named as derivatives of the underlying carbon 
skeleton rather than by terms that refer to acetal or ketal. For example, the 
dimethyl acetal of acetaldehyde is called 1,1-dimethoxyethane, and the di¬ 
methyl ketal of acetone is called 2,2-dimethoxypropane. The key feature 
that helps in recognizing acetals and ketals is the presence on the same car¬ 
bon of two alkoxy substituents. 

Manipulating the Point of Equilibrium in Alcohol Addition. All of 
the reactions involved in hemiacetal and acetal formation occur under equi¬ 
librium conditions—that is, the energy difference between reactants and 
products is sufficiently small that both forward and reverse reactions occur 
with ease. Using tabulated bond energies, we can calculate the enthalpy 
change for the formation of an acetal. Comparing the bonds present in the 
reactants (the carbonyl compound and two molecules of alcohol) with the 
bonds present in the products (acetal and water), we find the same change 
in bonding as occurs in the hydration of an aldehyde: the net change is that 
one carbon-oxygen tt bond is replaced by a new carbon-oxygen a bond. 
Because the tt bond is stronger than the a bond in most aldehydes and ke¬ 
tones, the formation of either the hydrate or an acetal from the carbonyl 
compound is an endothermic process. 

O 

X + h2o ^ 
^ H 

HO OH 

Hydrate 

RO OR 

+ H,0 
H 

Acetal 

Bonds Lost 

C—O tt 90 (176 - 86) 
2 O—FI 222 

Bonds Gained 

c—O cr 86 

2 O—H 222 
308 AH° = +4 kcal/mol 312 
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The formation of the acetal differs from the formation of the hydrate 
in two important ways. First, the formation and hydrolysis of an acetal re¬ 
quire acid catalysis, and the reaction can be stopped by the addition of base. 
Second, water is formed in addition to the acetal, and removal of the wa¬ 
ter physically (by azeotropic distillation, for example) will “pull” the en¬ 
dothermic formation of the acetal toward the right (recall Le Chatelier s 
principle). Alternatively, a reagent can be added that reacts exothermically 
with water to compensate for the energy required in acetal formation. 
Coupling of such a reaction with acetal formation makes the overall process 
exothermic. Examples of such reagents are Na2S04 and molecular sieves, 
both of which react exothermically with water to form hydrates. Molecular 
sieves, also called zeolites, are mixed salts of silicon and aluminum oxides 
with Li®, Na®, and/or K® as counterions. They crystallize from water as 
hydrates from which the water can be driven upon heating. The crystalline 
structure remains intact, leaving “holes” that are the right size for water, as 
in this simple zeolite with a framework of silicon (purple) and oxygen (red): 

A zeolite 

Under such conditions, aldehydes can be converted into acetals in good 
yield. The formation of the acetal is also favored when the alcohol is used 
as solvent. Under these conditions, the high concentration of starting ma¬ 
terial “pushes” the reaction toward the products. 

The idea that reactions can be “pushed” or “pulled” toward the desired 
product is very important in biochemical transformations. Active living sys¬ 
tems cannot be at thermodynamic equilibrium: an influx of starting mate¬ 
rials (food) and expulsion of waste products are required for activity. As 
new starting materials are ingested, they are pushed toward product by the 
temporary increase in their concentrations. In turn, these products are start¬ 
ing materials for reactions. Many of these reactions are not highly exother¬ 
mic (and some are even endothermic), but the constant flux of concentra¬ 
tions of reactants and products drives the various reactions involved in 
metabolic processes, which produce the energy required by living systems. 

Formation of Hemiketals and Ketals. The reactions just described 
for aldehydes also take place with ketones, forming the structurally analo¬ 
gous hemiketal and ketal functional groups: 



A ketone A hemiketal A ketal 

The formation of acetals and ketals is reversible in the presence of aqueous 
acid. The mechanisms for the conversion of a ketal into a hemiketal and of 
a hemiketal into a ketone are identical with those for the conversion of an 
acetal into a hemiacetal and of a hemiacetal into an aldehyde. 

Acetals and Ketals as Protecting Groups. Formation of an acetal 
from an aldehyde temporarily masks the characteristic reactivity of the car¬ 
bonyl group and protects it from nucleophilic addition under basic condi¬ 
tions. After reaction of a nucleophile with other functional groups, the alde¬ 
hyde can be regenerated by treating the acetal with aqueous acid. (Recall 
the bromination-debromination sequence for the protection of alkenes dis¬ 
cussed in Chapter 10.) 

Alcohol-aldehyde 

EXERCISE 12.11 

Write a complete mechanism for the formation of a ketal from acetophenone and 
ethylene glycol, HOCH2CH2OH. Then write a mechanism for the hydrolysis of the 
ketal to reform the starting materials. 

Acetophenone A ketal 

12.4 

Nitrogen Nucleophiles 

Nitrogen-containing compounds that bear a lone pair of electrons on ni¬ 
trogen are active nucleophiles. Common nitrogen nucleophiles that attack 
carbonyl groups to effect nucleophilic addition include ammonia, primary 
and secondary amines, hydrazine derivatives, and hydroxylamine. In this 
section, we consider how these nucleophiles react with aldehydes and ke¬ 
tones to produce various nitrogen derivatives. 



614 

12 Nucleophilic Addition 
and Substitution at 
Carbonyl Groups 

Amines 

Nitrogen functional groups are more basic and more nucleophilic than 
their comparable oxygen counterparts (for example, NH3 versus H2O), be¬ 
cause nitrogen is less electronegative than oxygen. Therefore, the reactions 
of nitrogen nucleophiles with carbonyl compounds take place under less 
stringent conditions than are required for reactions of oxygen nucleophiles. 

Imine Formation. The reaction of ammonia or a primary amine with 
an aldehyde or a ketone forms an imine, also known as a Schiff base. The 
reaction of ammonia with an aldehyde or a ketone begins with nucleophilic 
attack on the carbonyl carbon by a pathway similar to that for the addition 
of water to a carbonyl 7r bond. However, the higher nucleophilicity of am¬ 
monia makes it unnecessary to employ either acid or base catalysis to ini¬ 

tiate the reaction. 

Iminium ion Imine 

The lone pair of nitrogen attacks the carbonyl carbon to generate a tetra¬ 
hedral zwitterionic intermediate. Rapid deprotonation at nitrogen and re¬ 
protonation at oxygen lead to a neutral species, but because this interme¬ 
diate is in a protic medium, it can be protonated again, on either oxygen 
or nitrogen. Protonation on nitrogen is not productive, but protonation on 
oxygen sets the stage for loss of water and formation of a C=N bond us¬ 
ing nitrogens lone pair. The resulting iminium ion loses a proton to form 
a neutral imine. Imines of aldehydes and those derived from ammonia are 
particularly unstable. Not easily isolated, they are readily converted into the 
starting ketone and amine in the presence of water. 

EXERCISE 12.12 

Write a full mechanism, using curved arrows, to illustrate how an imine is formed 
when acetone is treated with n-butylamine and mild acid: 

Reductive Amination. Imines are reduced to amines by hydride 
reagents or by catalytic hydrogenation. An electron-deficient derivative of 
NaBH4—namely, sodium cyanoborohydride, NaBH3CN—is frequently 
used as the complex metal hydride in this reaction. The conversion of a car¬ 
bonyl group to an amine through an intermediate imine is called reductive 
amination. Although a reducing agent is required only for the second step, 
the amine and metal hydride are added together so that the imine can be 
reduced as it is formed. 
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The presence of the electron-withdrawing cyano group on boron in 

sodium cyanoborohydride makes this reagent less reactive than sodium 

borohydride. Sodium cyanoborohydride does not reduce aldehydes and ke¬ 

tones. Indeed, it is the protonated imine that undergoes reduction in these 

reductive amination reactions and not the imine, which is also unreactive 
with this reducing agent. 

H 

Na® ®B 
h N 

H 

Sodium cyanoborohydride 

◄ 

EXERCISE 12.13 

Suggest a mechanism for the reduction of acetone imine to 2-aminopropane by 
sodium cyanoborohydride. 

NH 
NaBH3CN 

11,0 

H NH2 

Enamines. The reaction of a secondary amine with an aldehyde or ke¬ 

tone forms an enamine: 

The reaction mechanisms for the formation of imines and enamines are 

quite similar. Addition of a primary or secondary amine to an aldehyde or 

ketone, followed by loss of water, results in formation of an iminium ion. 

The iminium ion derived from a primary amine can lose a proton either 

from nitrogen to form an imine or from the ct-carbon to form an enam¬ 

ine: 
O 

+ H2N—R 

An imine Iminium ion An enamine 

With a secondary amine, the resulting iminium ion has no protons on ni¬ 

trogen, so a proton is lost from carbon to form an enamine. 
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Imine-Enamine Tautomerization. Imines that bear a hydrogen at the 

carbon a to the C=N bond (such as the imine derived from acetone) can 

tautomerize to generate an enamine, by protonation-deprotonation. In an 

enamine, a proton a to the original carbonyl carbon has been lost. 

Imine Enamine 

This imine-enamine tautomerization is similar to the keto-enol tautomer¬ 

ization discussed in Chapter 3 and is catalyzed by either acid or base. The 

iminium ion is an intermediate in the interconversion of an imine to an 

enamine, and vice versa, a process that is quite rapid in the presence of acid. 

Except when there are very large alkyl groups on nitrogen, the imine tau¬ 

tomer is favored for the same reasons that the keto form is favored in a 

keto-enol tautomerization (see Chapter 3). 

Ketones react with ammonia and primary and secondary amines to 

form imines (also known as Schiff bases) and enamines (Figure 12.4). An 

enamine is an important intermediate in that the a carbon bears signifi¬ 

cant negative charge (or electron density), much like an enol or enolate an¬ 

ion, and enamines undergo reactions as carbon nucleophiles. 

Pyrrolidine Enamine 

FIGURE 12.4 

Reaction of a ketone with a primary amine such as benzylamine yields an 
imine. Reaction of a ketone with a secondary amine such as pyrrolidine 
yields an enamine. 

Other Nitrogen Nucleophiles 

Formation of Derivatives. A number of other nitrogen-containing 

nucleophiles form derivatives of ketones. Before spectroscopic methods 

were available, solid, sharp-melting derivatives were valuable aids to the 



617 identification of organic compounds. Hydrazine, H2N—NH2, reacts with a 

ketone such as cyclohexanone to form a hydrazone by a mechanism iden¬ 

tical to that for the formation of imines: 
12.4 Nitrogen Nucleophiles 

A ketone A hydrazone 

Hydrazones are often solids, and so the reaction with hydrazine is useful 

for converting a liquid carbonyl compound into a solid derivative that can 

be more easily characterized—for example, by its melting point. 

Phenylhydrazines are used to make phenylhydrazones of ketones and 

aldehydes (Figure 12.5). The product of the reaction of a ketone with 

2,4-dinitrophenylhydrazine is a 2,4-dinitrophenylhydrazone (2,4-DNP), a 

brightly colored (often red-orange) solid, whose formation is frequently 

used as a qualitative test for the presence of an aldehyde or ketone. Oximes 

and semicarbazones are derivatives (often solids) formed by the treatment 

of an aldehyde or ketone with hydroxylamine or semicarbazide. 

H N02 

2,4-Dinitrophenylhydrazine A 2,4-Dinitrophenylhydrazone (2,4-DNP) 

O 
+ h2n 

OH 

OH 
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O 
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H 

Hydroxylamine 
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/NH2 
N Y 

I 
H O 

Semicarbazide 

An oxime 

+ H,0 

H 
I 

+ H,0 

FIGURE 12.5 

Ketones and aldehydes react with phenylhydrazines, hydroxylamine, and 
semicarbazide to form substitution products. 

Variations in Nucleophilicity of Nitrogen Nucleophiles. A number 

of the reagents used for derivatization (for example, hydrazine or semicar¬ 

bazide) have more than one possible nucleophilic site available for reaction 



with a carbonyl group. In 2,4-dinitrophenylhydrazine, the terminal nitro¬ 

gen (in blue) is more nucleophilic than the other amino nitrogen: 
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2, 4-Dinitrophenylhydrazine 

The amino nitrogen attached to the aromatic ring has greatly diminished 

nucleophilicity because of delocalization of the lone pair of electrons into 

the aromatic tt system. This is evident in the two resonance contributors 

shown at the right. In these forms, the nitrogen atom adjacent to the ring 

bears positive charge, and negative charge is localized on the carbons bear¬ 

ing the nitro groups. (The nitrogen atom in an —N02 group is formally 

positively charged, as described in Chapter 11, and is not nucleophilic.) 

Because the electron density at the terminal amino group is not as greatly 

affected by the polarization in the aromatic ring, this group can more ef¬ 

fectively serve as an active nucleophile. 

Similarly, in semicarbazide, the two nitrogen atoms directly attached to 

the carbonyl carbons are resonance donors to the carbonyl oxygen. 

Therefore, the remaining nitrogen (shown in blue) is the more nucleophilic 

atom and ends up bonded to carbon in the semicarbazone. 

O 

O 
© 

n. f 
H H 

.H 

In hydroxylamine, both the oxygen and the nitrogen bear lone-pair elec¬ 

tron density, and either could react as a nucleophile. 

H2N—OH 

Hydroxylamine 

However, the less electronegative atom within a row of the periodic table is 

generally more basic and more nucleophilic. In fact, it is the nitrogen atom 

of hydroxylamine that reacts as a nucleophile, combining with aldehydes 
and ketones to form oximes (Figure 12.5). 



619 EXERCISE 12.14 

Write a full mechanism, in parallel with that for imine formation, to illustrate how 
a hydrazone is formed when acetone is treated with hydrazine: 

NH2 

h2n—nh2 

12.5 Nucleophilic Acyl 
Substitution of Carboxylic Acids 

and Derivatives 

12.5 

Nucleophilic Acyl Substitution of 
Carboxylic Acids and Derivatives 

In several families of carboxylic acid derivatives, a heteroatom is bonded to 

a C=0 group. Examples include carboxylic acid chlorides, anhydrides, es¬ 

ters, thiol esters, and amides. Let’s consider a general scheme in which a 

heteroatomic nucleophile, X0, attacks the carbonyl carbon of a carboxylic 

acid derivative whose heteroatom is represented by Y: 

EM TV® II 

#04 Carboxylic 
Acids/Derivatives 
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In this reaction, one carboxylic acid derivative, RCOY, is converted to an¬ 

other, RCOX, by a process called nucleophilic acyl substitution. (Recall 

that —COR is an acyl group.) These conversions can be accomplished ei¬ 

ther by the use of a good nucleophile, as is implied by the negatively charged 

species X0 , or by enhancing the electrophilicity of the starting material by 

protonation (Figure 12.6). Each step in a nucleophilic acyl substitution 
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FIGURE 12.6 
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A 
+ : Y—H 

-HT o 

A 

Protonation of the carbonyl oxygen of a carboxylic acid derivative converts 

it to a cation that is more easily attacked by nucleophiles. 
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reaction is potentially reversible, and the position of the overall equilibrium 

is determined mainly by the relative stabilities of the reactant and product 

carboxylic acid derivatives. Other important factors are the relative stabili¬ 

ties of X0 and YQ and the relative strengths of the H—X and H—Y bonds 

formed when the reaction takes place in an acidic medium. 

Relative Stability of Carboxylic 
Acid Derivatives 

It is useful to review the order of stability of various carboxylic acid de¬ 

rivatives (Figure 12.7). With regard to nucleophilic attack, the most reac¬ 

tive derivative is the acid chloride; the least reactive is the carboxylate ion. 

In all cases, reactivity is determined by the degree of electron delocalization 

from the heteroatom (for example, chlorine or nitrogen) into the carbonyl 

7t system. For the acid chloride, this delocalization is of minor importance, 

both because chlorine is relatively electronegative and because it is larger 

than carbon (in a different row in the periodic table). Consequently, the rel¬ 

evant orbitals are mismatched in size. Sulfur is about the same size as chlo¬ 

rine, although less electronegative; thiol esters, therefore, are much more 

stable than carboxylic acid chlorides. The central oxygen of a carboxylic 

acid anhydride must interact equally with each of the adjacent carbonyl 

groups; therefore, the donation of its lone pairs is less extensive than in an 

ester. Carboxylic acid esters have a slightly greater resonance stabilization 

than do neutral carboxylic acids, because the alkyl group of an ester releases 

electron density to the ester oxygen by hyperconjugation. Amides are quite 

stable, because nitrogen is similar in size to carbon and is less electronega¬ 

tive than oxygen. The carboxylate ion is the most stable of all carboxylic 

acid derivatives, because its two resonance forms have identical energy. 

Increasing order of resonance stabilization 

R 

< 

Increasing reactivity toward nucleophiles 

FIGURE 12.7 

Order of stability of the various carboxylic acid derivatives. 

EXERCISE 12.15 

Draw all significant resonance structures for each species: 

(a) a carboxylic acid chloride (c) a carboxylate anion 

(b) a primary amide 111 

It is possible to convert a more reactive derivative into a less reactive 

one by simple nucleophilic acyl substitution under equilibrium conditions, 

but the reverse conversion is not possible under the same conditions. For 

example, an amide can be prepared easily from an acid chloride, but the 



621 conversion of an amide into the corresponding acid chloride cannot be ac¬ 

complished directly. Similarly, an ester can be converted into an amide, but 

the reverse conversion cannot take place directly. However, each of these 

acid derivatives, can be hydrolyzed under alkaline conditions, producing a 

carboxylate ion. We will see shortly how a carboxylate ion can be converted 

to an acid and then to a carboxylic acid chloride, allowing a cycle of inter¬ 

conversion through the entire range of carboxylic acid derivatives. 

Interconversion of Carboxylic 
Acid Derivatives 

Hydrolysis of Carboxylic Acid Derivatives. All carboxylic acid de¬ 

rivatives can be hydrolyzed under acidic conditions to carboxylic acids and 

under basic conditions to carboxylate ions. In most cases, the equilibrium 

is driven toward the carboxylic acid (or carboxylate ion) by the greater res¬ 

onance stability of the product formed. As an example of this class of re¬ 

actions, let’s consider the hydrolysis of a thiol ester under basic and under 

acidic conditions. 

Base Hydrolysis of Thiol Esters. In base, hydroxide ion attacks the car¬ 

bonyl carbon of the thiol ester, forming a negatively charged tetrahedral in¬ 

termediate. In the space-filling model of methyl thiol acetate, note the large 

size of the sulfur (yellow) as compared with the neighboring carbon: 

H3C S 
/CH3 

Methyl thiol acetate 

The tetrahedral intermediate can either revert to starting material by rup¬ 

ture of the C—O bond just formed or it can proceed to product by cleav¬ 

age of the C—S linkage. However, the reaction is not complete at this point, 

because the leaving group, the thiolate anion, is sufficiently basic to convert 

the carboxylic acid into a carboxylate anion almost quantitatively. 

e.. 
:OH 

Thiol ester Tetrahedral Carboxylic Carboxylate 

intermediate acid anion 

An energy diagram for the steps involved in the process of hydrolysis 

is shown in Figure 12.8 (on page 622). The carboxylic acid lies lower in en¬ 

ergy than the thiol ester, and deprotonation of the acid forms the carboxy¬ 

late ion, which is further stabilized by resonance delocalization. Thus, un¬ 

der basic conditions, thiol esters are converted essentially quantitatively into 

carboxylate ions. This is not a base-catalyzed reaction because the original 

nucleophilic species, the hydroxide ion, is consumed: for each equivalent of 

thiol ester produced, one equivalent of hydroxide must be used. Such reac¬ 

tions are referred to as base-induced reactions. 

12.5 Nucleophilic Acyl 
Substitution of Carboxylic Acids 

and Derivatives 

+ HSCH3 
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FIGURE 12.8 

Energy diagram for base-induced hydrolysis of a thiol ester. The process is 
highly exothermic because of the high stability of the carboxylate anion. 

Acid Hydrolysis of Thiol Esters. Under acidic conditions, the major fea¬ 

tures of the hydrolysis reaction of a thiol ester are the same as under basic 

conditions, although the details differ (Figure 12.9). The reaction is initi¬ 

ated by the transfer of a proton from the acidic medium to the carbonyl 

oxygen of the thiol ester. Reaction with neutral water as a nucleophile then 
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Thiol ester 

= OH2 Tetrahedral 

intermediate 
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R OH 

+ HSR 

O 

Carboxylic 

acid 

FIGURE 12.9 

Acid-catalyzed hydrolysis of a thiol ester to a carboxylic acid. The steps in¬ 
clude protonation of the carbonyl group, formation of a tetrahedral inter¬ 
mediate, and reprotonation and deprotonation. 



623 leads to a positively charged tetrahedral intermediate, which rapidly loses a 

proton to form a neutral species. Reprotonation on sulfur provides an op¬ 

portunity to form the carbonyl group once again by expulsion of a thiol. 

Loss of a proton from the initially formed species produces the carboxylic 

acid. Although this sequence includes a number of protonation and de¬ 

protonation steps, they balance overall, so that there is no net consumption 

of acid. Therefore, the process is acid-catalyzed, in contrast with the simi¬ 
lar base-induced reaction. 

Interconversion of Carboxylic Acids and Esters. The hydrolysis of a 

thiol ester to a carboxylic acid is an example of a reaction in which the prod¬ 

ucts are more stable than the reactants, in part because of greater resonance 

stabilization in the carboxylic acid compared with the thiol ester. Analogous 

interconversions between other acid derivatives in which the reactant and 

product are more similar in energy (for example, between a carboxylic acid 

ester and the corresponding carboxylic acid) are reactions in which the po¬ 

sition of the equilibrium can be controlled by the use of an excess of one 

reagent (the acid is favored in water) or the removal of one product (the 

ester is favored when water is at low concentration). Under different con¬ 

ditions, it is possible to hydrolyze an ester or esterify a carboxylic acid. 

Shifting the Equilibrium in Acid-Catalyzed Ester Hydrolysis. Let’s con¬ 

sider an acid-catalyzed hydrolysis of an ester to a carboxylic acid—the re¬ 

action of methyl acetate and water to form acetic acid and methanol: 

h3o® 9 
+ h2o . /A + hoch3 

/ OH 

Methyl acetate Acetic acid Methanol 

Because the difference in resonance stabilization between the reactant and 

product is small, the equilibrium can be shifted by the application of 

Le Chatelier’s principle. As discussed in Chapter 6, an equilibrium describes 

a state in which the rate of conversion of starting material to product ex¬ 

actly equals the rate from product back to starting material. These rates are 

influenced not only by the relative activation energies, but also by the con¬ 

centrations of the species required for the forward and reverse reactions. 

Thus, the equilibrium can be shifted toward the carboxylic acid by using 

water as solvent, and the equilibrium of the reverse reaction can be shifted 

toward the ester by using the alcohol as solvent. The same acid-catalyzed 

pathway can therefore be used for both ester hydrolysis and acid esterifica¬ 

tion. 
Base Hydrolysis: An Irreversible Reaction. Nucleophilic attack by hy¬ 

droxide ion on an ester produces a carboxylic acid under alkaline condi¬ 

tions. However, the acid thus produced is rapidly converted to a carboxy- 

late anion by reaction with the alkoxide ion simultaneously produced or 

with a second hydroxide ion: 

R OCH3 
+ eOH eOCH3 

O 

R O e + HOCH3 

Ester Carboxylic Alkoxide 

acid ion 

Carboxylate Methanol 

anion 

12.5 Nucleophilic Acyl 
Substitution of Carboxylic Acids 

and Derivatives 
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The carboxylate anion has the greatest resonance stabilization of all of the 

carboxylic acid derivatives, because there are two equivalent resonance con¬ 

tributors to the hybrid structure. Therefore, the equilibrium greatly favors 

the carboxylate anion and methanol. Indeed, the energy difference between 

the ester and the carboxylate anion is sufficiently large that this reaction is 

often described as irreversible. The difference in stability between a car¬ 

boxylate anion and the other carboxylic acid derivatives is sufficiently large 

that it is not possible to proceed from the carboxylate anion to an ester or 

any other carboxylic acid derivative under most standard conditions. Basic 

conditions can thus be used to hydrolyze an ester but not to esterify an acid. 

EXERCISE 12.16 

One method for driving an acid-catalyzed esterification reaction is to remove wa¬ 
ter by the use of a Dean-Stark trap. In this apparatus, the reaction mixture is heated 
under reflux, but the condensing vapors do not return directly to the flask. Instead, 
they are diverted to a side-arm in which the condensed solvent is collected before 
it is returned to the distillation pot. When a water-immiscible solvent that forms a 
low-boiling azeotrope with water is used (an example is benzene), water is removed 
from the flask and transferred to the bottom of the side-arm. (Recall that benzene 
is less dense than water.) Explain how Le Chatelier’s principle applies to the use of 
this apparatus. H 

Transesterification. The interconversion of one carboxylic acid ester 

into another is called transesterification. For example, a methyl ester can 

be converted to an ethyl ester under acidic conditions: 

O H© 

11 + hoch,ch3 
R X)CH3 

Methyl ester Ethanol 

O 
11 + hoch3 

R T>CH2CH3 

Ethyl ester Methanol 

Because the two esters are of comparable energy, the principal factor af¬ 

fecting the equilibrium position is the relative concentrations of the two al¬ 

cohols. When one alcohol is more volatile than the other, the course of the 

reaction can be directed by removal of the low-boiling alcohol, once again 

applying Le Chatelier’s principle. Because methanol boils at a lower tem¬ 

perature than does ethanol, methyl esters can be efficiently converted to 

ethyl esters by carrying out the reaction in ethanol at a temperature at which 
methanol boils off as it is produced. 

EXERCISE 12.17 

Write a detailed, stepwise mechanism for the transesterification of ethyl acetate 
with methanol in acid to form methyl acetate and ethanol: 

O O 

OCTTCFL 
ch3oh 

OCH, 
+ CH3CH2OH 

Transesterification can also be accomplished, in principle, by base catal¬ 

ysis. However, acid conditions are preferred for practical reasons: under al- 
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WHAT AIRPORT BEAGLES KNOW ABOUT ESTERIFICATION 

The structural differences between morphine, 
codeine, and heroin are relatively minor. Morphine 
has a phenolic —OH group and a secondary allylic 

OH group. In codeine, the phenolic —OH group 
has been converted to —OCH3. In heroin, both 

OH groups are acetylated. Morphine occurs nat¬ 
urally in the opium poppy and accounts for as much 
as 40% of the dried weight of sap collected from the 

H3C 
\ 

H3C 

N 

PLCO 

seed pods. (The common poppy flower has none of 
this alkaloid.) Illicit drug laboratories prepare heroin 
by treating morphine with acetic anhydride. Because 
acetic acid is produced as a by-product, drug en¬ 
forcement agents can seek out these covert laborato¬ 
ries using dogs specially trained to recognize the 
characteristic pungent odor of acetic acid, 
very low concentrations. 

H3C. 

even in 

\ 
N 

O h OH 

Codeine 

kaline conditions, esters undergo not only nucleophilic addition reactions, 

but also a-deprotonation and complicating side reactions. (We will explore 

the latter reactions in Chapter 13.) 

Amide Hydrolysis. Amides can be hydrolyzed under both acidic and 

basic conditions. However, because of the high stability of the amide func¬ 

tional group, hydrolysis is quite slow. For practical purposes, it is often best 

to employ acidic conditions; the reaction is driven by protonation of the 

amine generated, forming an ammonium ion. Because acid is consumed in 

this process, hydrolysis of amines under acidic conditions is acid-induced, 

not acid-catalyzed. 

O 
h2n—ch3 + 

®OH 

HjO 

H3o® 
—-> 

h2o 

© 

H3N—CH3 

Methylamine IV-Methylacetamide Acetic acid Methylammonium ion 

The resistance of carboxylic acid amides to hydrolysis is an important char¬ 

acteristic of the amide functional group. Proteins and peptides are large 

molecules made up of smaller ones joined by amide linkages, and the sta¬ 

bility of the C(O)—NH bond is of great biochemical significance. 

EXERCISE 12.18 

Write a mechanism for the conversion of N-methylacetamide to acetic acid and 
methylammonium chloride by treatment with HC1 in water: 625 
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HC1 ^ Q 
^CH3 u 0 

H3cr "N 2 h3c' "oh 

© 

+ h3n—ch3 °C1 

H 

N-Methylacetamide 

EXERCISE 12.19 

As in all nucleophilic acyl substitution reactions, addition of hydroxide ion to an 
amide produces a tetrahedral intermediate. Draw this species for acetamide. Then 
write the reaction for the further transformation of this intermediate to the car¬ 
boxylic acid and the reaction for the reversion of this intermediate to the starting 
ester by loss of hydroxide ion. Which reaction is faster? Explain your reasoning. 
Construct an energy diagram for the conversion of acetamide to acetate ion in 
aqueous sodium hydroxide. 

EM TV® II 

#14 Acetyl Chloride and 
Methanol 

Carboxylic Acid Chlorides 

Substitution Reactions of Acid Chlorides. Because carboxylic acid 

chlorides are the most reactive (and least stable) of the carboxylic acid de¬ 

rivatives, they can be converted readily into any of the other derivatives. For 

example, carboxylic acid chlorides react with water at neutral pH to form 

carboxylic acids and HC1. Unlike other carboxylate derivatives, the acid 

chloride is sufficiently reactive that neither protonation of the carbonyl oxy¬ 

gen atom nor use of a highly nucleophilic species such as hydroxide ion is 

required to bring about hydrolysis by nucleophilic acyl substitution. 

Similarly, acid chlorides are easily converted into esters upon treatment with 

alcohol and into amides by treatment with ammonia or a primary or sec¬ 
ondary amine. 

O 

Acid chloride 

+ HC1 

+ HC1 

+ H4NCI 

Amide 

Because of the ease with which they can be converted into other car¬ 

boxylic acid derivatives, acid chlorides play an important role in carboxylic 

acid chemistry. If it is desirable to avoid strongly acidic conditions, a weak, 

poorly nucleophilic base such as pyridine can be incorporated into the re¬ 

action medium for the formation of a carboxylic acid amide from an acid 
chloride and an amine: 



o 
.N 

o 

R Cl 
+ H,NCH, 

(Pyridine) R 
/CH3 + 

N 

H 

N® Cl0 12.5 Nucleophilic Acyl 
Substitution of Carboxylic Acids 

and Derivatives 

Without pyridine, the formation of an amide from an amine and an acid 

chloride would require two equivalents of the amine, because one would 

be consumed in neutralizing the HC1 produced, forming the ammonium 
salt. 

Preparation of Acid Chlorides. Carboxylic acid chlorides are the least 

stable of the carboxylic acid derivatives; therefore, they cannot be formed 

directly from other acid derivatives by simple nucleophilic acyl substitu¬ 

tion. Instead, a highly activated sulfurous acid derivative is often employed. 

One of the most common techniques for preparing carboxylic acid chlo¬ 

rides is treatment of a carboxylic acid with thionyl chloride, SOCl2. (Recall 

that this reagent is also useful for converting alcohols into alkyl chlorides.) 

O 
O 

+ 
R' 'OH Cl Cl 

Carboxylic 

acid 

Thionyl 

chloride 

o 

+ SO2 + HC1 
R^ XI 

Acid 

chloride 

Let’s consider the mechanism of the reaction of a carboxylic acid with 

thionyl chloride. In the first step, the carbonyl oxygen acts as a nucleophile, 

attacking the sulfur of thionyl chloride and forming a tetravalent sulfur in¬ 

termediate (Figure 12.10). The intermediate is quite similar to the tetrahe- 

FIGURE 12.10 

The reaction of a carboxylic acid with thionyl chloride yields an acid chlo¬ 
ride. The reaction proceeds through a sulfur intermediate, a chlorosulfite es 
ter, and an acyl chlorosulfite anhydride intermediate. 
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dral intermediate formed in the reactions of carboxylic acid derivatives. In 

an analogous fashion, chloride ion is lost from this intermediate, reform¬ 

ing the sulfur—oxygen 7rbond and producing a second intermediate, an acyl 

chlorosulfite anhydride. This attack achieves the overall replacement of a 

chlorine atom in thionyl chloride by the acyloxy unit of the carboxylic acid. 

In the next step, the freed chloride ion acts as a nucleophile, attacking the 

activated carbonyl group. Unlike the attack by a halide ion on an aldehyde 

or ketone, which simply reverses, this attack forms a tetrahedral interme¬ 

diate in which an even better leaving group (—SO2CI) is present. Collapse 

of this tetravalent intermediate forms the acid chloride, sulfur dioxide, and 

another chloride ion. Overall, this transformation takes a relatively stable 

carboxylic acid species (the acid itself) to its most reactive and least stable 

derivative, the acid chloride. 
When used in conjunction with the other reactions of carboxylic acid 

derivatives, this reaction can be used to convert any carboxylic acid deriv¬ 

ative into another, even if the product is less stable. For example, by a se¬ 

quence of reactions, a more stable carboxylic acid amide can be converted 

into a less stable thiol ester. First, the amide can be hydrolyzed to a car¬ 

boxylic acid, which can be converted into the carboxylic acid chloride by 

treatment with thionyl chloride. Finally, the reaction of the acid chloride 

with an alkyl thiol produces a thiol ester. 

0 0 O O 0 
II Na0H . II HC1 ^ || 

socl^. u 
HSCHj 

—* 
^NH2 h20 ^o0 > / \ 

R OH 

> 

JO
 )

 
Q

 

R SCH3 

Amide Acid Acid chloride Thiol ester 

Overall, the conversion of an amide into the corresponding thiol ester is an 

uphill process. The driving force comes from the quite exothermic conver¬ 

sion of thionyl chloride into sulfur dioxide and HC1 as the acid chloride is 

produced. 

Energetics of Acid Chloride Preparation. Thionyl chloride is struc¬ 

turally similar to a carboxylic acid chloride and is highly reactive. The con¬ 

version of a carboxylic acid to an acid chloride by the action of thionyl chlo¬ 

ride is accompanied by the formation of two very stable, small molecules, 

S02 and HC1, both of which are gases at room temperature. Both entropy 

and enthalpy provide a strong energetic driving force for the otherwise ther¬ 

modynamically unfavorable direct conversion of the carboxylic acid into its 

chloride. Furthermore, because S02 rapidly escapes from the reaction as a 

gas, the reverse reaction is impossible. Thus, an unfavorable reaction (con¬ 

version of the carboxylic acid into the acid chloride) is driven by the si¬ 

multaneous conversion of thionyl chloride into S02 and HC1. These two 

reactions are not independent, and one cannot occur without the other. 

Chloride ion is required for the first, and water for the second. However, 

we can write two partial, or “half,” reactions: 

O O 

XnH + HC1 -T — +h2o 
OH R Cl 

0 

h2o + S02 + 2 HC1 
Cl Cl 
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Net reaction: + .S. -> JL + SO, + HC1 
R OH a' ^C1 R^ Wl 

The first reaction is quite endothermic, and the second reaction is exother¬ 

mic. We can view these two reactions as coupled reactions for the forma¬ 

tion of the acid chloride: the exothermic reaction provides sufficient energy 

to enable the endothermic reaction to occur. Coupled reactions are often 

depicted with intersecting, curved reaction arrows (not to be confused with 
electron-flow arrows!'): 

Coupled reactions are important in considering the energetics of bio¬ 

chemical transformations. 

EXERCISE 12.20 

For each of the following pairs, choose the substrate that is more readily hydrolyzed. 
Give reasons for your choices. 

Cl 

Reactions of Acid Anhydrides 

An acid anhydride is similar in reactivity to an acid chloride and can 

be formally derived from the dehydration of two moles of a carboxylic acid. 

Carboxylic acid Acid anhydride 

Although P205 is generally an effective desiccant and is sometimes used for 

this purpose, acyclic anhydrides are more difficult to prepare than the cor¬ 

respondingly activated acid chlorides. (Acetic anhydride is one of only a 

handful of acyclic anhydrides that are commercially available.) The diffi¬ 

culty in preparing anhydrides is caused by the high exotherrnicity of the 

hydrolysis of an anhydride linkage. 

12.5 Nucleophilic Acyl 
Substitution of Carboxylic Acids 

and Derivatives 
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Similar hydrolyses of the structurally analogous phosphoric acid anhydrides 

are important biologically and constitute a major method by which energy 

is stored in living organisms. 

Hydrolysis of Nitriles to Carboxylic Acids 

Nitriles are not formally carboxylic acid derivatives because they lack a 

carbonyl group. However, you should not forget that the carbon atom of a 

nitrile is at the same + 3 oxidation level as that of a carboxylic acid. Indeed, 

nitriles can be readily converted to carboxylic acids and ammonia by acid- 

catalyzed addition of water (Chapter 10). Hydrolysis first yields an amide; 

then further treatment with aqueous acid, under more vigorous conditions, 

results in hydrolysis of the amide to form the acid: 

H3C—C=N 
h3o® 
-> 
H,0 

h3o® 
—-> 
H,0 

Recall that nitriles can be prepared from alkyl halides by an Sn2 reac¬ 

tion with cyanide ion (Chapter 8). Combining this reaction with the hy¬ 

drolysis of the nitrile to form the carboxylic acid provides a method for 

adding one carbon, as a carboxylic acid group, to an alkyl halide. 

EXERCISE 12.21 

Each method for making carboxylic acids from alkyl halides has unique advan¬ 
tages, as well as inherent limitations. For each of the following carboxylic acids, 
only one of the two methods is useful. In each case, indicate which method is ap¬ 
plicable, and explain why the other does not work. 

EXERCISE 12.22 

Suggest a mechanism for the acid-catalyzed hydrolysis of acetonitrile (CH3C=N) 
to acetic acid: 

H3C—C=N 
HjO® 
-» 
h2o 
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12.6 Derivatives 
of Sulfonic and 

Phosphoric Acids 

Sulfonic Acid Derivatives 

Derivatives of sulfonic acids are similar to those of carboxylic acids ex¬ 

cept that they contain hexavalent sulfur rather than tetravalent carbon. 

There are several derivatives of sulfonic acids; among the most important 

are sulfonyl chlorides, sulfonic esters, and sulfonamides. 

Sulfonyl Chlorides. Like carboxylic acids, sulfonic acids can be con¬ 

verted into sulfonyl chlorides by treatment with thionyl chloride. Sulfonic 

acid derivatives undergo nucleophilic substitution by reaction pathways that 

parallel those for carboxylic acid derivatives. For example, the sulfonyl group 

of benzenesulfonyl chloride is polarized in the same way as the carbonyl 

group of a carboxylic acid chloride and is easily attacked by an oxygen or 

nitrogen nucleophile: 

A sulfonic ester 

Sulfonate Esters. Reaction of a sulfonyl chloride with an alcohol pro¬ 

duces a sulfonate ester through a sequence parallel to that for the forma¬ 

tion of a carboxylic acid ester from an acid chloride. Upon nucleophilic at¬ 

tack by the oxygen atom of an alcohol, a zwitterionic intermediate is 

produced; it loses chloride ion to form a sulfonate ester. For example, when 

p-toluenesulfonyl chloride (tosyl chloride) is treated with an alcohol, a to- 

sylate ester is formed: 

In this sulfonate ester, there is appreciable polarization in the carbon-oxy¬ 

gen (R—O) bond as a result of strong electron withdrawal by the two S=0 

groups. Furthermore, this same electron withdrawal is effective in stabiliz¬ 

ing the negative charge in the ArSO30 ion. As a result, this anion is a very 

effective leaving group, and the R—O bond exhibits a reactivity similar to 

that of a C—Br bond. The p-MeC6H4SO30 group, called tosylate and of¬ 

ten abbreviated as TsO0 , is useful in effecting the substitution of alcohols 
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by an Sn2 pathway (bimolecular back-side displacement). The hydroxyl 

group is a poor leaving group, and in order to carry out an Sn2 displace¬ 

ment at this center, the hydroxyl group must be converted to a better leav¬ 

ing group. One way to do this is to convert it to a halide. Unfortunately, 

conversions of primary and secondary alcohols to halides are often accom¬ 

panied by acid-catalyzed dehydration and/or rearrangement reactions. This 

difficulty can be avoided by transforming the hydroxyl group into a tosy- 

late ester, a good leaving group. For primary and secondary alcohols, the 

reaction with tosyl chloride proceeds under mild conditions and with min¬ 

imal side reactions: 

p-Toluenesulfonyl chloride Tosylate ester 

(tosyl chloride = TsCl) (= TsOR) 

EXERCISE 12.23 

Suggest a reagent (or a series of reagents) that can be used to accomplish each of 

the following conversions: 

Sulfonamides. Amine nucleophiles react with sulfonyl chlorides, re¬ 

sulting in the substitution of chlorine by nitrogen and the formation of sul¬ 

fonamides. For example, treatment of benzenesulfonyl chloride with di- 

methylamine produces a benzenesulfonamide: 

N,N-Dimethyl- 

benzenesulfonamide 

Benzenesulfonyl 

chloride 
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SULFONAMIDES: NOT ONLY ANTIBIOTICS 

The biological activity of sulfonamides is not limited to human use: Glean 

(chlorsulfuron) is used as a herbicide to control broad-leaved weeds that 

plague cereal crops. After killing the competing weed by inhibiting an enzy¬ 

matic transformation, chlorsulfuron is hydrolyzed to a soluble chlorosulfonic 

acid, urea (a fertilizer), and a cyanuric acid derivative (a triazole that is also 
a fungicide). 

Glean 

12.6 Derivatives 
of Sulfonic and 

Phosphoric Acids 

The mechanism of this reaction is essentially identical to the one that pro¬ 

duces an amide from an amine and a carboxylic acid chloride or a sulfonic 

acid ester from a sulfonic acid chloride. Sulfonamides are potent antibiotic 

agents that kill bacteria chemically without damaging the cells of the mam¬ 

malian host. 

Phosphoric Acid Derivatives 

Reaction of an alcohol with a halogenated derivative of phosphoric acid 

is an alternative method for converting the alcohol into the corresponding 

alkyl bromide or chloride. The reaction takes place via nucleophilic attack 

by the oxygen of the alcohol at the phosphorus atom of a phosphoryl halide 

(POCl3 or POBr3): 

H 

:0: 
CL | 

P — Cl 
cK| 

H ® CH3 

Trigonal 

bipyramidal 

intermediate 

..0 

TO: 
Cl^| p* 

P—Cl 

C1 0\ 
CH, 

-cie 

O 
II 

.P. 
a / 

ci 

A „ 
'O— CUT 

:C1: -> PLC — Cl + 

O 

Cl / O' 
,© 

Cl 



Trigonal bipyramidal 

phosphorus intermediate 

Like the S=0 bond, the P=0 bond is highly polarized, with phosphorus 

bearing appreciable partial positive charge; this facilitates nucleophilic ad¬ 

dition and consequent rapid loss of chloride ion. The intermediate formed 

upon addition of the alcohol is similar to the tetrahedral intermediate in 

nucleophilic acyl substitution reactions. Because the substitution is occur¬ 

ring at phosphorus, there are five bonds to the central phosphorus atom, 

arranged in a trigonal bipyramid. 
The oxygen-carbon bond in the resulting intermediate is even more 

highly polarized than that in a tosylate ester, and nucleophilic substitution 

by chloride ion follows rapidly. For primary and secondary alcohols, the re¬ 

action follows an SN2 pathway; for a tertiary alcohol, a multistep SnI reac¬ 

tion is required. Although the carbon-chlorine bond in the product is 

weaker than the carbon-oxygen bond in the starting material, this differ¬ 

ence is more than offset by the high strength of the phosphorus-oxygen 

bond formed in the inorganic anionic by-product. Once again, an energet¬ 

ically unfavorable conversion of one organic material into another is driven 

by coupling it with an exothermic transformation. 

EXERCISE 12.24 

An alkyl chloride can be prepared from the corresponding alcohol and thionyl chlo¬ 
ride by a reaction that resembles that of an alcohol with POCl3. Write a detailed 
mechanism for the conversion of ethanol into ethyl chloride using SOCl2. 
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Carbon Nucleophiles 

In Chapter 8, we discussed the nucleophilic substitution reactions of a num¬ 

ber of carbon nucleophiles. These carbon nucleophiles also add to the car¬ 

bonyl group of aldehydes or ketones. In this section, we consider a number 

of nucleophilic addition reactions: of cyanide ion to make cyanohydrins, of 

Grignard reagents or organolithium reagents to make a variety of oxygen- 

containing functional groups, and of phosphonium ylides to prepare alkenes 
in the Wittig reaction. 

K® eC = N H3C—MgBr H3C—Li Ph3P—CH3 

Potassium Methylmagnesium Methyl A phosphonium 

cyanide bromide lithium ylide 

Cyanide Ion 

One of the simplest carbon nucleophiles is cyanide ion, GCN. (Recall 

the reaction of cyanide ion with alkyl halides and sulfonate esters.) The ad¬ 

dition of eCN to a carbonyl group results in the formation of a new car¬ 

bon-carbon bond in the product ct-cyanoalcohol, called a cyanohydrin. 
Cyanide is both a good nucleophile and a reasonable leaving group. 

Therefore, cyanohydrin formation is usually reversible, as shown here for 
the reaction with acetone: 
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TOXICITY OF A NATURALLY OCCURRING 

CYANOHYDRIN DERIVATIVE 

Amygdalin (also called laetrile) is a naturally occurring cyanohydrin that can 

be isolated from bitter almond seeds and peach and apricot pits. For some 

years, it was touted as an anticancer drug and, although not approved for 

use in the United States, was administered to many cancer patients who went 

abroad for chemotherapy. Unfortunately, it has been shown to be not only 

highly toxic but also ineffective as a cancer treatment. 

Amygdalin s high toxicity derives from its nonselective release of hy¬ 

drogen cyanide, HCN, under physiological conditions. In the laboratory, in 

a reversal of cyanohydrin formation, treatment of amygdalin with acid pro¬ 

duces HCN, benzaldehyde, and two equivalents of glucose. 

12.7 Carbon Nucleophiles 

CN 

A cyanohydrin 

In a variation of cyanohydrin formation known as the Strecker synthe¬ 
sis, an aldehyde is treated with ammonium chloride in the presence of potas¬ 

sium cyanide to form an a-aminonitrile: 

KCN 
-> 
NH4C1 

H30® 
-> 

Phenylacetaldehyde An a-aminonitrile Phenylalanine 

(an a-amino acid) 

Ammonia (present in equilibrium with NH4C1) converts the aldehyde into 

an imine. This reaction begins in the same way as the aminations presented 

earlier in this chapter—that is, by the formation of an imine via the reac¬ 

tion of ammonia (present in equilibrium with its conjugate acid, the 
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ammonium ion) and an aldehyde. Nucleophilic attack by cyanide ion on 

the imine produces an a-aminonitrile. Hydrolysis of this nitrile leads first 

to a primary amide by addition of water across the C=N bond (Chapter 

10) and then to an a-amino acid by nucleophilic acyl substitution. In this 

example, phenylacetaldehyde is converted into the natural amino acid 

phenylalanine, one of the important cr-amino acids that are the “repeat” 

units in proteins and peptides. The rate of addition of cyanide ion to the 

two faces of the carbonyl group is the same; thus, the a-aminonitrile in¬ 

termediate and the product a-amino acid are racemic. 

EXERCISE 12.25 

Provide a rational mechanism, using curved-arrow notation, for the reactions 

shown here (the Strecker synthesis of amino acids). 

Grignard Reagents 

A space-filling model of a Grignard reagent, CH3CH2—MgBr, is shown 

here. 

The electron density in the carbon-magnesium bond of a Grignard reagent 

is highly polarized toward carbon because of the large difference in elec¬ 

tronegativity between these elements. 

Addition to Carbonyl Groups: Synthesis of Alcohols. As a result of 

the polarization of the carbon-magnesium bond in a Grignard reagent, the 

carbon is quite nucleophilic and adds readily to aldehydes or ketones. 

Mg 

Br 

The Grignard reagent forms a a bond between its carbon and the carbonyl 

carbon while electrons from the C=0 tt bond are shifted onto oxygen. 

After this nucleophilic addition is complete, protonation of the newly 

formed alkoxide salt by water (or dilute acid) produces an alcohol. The ad¬ 

dition of Grignard reagents to carbonyl groups is quite general: these 
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thetically useful routes for primary, secondary, and tertiary alcohols, re¬ 
spectively. 

Nucleophilic attack by a Grignard reagent on an ester forms a tetrahe¬ 

dral intermediate that is readily transformed into a ketone by loss of alkox- 
ide ion—methoxide ion in the case shown here: 

12.7 Carbon Nucleophiles 

H20 

intermediate 

OH 

Tertiary 

alcohol 

Because ketones are more reactive toward nucleophilic attack than are es¬ 

ters, it is not possible to stop the reaction at the ketone, which reacts rapidly 

with a second equivalent of Grignard reagent. Protonation of the alkoxide 

salt with dilute acid affords a tertiary alcohol. Note that the tertiary alco¬ 

hol formed by the reaction of a Grignard reagent with an ester must have 

two identical groups attached to the carbinol carbon, but when the tertiary 

alcohol is formed by reaction with a ketone, all three alkyl groups can be 

different. 

Addition to Carbon Dioxide: Synthesis of Carboxylic Acids. Grig¬ 

nard reagents react similarly with the carbon atom in carbon dioxide, pro¬ 

ducing a resonance-stabilized carboxylate anion that, after acidification, 

gives a carboxylic acid: 

O 

H,C O 
e ®MgBr 

This reaction is quite useful for the synthesis of carboxylic acids. Starting 

from an alkyl halide, reaction with magnesium metal forms a Grignard 

reagent. Reaction of this organometallic reagent with carbon dioxide and 

acidification of the initial product produces a carboxylic acid with one more 

carbon than the starting alkyl halide. 

Synthetic Utility of Grignard Reagents. Recall from Chapter 8 that 

Grignard reagents react with ethylene oxide to form a new carbon-carbon 

a bond in the product, a primary alcohol. In this reaction, two carbons are 

added to the carbon skeleton in the Grignard reagent. 

Mg 
R—Br -» R—MgBr 

o 
/ \ h,o® 
-> -* 

o 

„Ah 

H,0® 
—--> 

OH 

In contrast, the reaction of a Grignard reagent with formaldehyde produces 

a primary alcohol that has only one more carbon than did the alkyl halide 

from which the Grignard reagent was prepared. 
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Synthetic Utility of Grignard Reactions 

Reactants Product 

R—MgX + 

O OH 

hA^h 
R 

Formaldehyde Primary alcohol 

R—MgX + 

o 

R^H 

Aldehyde 

OH 

R'^H 
R 

Secondary alcohol 

(R groups can be the 
same or different) 

R—MgX + 

o 

rar 
Ketone 

OH 

R^"R 
R 

Tertiary alcohol 

(R groups can be the 
same or different) 

R—MgX + 

o 
Y 

R^^OR 

OH 

rA^r 
R 

(two of the R groups 
must be the same) 

Ester Tertiary alcohol 

R—MgX + co2 
0 
Y 

R^^OH 

Carboxylic acid 

R—MgX + 
O 

AA 
/OH 

R 

Primary alcohol 

R—MgX + h2o R—H 

Hydrocarbon 

The synthetic utility of Grignard reagents is summarized in Table 12.1, 

which shows that the reaction of such a reagent with the appropriate elec¬ 

trophile leads to a primary, secondary, or tertiary alcohol, as well as to a 

carboxylic acid or alkane. A reaction that extends the carbon skeleton by 

C—C bond formation and that retains an alcohol functional group for sub¬ 

sequent manipulation is a valuable synthetic tool for the construction of 

complex molecules. 

EXERCISE 12.26 

For each of the following targets, several different synthetic routes that employ a 
Grignard reagent are possible. Provide at least two different sets of Grignard reagent 
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priate reaction conditions. 

12.7 Carbon Nucleophiles 

EXERCISE 12.27 

The yield in Grignard reactions is often decreased by a competing reduction reac¬ 
tion, and with sterically hindered ketones, this competing reaction often dominates. 
Suggest a mechanism for the reduction of adamantanone by Et—MgBr: 

+ H3C—CH2—MgBr 
H ,0 

+ H,C=CH 2 

Organolithium Reagents 

Organolithium reagents react with carbonyl-containing compounds in 

virtually the same way as Grignard reagents do. Typical examples are the 

reaction of benzaldehyde with butyllithium or a lithium acetylide: 

Benzaldehyde and 
butyllithium 

Benzaldehyde and 
lithium acetylide 

You should not forget that an unshared electron pair—the feature that 

imparts nucleophilic character to these reagents—also makes them basic. 

However, in reactions with carbonyl compounds (aldehydes, ketones, and 

esters), both Grignard reagents and alkyllithium compounds react prefer¬ 

entially as nucleophiles. 

■ The Wittig Reaction 

Carbon nucleophiles can be formed by deprotonation of a carbon ad¬ 

jacent to an electron-withdrawing group. In Chapter 8, we looked at the re¬ 

action of trialkylphosphines with alkyl halides to form phosphonium salts. 
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CHEMICAL PERSPECTIVES 

ALKYNES AS CONTRACEPTIVE AGENTS 

Chemists at pharmaceutical companies have developed synthetic mimics of 
natural steroid hormones for use as contraceptive agents. Progesterone is 
produced naturally during the menstrual cycle to prepare the uterine lining 
for implantation of a fertilized egg and to suppress ovulation. Norethindrone 
and norethynodrel are synthetic compounds that have the same anti-ovula¬ 
tory effect on the ovaries as progesterone. 

-CH 

CH 

Norethynodrel 

The presence of the positively charged phosphorus atom significantly en¬ 

hances the acidity of protons on attached carbon atoms, and treatment of 

phosphonium salts with base produces the corresponding anions, called 

phosphoran.es. These anions are good nucleophiles. Consider the ylide 

formed by deprotonation of the phosphonium salt formed by nucleophilic 

(Sn2) substitution of methyl iodide by triphenylphosphine: 

Ph | Ph 
Ph 

P* 
H,C—I 

ch3 

u © 

Triphenylphosphine Methyl 

iodide 

-> .P® I 
Ph | Ph 

Ph 

Methyltriphenyl- 

phosphonium iodide 

n-BuLi 

eCH2 CH2 

©p «-» p 

Ph^l^Ph Ph^l^Ph 
Ph Ph 

Methylenetriphenyl 

phosphorane 

Deprotonation requires a strong base such as a lithium dialkylamide or 

u-butyllithium. Because the carbon center in the resulting ylide bears sig¬ 

nificant negative charge, it is nucleophilic and adds to the carbonyl carbon 

of a ketone such as acetone, as shown in Figure 12.11. The resulting inter- 



© 

© Br 
ph3p—OT—CH3 

H^. 
LiNEt2 

ph3p CH2—CH3 

FIGURE 12.11 

© © 

-> ph3p—CH—CH3 + H3CT 'CH3 

A phosphonium 

ylide 

©i 

ph3p O' © 

H"7 Tch3 
h3c ch3 

A betaine 

ph3p = 
+ 

=0 
ph3p—O 

H ch3 <- i I 
\ / H -7 rCH 
/. 

H3C 
\ 
ch3 

h3c ch3 

Oxaphosphetane 

Removal of a hydrogen from the carbon adjacent to the positively charged 
phosphorus atom of a phosphonium ion produces a nucleophilic ylide. 
Reaction with an aldehyde or ketone in the Wittig reaction forms an alkene. 

mediate, called a betaine, is zwitterionic, with a negatively charged oxygen 

atom separated by two atoms from a positively charged phosphorus atom. 

Betaines are named for the naturally occurring compound betaine (be 'ta- 

en') found in sugar beets and other plants. 

In the next step, these charged oxygen and phosphorus atoms bond, 

forming a four-member ring in a species called an oxaphosphetane; a sim¬ 

ple example of an oxaphosphetane is shown in Figure 12.12. In the last step 

of the reaction sequence, the four-member ring opens, generating two frag¬ 

ments, one with a carbon-carbon double bond and the other with a phos¬ 

phorus-oxygen double bond. 

ch3 o 

®N 
H3c / 

H3C 

Betaine 

FIGURE 12.12 

Ball-and-stick and space-filling representations of a simple oxaphosphetane. 
Note that the phosphorus atom (purple) has five ligands arranged in a trigo¬ 
nal bipyramid and that the carbon-phosphorus and oxygen-phosphorus 

bonds are longer than the others. 
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This transformation is called the Wittig reaction in recognition of its 

discovery by Georg Wittig, for which he received the Nobel prize in chem¬ 

istry in 1979. Overall, this reaction converts an aldehyde or ketone into an 

alkene. The double bond of the product joins two fragments that were start¬ 

ing materials, one from the carbonyl compound, the other from the phos- 

phonium ylide. We can backtrack one step and think of the sequence as 

originating in an alkyl bromide and a ketone. In the overall conversion of 

the alkyl bromide and the ketone to the alkene, two other transformations 

are involved—the conversion of triphenylphosphine to triphenylphosphine 

oxide and of butyllithium to butane: 

EL ,CH3 V 

A + /C 
Br H H3C CH3 

Alkyl bromide Ketone 

BuLi BuH 

Ph3P: Ph3P=0 

/CH3 
C 
II 

h3c ch3 

Alkene 

The use of coupled arrows in representing this reaction summarizes the 

principal organic conversion and implies that these processes are not inde¬ 

pendent. Furthermore, these reactions consist of several steps and cannot 

take place by simultaneously mixing all required reagents. This method of 

showing transformations as coupled reactions is convenient for summa¬ 

rizing a net conversion, especially when the molecules are complicated. We 

will encounter coupled reactions more frequently in later chapters where 

biochemical transformations are described. 

EXERCISE 12.28 

Identify two possible combinations of organic reagents from which each of the fol¬ 
lowing alkenes could be prepared via a Wittig reaction: 

EXERCISE 12.29 

Each of the alkenes in Exercise 12.28 could also be prepared by two unique com¬ 
binations of a Grignard reagent with an aldehyde or ketone, followed by dehydra¬ 
tion. Draw the structures of the starting Grignard reagent and carbonyl compound 
for each of these possibilities. What alkene would be produced in highest yield upon 
acid-catalyzed dehydration of each of the six alcohols? Compare these results with 
the outcomes of the Wittig reactions in Exercise 12.28. 

12.8 

Synthetic Applications 

The new reactions considered in this chapter are summarized in Table 12.2 

according to their usefulness for interconverting various functional groups. 



TABLE 12.2 

Using Nucleophilic Additions and Substitutions (and Related Reactions) 
to Make Various Functional Groups 

Functional 
Group Reaction Example 

Acetals Reaction of an aldehyde with an 
alcohol in the presence of acid 

Acid chlorides Treatment of an acid with SOCI2 

Acids Nitrile hydrolysis 

Cannizzaro disproportionation 
of an aldehyde 

Amide hydrolysis 

Acid chloride hydrolysis 

Ester hydrolysis 

Thiol ester hydrolysis 

Acid anhydride hydrolysis 

Alcohols Complex metal hydride reduction 
of an aldehyde or ketone 

Lithium aluminum hydride 
reduction of an ester 

Cannizzaro disproportionation 
of an aldehyde 

O H® RO OR 
A +ROH— X 

R H R H 

O soci2 
-> 

R' 'OH R Cl 

-.© O 
R—C=N 

H,0“ 

R OH 

NaOH 
2 Ph—CHO -Ph—CH2OH + Ph—C02H 

O 

A 
R" 'NR2 

O 

I 
R^Xl 

O 
Y 

R^^OR 

O 

NaOH H' © o 

R OH 

NaOH H’ © o 

R SR 

O O NaOH H 

R OH 

O © 

R O R R OH 

.H 
O O" 

NaBHj 

(or LLAIH4) 

H 

O O^ 
LiAlH4 H20 
-> -> 

OR 
H 

H 

2 Ph—CHO Na°H -> Ph—CH2OH + Ph—C02H 

(continued) 



TABLE 12.2 

(continued) 

Functional 
Group Reaction Example 

Alcohols Reaction of organometallic (see Table 12.1) 
reagent with formaldehyde, 
an aldehyde, a ketone, an 
ester, or ethylene oxide 

Alkenes Wittig reaction R. © ,R 
(T o 

@ I + II 
®PPh3 c. 

R R R R 

Alkyl Treatment of an alcohol with 
bromides POBr3, PBr3, or PBr5 

R—OH 
POBr, 
-:-> 
(or PBr3 or PBr5) 

R—Br 

Alkyl Treatment of an alcohol with 
chlorides POCl3 or SOCl2 

R—OH 
POCl3 
-> 
(or socy 

R—Cl 

Amides Reaction of an acid chloride 
with an amine 

Reaction of an ester with 

an amine 
R 

R 

R 

Hydrolysis of a nitrile 

R—C=N 
NaOH 
-> 

H20 R NH2 

Amines Lithium aluminum hydride 
reduction of an amide 

O H H 
R LiAlH4 H20 

R' 'NT" > " R 

R 

.R 
N' 

R 

Reductive amination of an 
aldehyde or ketone and 
reduction of the imine 

O 
U + H2N—R 

R^^R 

NaBH ,CN 

H 
\ 

H N' 
,R 

R R 
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Functional 
Group 

Esters 

Hydrates 

Hydrazones 

Imines 

Ketals 

Oximes 

Semicarbazones 

Sulfonate esters 

Sulfonamides 

Reaction Example 

Reaction of an acid chloride 0 O 
with an alcohol + HO—R - 

R Cl R O 

Hydration of an aldehyde or 
ketone 

Reaction of an aldehyde or ketone 
with hydrazine 

O R 
II + I 

R R H2N R R 

R 

Reaction of a primary amine with 
an aldehyde or ketone O N 

R 

+ H2N—R -> 

Treatment of a ketone with alcohol 
in the presence of acid 

Reaction of an aldehyde or ketone 
with hydroxylamine + H2N—OH 

.OH 
N 

Reaction of an aldehyde or 
ketone with semicarbazide 

O 

R' 

O 

o 
II + H2N—N 

XH 

V 
.N 
\ 

II H 

R R 

NH9 

Reaction of a sulfonyl chloride R— S02C1 + ROH -> R—S020R 
with an alcohol 

Reaction of a sulfonyl chloride r— S02C1 + H2N—R -» R—S02NHR 
with an amine 

645 
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12.9 

Spectroscopy 

Many of the transformations discussed in this chapter result in significant 

differences between the infrared spectra of starting materials and those of 

the products, because of the highly characteristic absorptions of the vari¬ 

ous carbonyl functional groups. Indeed, many reactions of carbonyl com¬ 

pounds lead to products that do not have carbonyl groups—for example, 

the reduction of a ketone to an alcohol and the formation of a ketal from 

a ketone. In the conversion of 1,4-cyclohexanedione to the monoketal, the 

intensity of the absorption due to the carbonyl group in the product 

0.2 
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u 
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-£ 
o 
05 

-O 
< 0.8 
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: j r fTT 

■ 
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(a) 

1500 1000 

(b) 

FIGURE 12.13 
.___ 

(a) Infrared spectrum of 1,4-cyclohexanedione. (b) Infrared spectrum of the 
monoketal of 1,4-cyclohexanedione. 



TABLE 12.3 

Characteristic Infrared Absorption Maxima for Various Carbonyl Functional Groups 

Functional Group Frequency (cm x) Functional Group Frequency (cm 

O 
1800 

O 
1690 

o o 0 

ANH2 1820 and 1760 1690 and 1600 

o 

aoh 1760 (monomer) 
1710 (dimer) 

o 

"V 1680 and 1530 

o 
1735 

H 

O 

o /V 1650 

ah 1725 

1 

o 

sK 
1715 

monoketone clearly declines (relative to the C—H stretching absorptions) 
whereas there are new absorptions in the region 1300-1000 cm-1 resulting 
from C—O stretching (Figure 12.13). 

Infrared spectroscopy is also a useful tool for analyzing the change of 
one carbonyl functional group into another because the frequency of the 
C=0 stretch is often different. Table 12.3 lists the infrared absorption max¬ 
ima for the most common carbonyl functional groups. 

EXERCISE 12.30 

For each of the reactions shown in Review of Reactions on pages 649-650, indi¬ 
cate what difference(s) you would expect to see between the infrared spectrum of 
the starting material and that of the product. 647 



648 

12 Nucleophilic Addition 
and Substitution at 
Carbonyl Groups 

Summary 

1. Nucleophilic addition to an sp2-hybridized carbon usually occurs 

only if a heteroatom is part of the 7r system—as in a C=0 or C=N bond. 

Upon nucleophilic addition to such compounds, the negative charge shifts 

onto the more electronegative oxygen or nitrogen atom. 

2. The reactivity of various carbonyl compounds is determined by 

their relative stabilities, which is affected by such factors as resonance sta¬ 

bilization and electron release from substituent groups. The order of reac¬ 

tivity toward nucleophiles is aldehydes > ketones > esters > amides > 

carboxylate anions. 

3. Nucleophilic attack on a carbonyl group can result in either net ad¬ 

dition or net substitution. Addition takes place if a poor leaving group is 

bonded to the carbonyl carbon, as in aldehydes and ketones. Substitution 

takes place if a good leaving group is present, as in acid chlorides, anhy¬ 

drides, esters, amides, and nitriles. 

4. Whether the overall reaction is characterized as addition or sub¬ 

stitution, the first step in nucleophilic attack at the carbonyl carbon is the 

formation of a tetrahedral intermediate. In nucleophilic addition, this tetra¬ 

hedral intermediate is trapped, usually by protonation at oxygen. In nucle¬ 

ophilic acyl substitution, one of the cr bonds to the carbonyl carbon is frag¬ 

mented as the electrons on the carbonyl oxygen in the tetrahedral 

intermediate reform the C=0 bond. 

5. Nucleophilic addition by complex metal hydrides is equivalent to 

transfer of a hydride ion and results in reduction. Primary alcohols are pro¬ 

duced from aldehydes, and secondary alcohols from ketones. With an ester 

or amide, nucleophilic attack by a hydride produces an intermediate car¬ 

bonyl compound or imine, respectively, which is then attacked by a second 

hydride equivalent. The net reduction transforms an ester to a primary al¬ 

cohol and an amide to an amine. Nucleophilic addition of a hydride equiv¬ 

alent is characteristic of biological reductions. For example, biological re¬ 

ductions are accomplished with the cofactor NADH, which delivers the 

equivalent of a hydride ion to a reducible substrate. 

6. Nucleophilicity, the affinity of an atom or group of atoms for a par¬ 

tially positively charged carbon, often parallels basicity, the affinity for a 

proton. For example, oxygen nucleophiles are less reactive than nitrogen 

nucleophiles, which in turn are less reactive than carbon nucleophiles—fol¬ 

lowing the order of basicity. Because nucleophilicity is inversely related to 

leaving-group ability, the opposite order is followed when the leaving group 

is being displaced. However, care must be taken in using this analogy, be¬ 

cause basicity is generally measured as an equilibrium value, whereas nu¬ 

cleophilicity always refers to relative reactivity (or the rate of reaction). 

7. The nucleophilic addition of water to a ketone or aldehyde occurs 

rapidly and reversibly with mild acid or base catalysis to form a hydrate, 

whereas the addition of alcohols yields a ketal or acetal (or a hemiketal or 

hemiacetal). The positions of these equilibria are controlled by the con¬ 

centration of water or alcohol and the inherent stability of the carbonyl 
compound. 



8. Hydroxide ion attack on an aldehyde lacking an a-hydrogen results 

in disproportionation through the Cannizzaro reaction. In this sequence, 

the tetrahedral intermediate acts to deliver a hydride equivalent to a second 

molecule, thereby simultaneously forming an oxidized (carboxylic acid) and 

a reduced (alcohol) derivative of the starting aldehyde. 

9. Nitrogen nucleophiles also add to carbonyl compounds. Depending 

upon the substitution at nitrogen, either imines (from primary amines) or 

enamines (from secondary amines) are formed. When imines are formed 

in the presence of a reducing agent, amines are produced through reduc¬ 
tive amination. 

10. Nucleophilic attack on a carbonyl group by hydrazine (or a sub¬ 

stituted hydrazine) gives rise to a hydrazone. Because such derivatives are 

often intensely colored solids, their formation can be used as a qualitative 

indicator of the presence of an aldehyde or a ketone. 

11. Carboxylic acid derivatives are interconverted by nucleophilic acyl 

substitution. When an oxygen nucleophile attacks an ester, transesterifica- 

tion or hydrolysis to a carboxylic acid results. Thiol esters are more reac¬ 

tive than their oxygen counterparts because of the mismatch in orbital size 

between sulfur and the carbonyl tt system. Acid anhydrides and acid chlo¬ 

rides are readily attacked by oxygen nucleophiles (water or alcohols), pro¬ 

ducing the corresponding acids or esters. The high reactivity of these sub¬ 

strates derives from cr-electron withdrawal by Cl in an acid chloride and by 

the carboxyl substituent in an anhydride. 

12. Nucleophilic attack by water on nitriles effects hydrolysis to car¬ 

boxylic acids. 

13. Nucleophilic substitution reactions also occur with sulfonic acid 

esters of alcohols. Tosylates are alcohol derivatives that are reactive toward 

nucleophilic substitution. Sulfonamides are amides of sulfonic acid; they 

are analogous to carboxylic acid amides, and some are biologically active as 

antibiotics. 

14. Certain phosphorus and sulfur reagents (POCl3, PI3, PBr3, PC15, 

and SOCl2) are useful for converting alcohols to alkyl halides. 
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Review Problems 
— 

12.1 Determine the structure of the product(s) formed, if any, when pentanal is 
treated with each of the following reagents: 

(a) NaBH4 in EtOH 

(b) LiAlH4 followed by H20 

(c) n-propylamine 

(d) phenylhydrazine 

(e) CH3CONH2 

(f) hoch2ch2oh, h3o® 

(g) aqueous NaCl 

(h) SOCl2 

(i) NH2OH 

(j) cold KMn04 

12.2 Determine the structure of the product(s) formed, if any, when methyl 
pentanoate is treated with each of the following reagents: 

(a) NaBH4 in EtOH (c) n-propylamine 

(b) LLAIH4 followed by H20 (d) aqueous NaCl 

12.3 Determine the structure of the product(s) formed, if any, when pen- 
tanoamide is treated with each of the following reagents: 

(a) NaBH4 in EtOH (c) aqueous ethanol, H30® (e) aqueous NaCl 

(b) LiAlH4 followed by H20 (d) n-propylamine 



651 12.4 Determine the structure of the product(s) formed, if any, when acetyl chlo¬ 
ride is treated with each of the following reagents: 

(a) H20 (d) NH3 (g) CH3COO0 Na® 

(b) n-propanol, acid (e) C6H6 and A1C13 (h) C6H5OH, pyridine 

(c) (CH3)2NH (f) CH3CH2SH, pyridine (i) H2, Pt 

12.5 Determine the reagent needed to effect each of the following conversions: 

(a) CH3CH2COCl to CH3CH2COOH 

(b) CH3CH2COOH to CH3CH2COCl 

(c) CH3CH2COOCH3 to CH3CH2CONH2 

(d) CH3CH2COOCH3 to CH3CH2COOCH2CH3 

(e) CH3CH2COOH to CH3CH2CONH2 

(f) CH3CH2CN to CH3CH2COOH 

12.6 Using curved arrows to indicate electron flow, propose a detailed mecha¬ 
nism for each of the following conversions. 

O O 

Review Problems 
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H2NCH3 

12.7 Predict the product, if any, expected from each of the following reactions. 

(a) 
(1) LiAlH4 

(2) H30® 

(k) 
(1) cone. H2S04 

(2) POCl3 
(3) CH3CH2NH2 

(1) NaBH4 
-> 
(2) H30® 

(c) 
(1) LiAltC 

(2) H30® 

(d) 
CH3CH2OH ^ 

h3o® 

(e) 
(1) LiAlH4 
-» 
(2) H3Os 

(1) 
(1) NaBH4 

(2) POCl3 

(m) 

PhNHNH2 
-—> 

9 PhNH2 

(1) SOCl2 
-> 
(2) CH3CH2NH2 

(P) 

h3o® 
---> 
CH3CH2OH 

(q) Et3N 
——> 

12.8 The hydrolysis of a ketal in the presence of acid and water to form a ketone 
(and an alcohol) follows a reaction path that is exactly the reverse of that for ke¬ 
tal formation. Write this mechanism without consulting the text. {Hint: The first 
step is protonation of one of the oxygen atoms.) 

H3CO OCH3 hs O 
+ 2 HOCH 



653 12.9 The rate-limiting step for the conversion of a ketal to a ketone and an alco¬ 
hol is almost always the cleavage of the first carbon-oxygen bond. 

H3CO OCH 

H 

H3CO ®och3 -HOCH3 
—-> 
Rate-limiting 

Based on this knowledge, predict which ketal in each of the following pairs will 
undergo hydrolysis more rapidly. 

(a) 

(b) 

(c) 

h3co och3 

h3co och3 

Cl 

H3CO och3 

versus 

versus 

H3CO OCH 

H 

H.CO OCH 

3 

3 

Review Problems 

12.10 The hydrolysis of thioacetals and thioketals is considerably slower than the 
same reaction of the corresponding acetals and ketals. Based on your answer to 
Problem 12.9, suggest a reason for this difference in reactivity. 

H3C—S. S—CH, 

h3c—O O—ch3 

Slow 

Fast 

Supplementary Problems 

12.11 Provide an IUPAC name for each of the following structures. If chiral cen¬ 
ters are present, assign the absolute stereochemistry as R or S. 
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12.12 Write a structure corresponding to each of the following IUPAC names: 

(a) (S)-2-methylcyclohexanone (e) 4-nitrobenzaldehyde 

(b) ds-pent-2-enol (f) 2,4-pentanedione 

(c) (R)-2-hydroxypentan-3-one (g) (S)-4-hydroxy-2-cyclopentenone 

(d) frans-2-pentenoic acid (h) (R)-2-methylpentanal 

12.13 The following sequence of reactions has been used successfully as a route 
for the conversion of aldehydes to ketones. 

(a) Write a mechanism for the formation of the thioacetal in the first step. Is 
this reaction faster or slower than the formation of the corresponding acetal 
with ethylene glycol, HOCH2CH2OH? 

(b) A key step in this sequence is the deprotonation in the second step. Explain 
why this deprotonation occurs with the thioacetal shown here but fails to 
occur with a normal acetal. 

(c) Based on your knowledge of acetal chemistry, propose a reagent that could 
be used to induce the last step of this sequence. 

12.14 In many biological redox reactions, nicotinamide is an important oxidant 
because its alkylated form is very easily reduced—that is, it easily accepts elec¬ 
trons to generate an anion that is then protonated. Consider the following reac¬ 
tion a laboratory model for the biological reduction of an alkylated nicoti¬ 
namide: 

Is the reduction of this nicotinamide easier or harder than the reduction of the 
related alkylated pyridinium salt? 

R R 

(Hint: Write resonance structures for the products obtained from each cation.) 

12.15 Nucleophiles in which another heteroatom is directly attached to the nu¬ 
cleophilic heteroatom are often quite reactive. Examples include eO—OH, 
which is more nucleophilic than eOH, and H2N—NH2, which is more nucle¬ 
ophilic than NH3. Suggest a reason for the enhanced nucleophilicity resulting 
from the presence of the adjacent heteroatom. 

12.16 The formation of an imine requires the addition of a primary amine (or 
ammonia) to an aldehyde or a ketone. In a second and equally important step, 
the elements of water must be lost: 



Both stages could conceivably be accelerated by acid. In the first step, protona¬ 
tion of the starting carbonyl group oxygen increases the electrophilicity of the 
carbonyl carbon. In the second step, protonation of oxygen again provides a bet¬ 
ter leaving group (water versus eOH). 

However, excess acid results in a slower rate of imine formation, with the maxi¬ 
mum rate being observed at approximately pH 5. Can you explain why increas¬ 
ing the acidity below pH 5 should result in a slower rate of reaction? 

12.17 The reaction of ammonia or a primary amine with a ketone usually re¬ 

sults in the formation of an imine rather than an enamine. 

However, in the case of a /3-ketoester, the amount of enamine tautomer is in¬ 
creased and often dominates the equilibrium with the imine. Why should the 

enamine of a /3-ketoester be unusually stable? 

12.18 Carboxylic acid chlorides can be prepared readily from carboxylic acids 

using thionyl chloride, SOCl2. An alternative reagent, oxalyl chloride, can also be 

used and has advantages in certain cases. 

O O 

Cl Cl 

Oxalyl chloride 

Write a mechanism for the reaction of oxalyl chloride with a carboxylic acid to 
form a carboxylic acid chloride. (Hint: The details of the mechanisms are very 
similar; only the structural details of the reagents differ.) 

O 

+ co2 + CO 

12.19 Use the bond energies provided in Table 3.5 to calculate AH° for each of 
the following reactions. Be sure to indicate whether the reaction is exothermic 
(negative AH°) and therefore favorable in the direction written, or endothermic. 
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(b) 

(c) 

ch3oh 
—--> 

(H3C)2NH 
-> 

H3CO OCH3 

+ H20 

+ h2o 

12.20 Ketals and acetals are often used as protecting groups (derived functionali¬ 
ties that temporarily hide the characteristic reactivity of the carbonyl group). 
Formation of cyclic ketals from diols also hides the characteristic reactivity of the 
hydroxyl group: 

For each of the following glycols, indicate whether reaction with acetone is ex¬ 
pected to lead to the formation of a ketal. Draw a clear representation of each 
ketal that is formed. 

12.21 What starting materials are required to prepare each of the following 
amines by reductive amination? 

12.22 Reaction of certain dialdehydes with primary amines in the presence of 
reducing agents such as sodium cyanoborohydride leads to the formation of 
cyclic amines. Propose a detailed, stepwise mechanism for this transformation: 

CH, 



12.23 Specify the starting materials required to prepare each of the following 
amines by reduction of a carboxylic acid amide: 

12.24 Would you expect an N-aryl amide (an amide derived from aniline) to be 

more or less reactive toward nucleophilic addition to the carbonyl carbon than 

an amide bearing an alkyl group? Explain your answer. 

H H 

12.25 Specify the reagents necessary to prepare the following carboxylic acid de¬ 

rivatives from acetic acid. (More than one step may be required.) 

O 

12.26 Esters derived from phenol are considerably more reactive than those de¬ 

rived from cyclohexanol. Can you think of an explanation for this difference in 

reactivity? 

12.27 Propose a chemical test and a spectroscopic method to distinguish the 

compounds in each of the following pairs: 
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12.28 Each of the following compounds can be prepared in at least two unique 
ways. In each case, two separate reactions are required, one being the addition of 
a Grignard reagent to a carbonyl compound. Show one viable two-step sequence 
that could be used to prepare each of the following products. (You may use any 
source of carbon atoms and any needed reagents as long as the sequence in¬ 
cludes a Grignard reaction.) 

12.29 The reaction of acetone with cyanide ion forms a cyanohydrin. This reac¬ 
tion represents the first step in one industrial synthesis of methyl methacrylate, 
an important olefin used in production of the polymer plastics Plexiglas and 
Lucite (Chapter 16). The conversion of the cyanohydrin to methyl methacrylate 
is carried out by treatment with acid and methanol. Write a detailed mechanism 
for this transformation. (Hint: The first step is an acid-catalyzed loss of water.) 

o och3 

H® 
-> 
H3COH / 

Acetone Cyanohydrin Methyl 
methacrylate 



Substitution Alpha 
to Carbonyl Groups 
Etiolate Anions and Enols as Nucleophiles 

The highest occupied tt molecular orbital of an enolate anion. The 

electron density of lower-lying orbitals is greater near the more elec¬ 

tronegative oxygen atom (right). The electron density in this rr molec¬ 

ular orbital is distributed mainly between the two carbon atoms. When 

the overlapping orbitals of the tt system and the nucleophile are of 

similar size, orbital overlap (and therefore bond formation) can be 

maximized. Thus, larger electrophiles react most rapidly at the carbon 

end of this orbital (the carbon alpha to the carbonyl group), whereas 

small electrophiles—especially protons—react most rapidly at the oxy¬ 

gen end. 



/n Chapters 8 through 12, we examined in detail some of the many im¬ 

portant reactions of organic chemistry. They are classified by their mech¬ 

anisms as substitutions, eliminations, additions, and so on. Because this is 

a course in organic chemistry, we usually focus on the organic portion of 

a reaction, and in most cases the assignment of reaction class has been un¬ 

ambiguous. For example, the reaction of hydroxide ion with methyl bro¬ 

mide to form methanol is classified as an Sn2 reaction, because we are fo¬ 

cusing on what is happening at the carbon of methyl bromide, not on what 

is happening to the oxygen atom of hydroxide ion. 

ho: ■» HO—CH3 

However, in many reactions, two organic compounds are joined. One ex¬ 

ample is the reaction of an alkyl halide with the anion derived by deproto¬ 

nation of a terminal alkyne: 

H 
NaNH, 

We classified this bond formation as an Sn2 reaction in Chapter 8, focus¬ 

ing on the alkyl halide—but we could just as easily take the view that the 

reaction is a substitution of a different kind-namely, of the hydrogen of the 

alkyne by an alkyl group. And, of course, it is both. 

This chapter brings together a large and diverse group of reactions un¬ 

der the theme of the replacement of a hydrogen at the position alpha (a) 

to a carbonyl group. Recall that relative positions of functional groups 

within a molecule are designated with Greek lowercase letters. For exam¬ 

ple, 2-bromocyclohexanone is an a-bromoketone; 3-ketocyclohexanone is 

a /3-diketone: 

2-Bromocyclohexanone 3-Ketocyclohexanone 

Specifically, we will look at replacement of an a hydrogen by a halogen atom 

or a carbon substituent. A typical example is the two-step process in which 

deprotonation of cyclohexanone by a base is followed by reaction of the re¬ 

sulting anion with methyl iodide to form 2-methylcyclohexanone: 

660 Cyclohexanone 2-Methylcydohexanone 



A variety of electrophilic partners can take part in such reactions, includ¬ 

ing aldehydes, ketones, acid chlorides, and esters, as well as alkyl halides 

(and sulfonate esters). In most cases, an enolate anion plays a crucial role 
as a reactive intermediate. 

661 

13.1 Formation and Reactions 
of Enolate Anions and Ends 

13.1 
— 

Formation and Reactions of Enolate 
Anions and Enols 

Ketones, aldehydes, and carboxylic acid derivatives (esters, amides, etc.) that 

have protons on the carbon a to the carbonyl group can be deprotonated 

to form anions known as enolate anions. These anions are substantially 

more stable than simple carbanions, and this increased stability is reflected 

in the acidity of the carbonyl compounds themselves (see Table 6.1). Enols 

are formed from enolate anions by protonation on oxygen: 

H H 

An enolate anion An enol 

Molecular Orbitals of Enolate Anions 

The enhanced acidity of a hydrogen a to a carbonyl group compared 

with that of a hydrogen in a simple alkane is a direct result of the enhanced 

stability of the enolate anion. 

O O O 

HH HH HH HH 

pJQ 17 19 25 50 

These anions are stabilized by resonance delocalization of electron density 

such that both oxygen and carbon bear significant negative charge in the 

hybrid (Figure 13.1, on page 662). Each of the two 7T molecular orbitals is 

filled with two electrons. The lower-lying orbital has electron density on 

three atoms, but the density is concentrated on the central carbon atom. 

The HOMO (highest occupied molecular orbital) has electron density dis¬ 

tributed so as to avoid the electron density of the underlying it molecular 

orbital. The combined electron density of these two orbitals distributes 

greater charge to the oxygen end than to the carbon end of the enolate an¬ 

ion. However, it is the HOMO that provides electron density for bonding 

between an enolate anion and an electrophile. 



(a) The enolate anion is stabilized by resonance delocalization of electron 
density—in the hybrid, both oxygen and carbon bear partial negative charge. 
(b) The orbital representations depict the two filled tt molecular orbitals. 
The upper one (also shown at the beginning of the chapter) is the highest 
occupied molecular orbital (HOMO) of the enolate anion. (Not shown is 
the third orbital formed by the combination of the three atomic p orbitals. 
In an enolate anion, this third orbital has no electrons.) 

Structure of Enolate Anions 

The structure of an enolate anion is influenced by the associated coun¬ 

terion. For enolate anions derived from ketones and esters, the use of lithium 

as the counterion generally leads to higher yields in subsequent reactions. 

Thus, we will see many examples of lithium enolate anions. The structures 

of these lithium enolates are complex, often involving aggregates of several 

molecules joined together by common bonds to lithium. Figure 13.2 shows 

the crystal structure of the lithium enolate formed by deprotonation of 

f-butyl methyl ketone in tetrahydrofuran. 

■ Protonation of Enolate Anions 

Protonation of an enolate anion on oxygen gives the corresponding 

enol; protonation on carbon yields the corresponding tautomeric ketone. 

In most cases, the considerably greater strength of a C=0 n bond com¬ 

pared with a C=C 7t bond results in an equilibrium that favors the car¬ 
bonyl tautomer. 

Enolate Enol Ketone 

Protonation of an enolate anion proceeds more rapidly on oxygen, pro¬ 

ducing an enol. Why does protonation of the enolate anion to form the less 

stable enol occur more rapidly than protonation to form the ketone? The 

rate of proton-transfer reactions is usually controlled by the degree to which 

electron density can effectively overlap with the small Is orbital of a pro- 



Crystal structure of the lithium enolate formed by deprotonation of f-butyl 
methyl ketone in tetrahydrofuran in the presence of pyridine (Pyr). There 
are four lithium enolates arranged in cubic fashion. Each of the four lithium 
atoms (white) is at one of the eight corners of the cube—the lithium atoms 
and oxygen atoms (red) are at alternating corners. Each lithium atom is sur¬ 
rounded by four ligands: three oxygen atoms from enolate anions and the 
nitrogen atom (blue) of a pyridine. (For clarity, only the nitrogen atoms of 
the pyridines are shown in the ball-and-stick representation; the other atoms 
have been omitted, along with the hydrogens of the methyl and methylene 
groups.) 

ton. The electron density in the HOMO of an enolate anion (Figure 13.1) 

is quite compact at oxygen but large and diffuse at carbon. Thus, orbital 

overlap with a proton is most effective at oxygen. However, regardless of 

where the proton is first attached, proton tautomerization rapidly estab¬ 

lishes the equilibrium concentrations of enol and ketone. In the case of ace¬ 

tone, the ketonic form is favored by a factor of more than 106. 

EXERCISE 13.1 

Ketones and enols are rapidly interconverted in protic solvents in the presence of 
low concentrations of acid or base, (a) Write a detailed reaction mechanism for the 
conversion of a ketone to an enol catalyzed by base (eOH). (b) Write a mechanism 
for the reaction in the presence of catalytic acid (H3Ol±)). 

Halogenation Alpha to Carbonyl Groups 

Halogenation of Ketones under Basic Conditions: A Sequence Out 
of Control. Enolate anions generated in aqueous or alcoholic solution can 

displace halide ion in an SN2 reaction with molecular iodine, bromine, or 

chlorine, effecting the halogenation of the enolate anion at the a position. 

As we shall see, this reaction initiates a cascade of halogenation reactions, 

each proceeding more rapidly than the preceding one. 663 
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Halogenation of Methyl Ketones under Basic Conditions: The 
Iodoform Reaction. With methyl ketones and iodine, this Sn2 reaction is 
the first step of a sequence called the iodoform reaction, in which a ketone 
with three a hydrogens is converted to a carboxylic acid and iodoform 
(CHI3). Let’s consider the reaction of acetophenone in aqueous base in the 
presence of three equivalents of iodine. 

Sequential Halogenation. Carbon-halogen bonds are formed a to a car¬ 
bonyl group by sequential Sn2 displacement reactions of iodide ion from 
I2. Because acetophenone is a considerably weaker acid than water, only a 
very small concentration of the enolate anion is formed. But because the 
enolate anion is so reactive, it is removed from the equilibrium by reaction 
and quickly reformed in an acid-base pre-equilibrium. As iodine ap¬ 
proaches the negatively charged enolate, the I—1 bond becomes polarized, 
allowing nucleophilic displacement (Figure 13.3). 

The a hydrogen atoms in the resulting a-iodoacetophenone are even 
more acidic than those in acetophenone itself, as a result of inductive elec¬ 
tron withdrawal by iodine. Thus, in base, deprotonation occurs rapidly to 
form an iodoenolate. Nucleophilic displacement of Ie from I2 with the io- 

Benzoic acid Iodoform 

FIGURE 13.3 

The iodoform reaction begins with the formation of an enolate anion from 
a ketone of the general type RCOCH3 (illustrated here by acetophenone). 
The enolate anion acts as a nucleophile to displace Ie from I2 by an SN2 
route. The resulting u-iodoketone produced has two acidic hydrogen atoms, 
and enolization takes place again. The resulting iodoenolate anion reacts 
again by an SN2 pathway, producing a diiodoketone. Upon repetition of this 
sequence, a triiodoketone is formed. Largely because of the stability of the 
triiodomethyl anion, the triiodoketone is converted by base into a carboxylic 
acid and iodoform. 



doenolate as nucleophile results in a diiodoacetophenone, in which the re¬ 

maining carbon-hydrogen bond is even more acidic. Repetition of the de¬ 

protonation and displacement reactions produces triiodoacetophenone. 

Cleavage of the Triiodoketone. At this point, there are no a hydrogen 

atoms available for deprotonation, and hydroxide ion now assumes another 

role. Acting as a nucleophile, hydroxide ion adds to the carbon end of the 

C O bond dipole, as in the first step in nucleophilic acyl substitution (cov¬ 

ered in Chapter 12), to form a tetrahedral intermediate. The C=0 bond is 

re-formed by expulsion of eCI3, a particularly stable carbanion because of 

the three attached polarizable halogens and therefore a good leaving group. 

Protonation produces iodoform (CHI3, mp 120 °C), which forms a bright 

yellow precipitate because it is not very soluble in water. (It is also very 

heavy, with a density of 4.1 g/mL.) The formation of this precipitate is con¬ 

sidered a positive iodoform test. The iodoform test is diagnostic for the 

presence of a methyl ketone, because CHI3 cannot be formed unless there 

are three replaceable hydrogen atoms on one a carbon atom. 

The Haloform Reaction. This type of reaction also works with Br2 or Cl2 

and is referred to in general as the haloform reaction. The products of the 

haloform reaction with acetone are the trihaloacetones; the space-filling 

models of these molecules show the difference in size between chlorine, 
bromine, and iodine: 
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T richloroacetone T ribromoacetone Triiodoacetone 

However, because bromoform and chloroform are colorless liquids, the re¬ 

actions with Br2 and Cl2 are not useful as diagnostic tests. The key feature 

of the haloform reaction is the increased acidity of the remaining a hy¬ 

drogens with each successive halogenation. 

For methyl ketones with no other a hydrogens (for example, ace¬ 

tophenone), the haloform reaction can be used to prepare carboxylic acids 

in good yield. With a methyl ketone that has other a hydrogens—and with 

ketones and aldehydes in general—indiscriminate halogenation occurs at 

the carbons a to the carbonyl group, and the reaction is not synthetically 

useful. 

Which of the following molecules will give a positive iodoform test? 

(a) 3-pentanone (c) pentanal (e) acetic acid 

(b) 2-pentanone (d) acetophenone 

Halogenation of Ketones under Acidic Conditions. Halogenation of 

ketones can also be accomplished under acidic conditions—for example, 

using bromine in acetic acid solution. Under such conditions, without a 
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base present, halogenation of a ketone produces a mole of the correspond¬ 

ing halogen acid (HX) for every mole of halogen consumed. The rate of 

halogenation increases with the increase in acid concentration as the reac¬ 

tion proceeds. 

h3o® ^ 

Br2 

Acid-catalyzed halogenation proceeds through the enol of the ketone, 

which is generated by protonation of the carbonyl group oxygen atom, fol¬ 

lowed by loss of a proton from the adjacent carbon. Formation of the enol 

is the rate-limiting step in the sequence. The enol reacts rapidly with 

bromine, and subsequent loss of a proton forms the product a-bromoke- 

tone. 

H 

a-Bromocyclohexanone 

The rate of formation of the enol of a ketone in acidic solution decreases as 

a hydrogen atoms are replaced by halogen atoms, possibly because the pres¬ 

ence of an a halogen atom decreases the basicity of the carbonyl group. 

Thus, using only one equivalent of chlorine or bromine allows the mono- 

haloketone to be obtained in good yield. 

The Hell-Volhard-Zelinski Reaction. Monohalogenation a to a car¬ 

boxylic acid group can be achieved by treatment of a carboxylic acid bear¬ 

ing a hydrogen atoms with bromine in the presence of phosphorus tribro¬ 

mide, a reaction referred to as the Hell-Volhard-Zelinski reaction. In 
phenylacetic acid, for example, a-bromination takes place with high yields. 

The mechanism is an S^-like pathway similar to that for the iodoform re¬ 

action (see Figure 13.3). 

Br 

OH 



667 The mechanism of this reaction is less important than its synthetic utility— 

for example, a-bromoacids are important intermediates in the synthesis of 
cx-amino acids. 

EXERCISE 13.3 

In the first step of the Hell-Volhard-Zelinski reaction, the carboxylic acid is con¬ 
verted to an acid bromide (the bromine analog of an acid chloride). The acid bro¬ 
mide then undergoes enolization, with the enol displacing bromide from Br2. 

(a) Draw the structure of the enol obtained from the acid bromide of acetic acid, 
and show, with curved arrows, the flow of electrons that accomplishes cx-bromi- 
nation. 

(b) Explain why a second a-bromination does not take place as readily as the first. 

Kinetic versus Thermodynamic 
Deprotonation of Carbonyl Groups 

The iodoform reaction proceeds through a multistep sequence that ul¬ 

timately replaces all three a hydrogen atoms of a methyl ketone with io¬ 

dine. The initial deprotonation of the methyl ketone by hydroxide ion gives 

only a low concentration of the enolate anion, because water is more acidic 

than the ketone: 

eOH + 
O 

R CH3 

pk ~19 

O0 
H20 + 

pk 15.7 

Nonetheless, because the small amount of enolate anion is consumed as it 

reacts rapidly with I2, additional methyl ketone is deprotonated by hydrox¬ 

ide ion, maintaining the equilibrium concentration of enolate anion. 

Thus, in the iodoform reaction, the initial product, cx-iodoketone, is 

formed in a solution rich in hydroxide ion. The cx-iodoketone is deproton¬ 

ated by hydroxide ion and halogenated repeatedly until the triiodoketone 

ultimately results. This cascade of reactions resulting in multiple substitu¬ 

tion is desirable for the iodoform reaction; however, in most cases, a chemist 

sets out to replace only one of the available hydrogen atoms. 

Quantitative Deprotonation. Ketones and esters can be converted es¬ 

sentially completely to the corresponding enolate anions by using only one 

equivalent of a base that is significantly stronger than hydroxide ion. 

pki 25 Lithium diisopropyl- Pk 40 
amide 

This process is often referred to as quantitative deprotonation, because vir¬ 

tually all of the ketone or ester is deprotonated to form the enolate anion. 

13.1 Formation and Reactions 

of Enolate Anions and Enols 



Lithium diisopropylamide 

A number of bases are used for quantitative deprotonation of ketones and 

esters. Of these, lithium diisopropylamide, abbreviated LDA, is representa¬ 

tive, and we will concentrate on its use. LDA and other lithium dialkylamide 

bases are readily formed by combining an alkyllithium (commonly n-butyl- 

lithium) and a secondary amine in an ether solvent: 

n-Bu—Li + H—N(CHMe2)2 -> n-Bu—H + Li—N(CHMe2)2 
THF 

pKa 40 PK, 50 

Quantitative Deprotonation of Unsymmetrical Ketones. Quanti¬ 

tative deprotonation of unsymmetrical ketones often leads to formation of 

a preponderance of one of the two possible enolate anions, as in the ex¬ 

amples shown here. 

2-Butanone 80 : 22 

Methylcyclohexanone gives essentially only one isomer; with 2-butanone, 

the predominance of one isomer over the other is less striking. 

This regioselective deprotonation removes a proton from a methyl 

group rather than a methylene group or from a methylene group rather 

than a methine group, in each case preferentially forming the less substi¬ 

tuted enolate anion. Although the origin of this regioselectivity is not fully 

understood, it is clear that the formation of the less substituted enolate an¬ 

ion is the result of the rate of deprotonation rather than the stability of the 

enolate anion. In almost all cases, the more substituted enolate anion pre¬ 

dominates at equilibrium. 

Kinetic versus Thermodynamic Deprotonation of Unsymmetrical Ketones 

Kinetic Thermodynamic 
enolate enolate 

1 : 10 

The greater stability of more substituted enolate anions is analogous to the 

greater stability of more substituted alkenes, and the origin of the prefer¬ 

ence may be the same in both cases. Because quantitative deprotonation of 

an unsymmetrical ketone by a strong base often forms the less stable eno¬ 

late anion, the process is under kinetic control. Thus, quantitative depro¬ 

tonation is also referred to as kinetic deprotonation, and less substituted eno- 

668 late anions are called kinetic enolate anions. 



T e formation of an equilibrium mixture of both enolate anions from the less sub¬ 

stituted, kinetic enolate anion can be accomplished by the addition of a small 

amount of a proton source such as water. Write a detailed, stepwise reaction mech¬ 

anism for the conversion of the less substituted enolate anion of 2-butanone to the 
more substituted anion. m 

13.2 Alkylation of Ketones 
and Esters: SN2 Reaction 

with Alkyl Halides 

13.2 

Alkylation of Ketones and Esters: 
Sn2 Reaction with Alkyl Halides 

Enolate anions are good nucleophiles that react with a variety of elec¬ 

trophiles—for example, molecular iodine in the iodoform reaction. Such 

anions react with sp3-hybridized electrophiles in SN2 reactions, as illustrated 

here for the enolate anions of cyclohexanone and ethyl acetate: 

Ethyl acetate Ethyl 3-phenylpropanoate 

The nucleophilic anion produced by deprotonation of the ketone or ester 

reacts with an electrophilic carbon species, such as an alkyl halide, to form 

a carbon-carbon bond. The process replaces an a hydrogen atom of a ke¬ 

tone or an ester with an alkyl group: it is therefore referred to as alkylation. 

Substitution can be limited to the introduction of a single alkyl group by 

the use of one equivalent of base to form the enolate anion quantitatively 

in the first step. Under these conditions, no dialkylamide base is present 

during the alkylation step, and the product ketone or ester is formed un¬ 

der conditions where further deprotonation followed by alkylation does not 

occur to a significant extent. Therefore, monoalkylation products predom¬ 

inate. 
Although we are viewing these reactions as substitution reactions at the 

a position of carbonyl groups, they are also Sn2 reactions of the electrophile. 

Consequently, they are subject to the restrictions discussed in Chapter 8 

with regard to nucleophilic substitution of alkyl halides under basic condi¬ 

tions. Enolate anion alkylation reactions afford the highest yields with pri¬ 

mary (and methyl) alkylation agents. Alkylation with secondary groups is 

satisfactory, but side products resulting from elimination are also obtained. 

The alkylation reaction fails completely with tertiary alkyl halides, and the 

only products derived from the alkyl halide are those due to elimination. 
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>• + 

2-Cyclopentylcyclohexanone Cyclopentene 

EXERCISE 13.5 

Identify the starting materials required to prepare each of the following carbonyl 
compounds by alkylation of a kinetic enolate anion: 

Aldol Reaction, Aldol Condensation, and 
Related Reactions: Nucleophilic Addition 
of Enolate Anions to Carbonyl Groups 

The Aldol Reaction 

We have seen how enolate anions function as nucleophiles in halo- 

genation and alkylation reactions. In the aldol reaction, enolate anions func¬ 

tion as effective nucleophiles in reacting with the electrophilic carbonyl 

group in ketones and aldehydes. The reaction of acetaldehyde in base is one 

example. The enolate anion of acetaldehyde effects a nucleophilic addition 

to the carbonyl group of another molecule of acetaldehyde, forming an in¬ 

termediate alkoxide ion. The combination of two molecules of acetalde¬ 

hyde, one as a nucleophilic enolate anion and the other as an electrophilic 

carbonyl group, results in the formation of a new carbon-carbon bond 

(highlighted here in green): 

H H 

A /3-hydroxyaldehyde 

(an aldol) 

Acetaldehyde 



Protonation of the intermediate alkoxide ion yields the product, a /3-hy- 

droxyaldehyde known as an aldol because of the presence of both aldehyde 
and alcohol functional groups. 

In this reaction, a single carbonyl compound serves as the source of 

both the electrophile and the nucleophile in the reaction that forms a new 

carbon-carbon bond. This reaction can be carried out by transforming one 

equivalent of the ketone or the aldehyde to the enolate anion-for example, 

by quantitative deprotonation—and then adding a second equivalent of the 

carbonyl compound. However, it is easier simply to add to the carbonyl 

compound a small amount of a relatively weak base such as hydroxide ion. 

In this way, a pre-equilibrium is established between the carbonyl com¬ 

pound and a small amount of the enolate anion in a solution rich in the 

carbonyl compound, a good electrophile. 
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The Aldol Condensation 

If the aldol product is subjected to more vigorous reaction conditions— 

for example, by increasing the base concentration or the temperature, or 

both—it undergoes further reaction with hydroxide ion through a reversible 

deprotonation. Removal of a proton from the carbon atom between the car¬ 

bonyl and hydroxyl groups sets the stage for loss of hydroxide ion, pro¬ 

ducing an o,/3-unsaturated aldehyde. This two-stage reaction is referred to 

as an aldol condensation. 

TV® || 

#13 The Aldol 
Reaction 

Crotonaldehyde 

(an a,/3-unsaturated aldehyde) 

Hydroxide ion is a catalyst for both steps of the aldol condensation. At low 

temperatures (5-10 °C) and low concentrations of base, aldehydes form al¬ 

dol products via the aldol reaction. At higher temperatures (80-100 °C) and 

greater concentrations of base, the reaction proceeds to the <a,/3-unsaturated 

aldehyde via the aldol condensation. 

EXERCISE 13.6 

In theory, two isomeric aldol condensation products could be formed when ac¬ 

etaldehyde is treated with base. However, only the a,/3-unsaturated ketone is ob¬ 

served, not the /3,y-isomer. This preference can be rationalized on both kinetic and 

thermodynamic grounds. Provide reasons, based on both kinetics and thermody¬ 

namics, for the observed regioselectivity. 
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Aldol Reaction and Aldol 
Condensation of Ketones 

The aldol reaction of simple ketones such as acetone is energetically un¬ 

favorable by a few kilocalories per mole. Therefore, in the presence of base, 

the equilibrium is unfavorable for the formation of a /3-hydroxyketone (a 

ketol). However, when the temperature is raised, the reaction proceeds 

through the intermediate aldol to form the aldol condensation product, an 

u,/3-unsaturated ketone. 

+ HaO 

Acetone Aldol 

condensation product 

(an a,/3-unsaturated ketone) 

S Intramolecular Aldol Reaction and 
Aldol Condensation 

Both the aldol reaction and the aldol condensation proceed with excel¬ 

lent yields when both carbonyl groups, the electrophile and the nucleophile, 

are part of the same molecule. For example, treatment of 2,5-hexanedione 

or 2,6-heptanedione with base leads to the formation of a cyclic a,/3~ 

unsaturated ketone. In the first case, the aldol reaction forms a five-mem¬ 

ber ring; in the latter, a six-member ring. The dehydration that introduces 

a double bond into a five-member ring is often considerably faster than the 

analogous reaction resulting in a cyclohexene product. Thus, treatment of 

a dicarbonyl compound that can form a cyclopentene product generally 

produces the «,/3-unsaturated condensation product, even at low temper¬ 

ature. In contrast, when the reaction forms a six-member ring, aldol prod¬ 

ucts obtained at low temperature are converted to u,/3-unsaturated ketones 

at higher temperature in the presence of base. 

O 
H,Ck 

'C 

O 

2,5-Hexanedione 

CH 

H,C 

2,6-Heptanedione 

r)OH 

10 °C 

O 

A3H 

3-Methyl-2-cyclopentenone 

O 

CH 
90 °C 

XCH, 

3-Methyl-2-cydohexenone 

The aldol condensation of 2,5-hexanedione could have produced a prod¬ 

uct with a three-member ring and that of 2,6-heptanedione could have pro¬ 

duced a product with a four-member ring. However, because of ring strain, 

aldol products with three- and four-member rings are not observed. 



CHEMICAL PERSPECTIVES 

NATURALLY OCCURRING ALDOLS AND KETOLS 

Many compounds produced by plants and animals 
have /3-hydroxy- and a,/3-unsaturated ketones or 
aldehydes. One example is cycloheximide, a y8-hy- 
droxyketone isolated from Streptomyces griseus. 
Cycloheximide is used as a fungicide and plant 

O 

growth regulator. Upon treatment with mild base, cy¬ 

cloheximide undergoes a retro-aldol reaction, pro¬ 

ducing 2,4-dimethylcyclohexanone, a quite fragrant 

ketone. 

2,4-Dimethyl- 

cydohexanone 

EXERCISE 13.7 

Draw the structure of the aldol condensation product for each of the following 

diketones: 

O 

O 

EXERCISE 13.8 

The aldol condensation can also be carried out in the presence of acid; in this case, 
the enol of the aldehyde or ketone is the nucleophilic species. Write a detailed, step¬ 
wise mechanism for the following aldol condensation in acid: 

H,cr 

H,o 

H Crossed Aldol Reaction 

The synthetic utility of the aldol reaction would be greatly enhanced if 

the enolate anion of one substrate could be used to attack the carbonyl 

group of another substrate, forming a crossed condensation product. 
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However, when two different carbonyl compounds are mixed with base, a 

complex product mixture is typically obtained. Even when each carbonyl 

compound is symmetrical and can generate only a single enolate anion, four 

possible cross products can be formed because each component can serve 

as either a nucleophile or an electrophile. The situation becomes even more 

complicated when one or both of the starting materials can form two dif¬ 

ferent enolate anions. For example, when acetone and 2-butanone are 

treated with base, all of the products shown in Figure 13.4 are formed. The 

complexity of the mixture, together with the difficulty of separating such 

chemically similar products, makes this reaction of little synthetic value. 

Furthermore, only one of these starting ketones (2-butanone) can form two 

different enolate anions. An even more complex product mixture would re¬ 

sult from the reaction of, say, 2-butanone and 2-pentanone. 

FIGURE 13.4 

A very complex array of products is formed when a crossed aldol reaction is 

attempted with a mixture of two different ketones. With acetone and 2-bu- 

tanone, three enolate anions are formed in the first deprotonation step. Each 

enolate anion can attack either starting ketone to produce six possible /3-hy- 
droxyalcohols. 



675 EXERCISE 13.9 

Draw the structures of all of the crossed aldol products that would result when a 

mixture of 2-methylcyclohexanone and 2-butanone is treated with aqueous sodium 
hydroxide. 

13.3 Aldol Reaction, Aldol 
Condensation, and Related 

Reactions: Nucleophilic 
Addition of Enolate Anions to 

Carbonyl Groups 

A crossed aldol reaction is practical only when one of the carbonyl com¬ 

ponents is an aldehyde that lacks a hydrogen atoms and the other is a ke¬ 

tone. In this case, it is possible to form the enolate anion of the ketone, 

thereby limiting the number of possible products. The greater electrophilic 

reactivity of aldehydes compared with ketones (recall Chapter 12) also fa¬ 

vors the crossed aldol product. To illustrate these points, let’s look at the re¬ 
action of acetone with benzaldehyde: 

Acetone Benzaldehyde 

trans-4-Phenylbut-3-ene-2-one 

Here, the enolate anion of acetone attacks benzaldehyde, forming a car¬ 

bon-carbon bond and ultimately producing an aldol condensation prod¬ 

uct. Because benzaldehyde has no a hydrogen atoms, it can act only as an 

electrophile, and the enolate of acetone is the only anion formed. The re¬ 

activity of an aldehyde toward nucleophilic attack is higher than that of a 

ketone (Chapter 12); thus, even though an attack by the enolate anion of 

acetone on acetone is also possible, it is slower than the attack on the more 

reactive aldehyde. Thus, the reaction of the enolate anion of acetone with 

acetone is slower than the crossed aldol reaction, and the major product 

observed is that obtained by attack of the enolate anion of acetone on benz¬ 

aldehyde. The loss of water from the aldol product is especially easy, be¬ 

cause of extended conjugation in the resulting condensation product. 

In later chapters, we will see how the problem of multiple products in 

a crossed aldol reaction is solved in biological systems by enzymes that cat¬ 

alyze the formation of only one product. Enzymes exert a level of chemical 

selectivity that is not usually possible in simple chemical reactions in the 

laboratory. 
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EXERCISE 13.10 

Draw the structures of the starting carbonyl compounds that could be used to syn¬ 

thesize each of the following a,/3-unsaturated ketones by a crossed aldol reaction: 

Nucleophilic Addition to a,/3-Unsaturated 
Carbonyl Groups: Conjugate Addition 

Conjugation in a,fi-Unsaturated Carbonyl Compounds. The aldol 

condensation gives rise to a,/3-unsaturated carbonyl compounds. In these 

molecules, the ir system extends over the carbonyl group and the alkene 

portion. The p orbital overlap—and thus the stability—of these systems is 

greatest when the tt systems of the carbonyl group and the alkene are copla- 

nar. This conjugation has important consequences for both the structure 

and reactions of enones. In 4-phenylbut-3-en-2-one, for example, the a,/3- 

unsaturated carbonyl system is further conjugated with an aromatic ring. 

For such compounds, the most stable conformation is also that in which 

the 7T systems are coplanar. 

Because of conjugation, a,/3-unsaturated carbonyl compounds have 

two electrophilic sites. Both the carbonyl carbon and the /3 carbon of an 

enone are reactive as electrophiles, and both can form a bond with a nu¬ 

cleophile. Which site is attacked depends on the nature of the nucleophile. 

1,2- versus 1,4-Addition of Nucleophiles to a,(i-Unsaturated 
Carbonyl Compounds. In general, nucleophiles with concentrated nega¬ 

tive charge (such as alkyllithium and Grignard reagents) add to the car- 



677 bonyl carbon of an a,/3-unsaturated carbonyl compound, and those with 
diffuse, delocalized charge (such as enolate anions) add to the (3 carbon. 
Nucleophilic addition at the (3 carbon of such systems is known as conju¬ 
gate addition. 

1,2-Addition 

Li—CH, 

HO CH, 

13.3 Aldol Reaction, Aldol 
Condensation, and Related 

Reactions: Nucleophilic 
Addition of Enolate Anions to 

Carbonyl Groups 

1,4-Addition (Conjugate Addition) 

Nucleophilic Addition at the (3 Carbon. Resonance structures help 
explain the electrophilic character of the (3 carbon atom of an enone: 

To the extent that the resonance structure at the right contributes to the hy¬ 
brid, the (3 carbon has electrophilic character—the partial positive charge 
on this carbon enhances its reactivity toward a nucleophile. Thus, an ct,/3- 

unsaturated carbonyl compound can be attacked by a nucleophile either at 
the carbonyl carbon (as in simple aldehydes, ketones, and esters) or at the 
13 carbon. 

When a nucleophile attacks the [3 carbon of an a,/3-unsaturated ketone 
and a a bond is formed to that carbon, the electron pair of the carbon-car¬ 
bon 7t bond simultaneously shifts toward oxygen, ultimately forming an 
enolate anion. 

1,4-Adduct 

In conjugate addition, the initially formed enolate anion is protonated 
on oxygen, as we would expect from the discussion earlier in this chapter, 
to produce an enol. It is for this reason that the reaction is called a 1,4-ad- 
dition. Tautomerization of the enol to the more stable carbonyl group fol¬ 
lows, completing the sequence. The final product corresponds to that ex¬ 
pected from addition of the hydrogen atom and the nucleophile across the 
carbon-carbon double bond. You must not forget, however, that this con¬ 
jugate addition requires a carbonyl group: nucleophiles do not add to an 
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would result from this reaction: 
13 Substitution Alpha to 
Carbonyl Groups 

The critical role of the carbonyl group in the enone is to provide stabiliza¬ 
tion (through resonance delocalization) of the negatively charged interme¬ 
diate formed upon attack by the nucleophile at the /3 position. 

Alkylation of ay(5-Unsaturated Compounds. Dialkylcuprate reagents 
(such as lithium dimethylcuprate) add in a conjugate (1,4) sense, provid¬ 
ing a convenient method for preparing a wide range of complex carbon 
skeletons. With lithium dialkylcuprates, the nucleophile approaches the (3 

carbon, causing a shift of negative charge to oxygen, to form an enolate an¬ 
ion. Protonation on oxygen, followed by keto-enol tautomerization, gives 
the observed adduct. In contrast, Grignard reagents add in a 1,2 fashion to 

enones. 

LiCu(CH3)2 H3o® 

h2o 

CH3MgBr 

h2o 

Conjugate (1,4) Addition 

1,2-Addition 

Why there is a preference for conjugate addition of alkyl groups from 
cuprate reagents is not entirely clear. Certainly, the negative charge of a 
cuprate, which resides on the copper atom, is more diffuse than that of a 
Grignard or alkyllithium reagent. Grignard reagents will add a carbon nu¬ 
cleophile in a conjugate sense in the presence of a catalytic amount of a 
copper (I) salt such as Cul. In this case, it is possible that a cuprate is formed 
from the Grignard reagent and the copper salt. (In the absence of a copper 
salt, Grignard reagents add to enones in the 1,2 sense.) 

HO 

Et—MgBr 

Cul (cat.) 
Et20 

1,2-Adduct 1,4-Adduct 

Michael Addition. When anions that are resonance-stabilized by two 
carbonyl groups (for example, anions of diketones) are used as nucleophiles 
in a conjugate addition, the reaction is called a Michael addition. (Indeed, 
the term Michael addition is often used loosely to refer to all conjugate ad¬ 
dition reactions.) In such nucleophiles, charge dispersal is extensive (spread 
over three atoms), as in the anion derived by deprotonation of dimethyl 
malonate. The Michael addition takes place by nucleophilic attack of the 
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tone. 

Dimethyl 

malonate 

13.3 Aldol Reaction, Aldol 
Condensation, and Related 

Reactions: Nucleophilic 
Addition of Enolate Anions to 

Carbonyl Groups 

The resulting enolate anion is protonated on carbon to form the ketone 
product. 

EXERCISE 13.11 

Predict whether 1,2- or 1,4-addition is more likely with each of the following 
reagents. Draw the product expected from the reaction of each reagent with cy- 
clohex-2-enone. 

(a) CH3CH2MgBr (b) (CH3CH2)2CuLi (c) CH3Li 

Robinson Ring Annulation. An intramolecular aldol reaction is an 
essential part of the Robinson ring annulation, a process that fuses a cy¬ 
clohexanone ring onto an existing ketone (almost always a cyclic ketone). 
The process begins by addition of the enolate anion of a ketone to methyl 
vinyl ketone. The enolate anion adds in a conjugate sense to the (3 carbon 
of the enone, forming a new carbon-carbon bond. 

vinyl 

Enolate anion ketone 

A second carbon-carbon bond results from an intramolecular aldol reac¬ 
tion. Under the reaction conditions (presence of base), the diketone prod¬ 
uct of the first step is further converted by an intramolecular aldol reaction 
to a cyclic /3-hydroxyketone. Then, further treatment with either base or 
acid at a higher temperature converts the initially formed aldol to the enone, 

the aldol condensation product. 

An enone 
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EXERCISE 13.12 

The following Robinson ring annulation involves a crossed aldol reaction: 

O 

OH 

In theory, three aldol products might be formed, because both carbonyl groups are 
electrophilic and three different enolate anions can be formed by deprotonation of 
one or the other of the carbonyl groups. Draw the structures of the other possible 
aldol products. Explain why only the one shown is observed. 

13.4 

The Claisen Condensation and Related 

Reactions: Acylation of Esters 

B The Claisen Condensation 

In the aldol reaction, a new carbon-carbon bond is formed between an 

enolate anion and a carbonyl carbon. In a Claisen condensation, both the 

enolate anion and the carbonyl carbon belong to an ester. The enolate an¬ 

ion generated by a deprotonation of an ester is sufficiently nucleophilic to 

react with the carbonyl group of another equivalent of the ester in a nu¬ 

cleophilic acyl substitution. This reaction, known as the Claisen condensa¬ 

tion, results in the formation of a j8-ketoester. 

The Claisen condensation begins with the generation of the enolate an¬ 

ion of an ester. 

O O O O 

OCH2CH3 + eOCH2CH3 

H H 

An ester enolate anion is formed when an ester with a hydrogen atoms is 

treated with alkoxide. Like an enolate anion derived from an aldehyde or a 

ketone in the aldol reaction, the ester enolate anion attacks a second neu¬ 

tral carbonyl carbon-in this case, of an ester—to form a negatively charged, 

tetrahedral intermediate. This intermediate loses an alkoxide ion with si- 



multaneous re-formation of the C=0 bond to form the neutral /3-ketoester, 

just as in the nucleophilic acyl substitutions discussed in Chapter 12. As 

noted in Chapter 6 (Table 6.1), the hydrogen bonded to the carbon between 

the two carbonyl groups of a /3-ketoester is especially acidic (pKa 11). Thus, 

deprotonation by an alkoxide ion of the /3-ketoester formed in the Claisen 

condensation is thermodynamically favorable. Indeed, this acid-base reac¬ 

tion constitutes a principal driving force for the Claisen condensation, 

which, as a result, is best carried out with a full equivalent of base. 
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13.4 The Claisen Condensation 
and Related Reactions: 

Acylation of Esters 

EXERCISE 13.13 

Draw the structure of the Claisen condensation product expected when each of the 
following esters is treated with KOEt in EtOH: 

(a) H3CC02CH2CH3 (c) (H3C)2CHCH2C02CH3 

(b) H3CCH2C02CH2CH3 (d) PhCH2C02Ph 

The Dieckmann Condensation 

An intramolecular variant of the Claisen condensation is known as the 

Dieckmann condensation. Similar to an intramolecular aldol reaction, an 

intramolecular Claisen condensation can take place when a molecule bears 

two ester groups. With the following symmetrical diester, for example, de¬ 

protonation at the position a to either ester group produces the same es¬ 

ter enolate anion: 

O 

The ester enolate anion then attacks the second ester group intramolecu- 

larly, through a six-member transition state. The resulting tetrahedral in¬ 

termediate loses methoxide ion to produce the /3-ketoester expected in a 

Claisen condensation. 
A primary driving force of the Dieckmann condensation, as with the 

Claisen condensation, is the formation of the anion of the product /3-ke- 
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toester. As a result, the Dieckmann condensation of an unsymmetrical 

diester is thermodynamically favorable only in the direction that results in 

a /3-ketoester with an acidic hydrogen between the two carbonyl groups: 

Although an ester enolate anion can be formed at either C-2 or C-6, only 

the C-6 enolate anion leads to product, because the /3-ketoester formed in 

the cyclization of the C-6 enolate anion (at the right) bears an acidic pro¬ 

ton at the a position, and the /3-ketoester formed from the C-2 enolate an¬ 

ion (at the left) does not. Therefore, the /3-ketoester at the right is depro- 

tonated to a resonance-stabilized anion under the basic conditions of the 

reaction. 

EXERCISE 13.14 

Draw the structure of the ester enolate anion needed to form each of the two pos¬ 
sible Dieckmann condensation products of the following reaction: 

Crossed Claisen Condensation 

The reaction of an ester enolate anion with a different ester presents 

the same problem that arises in the crossed aldol condensation. A crossed 

Claisen condensation proceeds cleanly only if one of the esters lacks a hy¬ 

drogen atoms (and therefore cannot form an enolate anion). Such an ester 

should also be a more reactive electrophile than the other. An example of 

a crossed Claisen condensation is the reaction of the enolate anion of methyl 

acetate with methyl formate: 

H OCH3 

Methyl 

formate 

Methyl acetate 

enolate anion 

Methyl acetate 
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ters are especially reactive toward nucleophiles for both electronic and steric 

reasons (recall the differences between aldehydes and ketones). 

Crossed Claisen condensations can also be accomplished with carbon¬ 

ate, oxalate, and benzoate esters, all of which lack C—H bonds a to the car¬ 
bonyl group. 

Formate Carbonate Oxalate Benzoate 

ester ester ester ester 

Aliphatic esters completely substituted at the a position (such as methyl pi- 

valate) also have no a hydrogen atoms, but are relatively poor electrophiles 

because formation of the required tetrahedral intermediate is so sterically 

hindered. As a result, they are rarely useful in Claisen condensations. 

EXERCISE 13.15 

Predict the product of Claisen condensation of the enolate anion of methyl acetate, 
H3CCO2CH3, with (a) carbonate, (b) oxalate, (c) benzoate, and (d) pivalate esters. 

EXERCISE 13.16 

Propose appropriate starting materials for the synthesis of each of the following 
compounds by a route employing a Claisen condensation: 

The Reformatsky Reaction 

The reaction of two ketones (or aldehydes) in an aldol condensation or 

of two esters in a Claisen condensation yields a complex mixture of prod¬ 

ucts, unless one reactant lacks a hydrogen. For instance, simply treating a 

mixture of a ketone and an ester with base does not lead to a synthetically 

The Claisen Condensation 
and Related Reactions: 

Acylation of Esters 
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useful product, because the ketone is both more acidic and more elec¬ 

trophilic than the ester. Thus, this combination leads only to the aldol con¬ 

densation of the ketone. The Reformatsky reaction addresses this problem 

by having an ester enolate anion act as a nucleophile to attack a ketone or 

an aldehyde. The ester enolate anion is formed first, in the absence of the 

ketone, by reduction of an a-bromoester with zinc. (The Hell-Volhard- 

Zelinski reaction discussed earlier in this chapter can be used to prepare an 

n-bromoacid; this acid can then be esterified to form the starting material 

for the Reformatsky reaction.) 

In the reduction with zinc, a zinc enolate is formed. This enolate attacks an 

aldehyde or a ketone more rapidly than it can attack its ester precursor. The 

crossed condensation product, a /3-hydroxyester, is thus produced in good 

yield. 

EXERCISE 13.17 

How might the Reformatsky reaction be used to synthesize the following ct,/3-un- 

saturated ester? (Hint: Recall the aldol and aldol condensation reactions.) 

Alkylation of /8-Dicarbonyl Compounds 

/3-Dicarbonyl Compounds 

Compounds with carbonyl groups that are 1,3 to each other have unique 

chemical properties and undergo reactions that are difficult or impossible 

in the absence of this special relationship of functional groups. Malonate 

esters, /3-ketoesters, and /3-diketones that have hydrogens on the carbon be¬ 

tween the carbonyl groups are quite acidic, and can be converted essentially 

completely to enolate anions with bases as mild as hydroxide ion. 

Dimethyl malonate Ethyl acetoacetate Acetylacetone 

(a malonic acid diester) (a /3-ketoester) (a /3-diketone) 

pJQ 13 pKa 11 plCa 9 



Generally, the enolate anions are formed using a solution of an alkoxide ion 

in the alcohol that corresponds to the alkoxy group of the ester (for exam¬ 

ple, sodium methoxide in methanol for dimethyl malonate or sodium 
ethoxide in ethanol for ethyl acetoacetate). 

Both /3-ketoesters and /3-diketones have an unusually high content of 

their enol tautomers in equilibrium. For example, at equilibrium, the enol 

of acetone constitutes only about 1 ppm (part per million), but both ethyl 

acetoacetate and acetylacetone have significant percentages of the enol. 
Indeed, in the latter case, the enol dominates the equilibrium. 

The enolate anions of /3-dicarbonyl compounds are more stable than 

those derived from simple ketones and esters, because the negative charge 

is delocalized over three atoms—two oxygen and one carbon (Figure 13.5). 

(b) 

FIGURE 13.5 
........ . 

(a) The enolate anion of acetylacetone has negative charge distributed over 
three atoms—two oxygen and one carbon, (b) The molecular orbitals of the 
tt system, with the HOMO at the top. It is this orbital, which bears signifi¬ 
cant negative charge on the central carbon atom, that provides electron den¬ 
sity for reaction with an electrophile. (For clarity, the methyl groups have 
been omitted from the orbital picture.) 
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13 Substitution Alpha to Because of charge delocalization, enolate anions derived from /3-dicar- 

Carbonyl Gioups bonyl compounds are less reactive as nucleophiles than those derived from 

simple carbonyl compounds. However, these stabilized anions do react with 

primary and secondary alkyl halides in Sn2 reactions. For example, ethyl 

acetoacetate can be alkylated with methyl iodide in the presence of sodium 

ethoxide. Treatment of ethyl acetoacetate with sodium ethoxide in ethanol 

generates the enolate anion. Addition of methyl iodide as an electrophile 

results in alkylation of the carbon atom situated between the two carbonyl 

groups of the /3-ketoester. 

The alkylation product still has an acidic a hydrogen, which can also be re¬ 

moved by ethoxide ion. A second Sn2 alkylation can occur to form a second 

carbon-carbon bond at the carbon between the carbonyl groups. This sec¬ 

ond alkyl group can be the same as the first (as shown here) or different. 

Because the enolate anion formed from the alkylated product is sub¬ 

stantially less reactive than the unsubstituted enolate anion, monoalkyla¬ 

tion of /3-ketoesters can be achieved by the use of one equivalent of alky¬ 

lating agent. Using two equivalents of both the base and the alkylating agent 

brings about replacement of both hydrogen atoms originally present on the 

carbon between the two carbonyl groups. The second alkylation can be car¬ 

ried out with a different alkyl halide, leading to a /3-ketoester substituted 

with two different alkyl groups. When two different groups are to be in¬ 

troduced, a higher yield is achieved when the less substituted alkyl halide 

is used in the second alkylation. As a typical example, alkylation of ethyl 

acetoacetate, first with n-propyl iodide and then with methyl iodide, leads 

to the introduction of two different alkyl groups at the central carbon atom 

that is a to both carbonyl groups: 

NaOCH2CH3 CH3CH,CH2—I 
-» --> 
CH3CH2OH 

NaOCH2CH3 CH3—I 
-—> ---> 
CH,CH,OH 
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Malonic acid diesters are also /3-dicarbonyl compounds. They can be 13.5 Alkylation of 

converted to enolate anions that undergo alkylation in the same way as those /3-Dicarbonyl Compounds 

of acetoacetic acid esters. The second alkylation is substantially slower than 

the first. Thus, alkylation of malonic acid diesters can be limited to a sin¬ 

gle alkyl group, or two different alkyl groups may be added sequentially. For 

example, a two-step alkylation of dimethyl malonate can be carried out un¬ 
der basic conditions: 

Dimethyl malonate is converted to its enolate anion upon treatment with 

methoxide ion. This enolate anion reacts with ethyl bromide in an Sn2 re¬ 

action to form a new carbon-carbon bond. The sequence can be repeated 

(reaction first with methoxide ion and then with methyl bromide) to in¬ 

troduce a second alkyl group. The alkyl groups introduced to dimethyl mal¬ 

onate by this sequence can be either the same or different. 

ffi Hydrolysis and Decarboxylation of 
/S-Ketoesters and Malonic Acid Diesters 

The two carbonyl groups in /3-ketoesters and in malonic acid diesters 

undergo the typical reactions of ketones and esters. For example, treatment 

of acetoacetic ester or malonic acid diester with sodium hydroxide in wa¬ 

ter effects hydrolysis to a carboxylate ion: 

Malonate diester 2 ]SJa® Carboxylic acid 

This hydrolysis of /3-ketoesters and malonic acid diesters proceeds in the 

normal fashion by nucleophilic acyl substitution to produce carboxylate 



ions. However, the corresponding /3-ketoacids and 1,3-diacids formed by 

acidification are not stable and undergo spontaneous loss of carbon diox¬ 

ide at, or slightly above, room temperature. In this way, /3-ketoesters are 

converted to ketones, and malonic acid diesters are converted to simple car¬ 

boxylic acids. 
Because of the facility with which this decarboxylation takes place, it is 

believed to involve a six-member cyclic transition state in which the pro¬ 

ton of the acid is being transferred to the oxygen of the other carbonyl 

group. The enol produced by decarboxylation undergoes rapid proton tau- 

tomerization to yield the product ketone or carboxylic acid. 
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Applying this sequence of hydrolysis and decarboxylation to the (3-ke- 

toesters produced by both Claisen and Dieckmann condensations is a use¬ 

ful synthetic pathway to simple ketones, especially those with five- and six- 

member rings. 

EXERCISE 13.18 

Review your knowledge of nucleophilic acyl substitution by writing a detailed 

mechanism for the conversion of methyl acetoacetate to acetoacetic acid. 

EXERCISE 13.19 

Write a detailed, stepwise mechanism for the conversion of each enol to acetone or 

acetic acid: 

Acetone Acetic acid 

EXERCISE 13.20 

Unlike /3-ketoacids, n-ketoacids do not undergo decarboxylation on heating. 

Explain why. 



689 EXERCISE 13.21 

Show the starting materials that could be used in either a Claisen or a Dieckmann 
condensation to produce each of the following ketones after hydrolysis and decar¬ 
boxylation: 

13.5 Alkylation of 
/3-Dicarbonyl Compounds 

Acetoacetic Ester and Malonic 
Ester Syntheses 

Hydrolysis and decarboxylation of substituted acetoacetic esters and 
malonic acid diesters provide a convenient method for the preparation of 
a-monosubstituted and a,a:-disubstituted ketones and carboxylic acids. The 
conversion of acetoacetic esters to ketones is known as the acetoacetic es¬ 
ter synthesis, and the conversion of malonic acid diesters to substituted 
acetic acids is referred to as the malonic ester synthesis. 

The preparation of 2-heptanone, for example, can be carried out using 
the acetoacetic ester synthesis. Alkylation of the enolate anion of ethyl ace- 
toacetate with 1 -bromobutane, followed by hydrolysis and decarboxylation, 
gives the ketone: 

Similarly, the preparation of 2-methylpentanoic acid can be accom¬ 
plished by the malonic ester synthesis: 

O O 

U3CO^^"OCU3 

Dimethyl malonate 

Dimethyl methylpropyl malonate 2-Methylpentanoic acid 

Stepwise alkylation of the enolate anion of dimethyl malonate with 1-bro- 
mopropane is followed by alkylation of the monoalkylation product with 
methyl iodide, yielding dimethyl methylpropyl malonate. Hydrolysis of the 
diester, followed by decarboxylation, produces 2-methylpentanoic acid. 
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EXERCISE 13.22 

Choosing any reagents you need, show how 2-methylbutanoic acid and 3-methyl- 
2-pentanone can be prepared using the acetoacetic ester synthesis or the malonic 
ester synthesis. 

2-Methylbutanoic acid 3-Methyl -2-pentanone 

Formation of Carbocyclic Rings Using 
Acetoacetic Ester and Malonic Ester Syntheses 

Both the acetoacetic ester and malonic ester syntheses can be used to 

make carbocyclic rings by employing dihaloalkanes in the alkylation. For 

example, formation of the enolate anion of dimethyl malonate using sodium 

methoxide, followed by alkylation with 1,3-dibromopropane, results in 

monoalkylation: 

Dimethyl malonate 

NaOCH3 
-—> 

NaOCHj 
-> 

NaOH H30® -C02 
-> -:-» -> 

Cyclobutanecarboxylic acid 

Treatment of this product with an additional equivalent of sodium methox¬ 

ide generates an alkylated enolate anion, which undergoes an intramolec¬ 

ular nucleophilic substitution, leading to the formation of a four-member 

ring. Hydrolysis and decarboxylation yield cyclobutanecarboxylic acid. 

Unlike the aldol and Dieckmann reactions, the malonic ester synthesis can 

be used to form four-member and even three-member rings because the 
alkylation reactions are not reversible. 

EXERCISE 13.23 

Show the steps involved in synthesizing acetylcyclohexane from ethyl acetoacetate 
and any other reagents needed. 

O 

Acetylcyclohexane 
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BARBITURATES 

13.7 Spectroscopy 

Reaction of dimethyl malonate with urea in the presence of sodium ethox- 
ide forms a cyclic derivative known as barbituric acid: 

O O O O 

H3CO^"'-^'OCH3 + n,oc1«h> , h-n-VH 
CH3CH2OH 

H H 

Dimethyl malonate Urea Barbituric acid 

Derivatives of this parent compound are known as barbiturates and have 
been used since the beginning of the twentieth century as sleep inducers (sop¬ 
orifics). There are many different barbiturates; three are shown here. 

Synthetic Methods 

The reactions discussed in this chapter are particularly important as syn¬ 

thetic methods because they produce new carbon-carbon bonds. 

Applications of these reactions in making structurally more complex car¬ 

bon skeletons with various functional groups are listed in Table 13.1 (on 

pages 692-693). 

Spectroscopy 

Both the starting materials and the products for the reactions in this chap¬ 

ter have carbonyl groups. Although there are differences in the infrared ab¬ 

sorption frequencies for the carbonyl groups of ketones and esters, the dif¬ 

ference between a /Tketoester and a ketone or between an unsubstituted 

and an alkylated ketone is often not sufficient to make an unambiguous 



TABLE 13.1 

Using Enolate Anions and Enols to Introduce Various Functional Groups 

Functional 
Group Reaction Example 

Acid Iodoform reaction 

Malonic ester synthesis 

u-Bromoacid Hell-Volhard-Zelinski 

reaction 

Alcohol Aldol reaction 

(/3-hydroxycarbonyl 

compound) 

Alkene Aldol condensation 

(a,/3-unsaturated 

aldehyde) 

Ester Alkylation of esters 

Reformatsky reaction 

(/3-hydroxyester) 

Claisen condensation 

(/3-ketoester) 
(see jS-ketoester, next page) 

assignment. On the other hand, distinctive new absorptions appear in the 

products of the aldol reaction and the aldol condensation. For the aldol re¬ 

action, the product’s hydroxyl group will result in O—H stretching ab¬ 

sorption in the region 3650-3400 cm-1. The aldol condensation reaction 

results in an a,/3-unsaturated enone, in which the positions of both the 

C=0 and C=C absorptions are shifted as a result of the interaction of 



Functional 
Group Reaction Example 

Ester Dieckmann cyclization 
(continued) (cyclic /3-kctoester) 

Ketone Alkylation of ketone 

Claisen condensation 
(/3-ketoester) 

Dieckmann cyclization 
(cyclic /3-ketoester) 

Aldol reaction 
(/3-hydroxyketone) 

Aldol condensation 
(a,j8-unsaturated 
ketone) 

Acetoacetic ester 
synthesis 

/3-Ketoester Claisen condensation 
(/3-ketoester) 

Dieckmann cyclization 

(cyclic /3-ketoester) 

(see jS-ketoester, below) 

(see /3-ketoester, below) 

(see /3-ketoester, below) 

these two functional groups. For an cr,/3-unsaturated carbonyl compound, 

the C=0 stretching absorption is at 1675 cm-1, and there is a strong ab¬ 

sorption for the C=C bond in the region 1650-1600 cm-1. 
Both proton and carbon NMR spectroscopy are useful tools for assess¬ 

ing the changes from starting materials to products in the reactions in this 

chapter. Alkylation of the carbon a to a carbonyl group adds absorptions 
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for the protons and carbons in the introduced alkyl group. In addition, at 

least one additional carbon substituent is added to the carbon a to a car¬ 

bonyl group, resulting in a downfield shift in the 13C NMR spectrum for 

the a carbon. 

The presence of the double bond in the product of the aldol conden¬ 

sation will also be clear in the 13C NMR spectrum, where unsaturated and 

saturated carbons are readily differentiated. In addition, polarization of the 

carbon-carbon double bond of an enone toward the carbonyl group results 

in a significant shift difference for the a and [3 carbons. 

134.7 167.6 26.5 

Any protons on the unsaturated carbons of the aldol product will be read¬ 

ily visible in the ]H NMR spectrum. 

1. The collection of reactions that form a new bond at the a position 

to a carbonyl group represents one of the most important for the con¬ 

struction of complex molecules. In all of these reactions, the carbonyl group 

plays the critical role of enhancing the acidity of hydrogens on the adjacent 

(a) carbons. Treatment with base results in removal of a proton to yield an 

enolate anion, a species with a carbon with significant nucleophilic char¬ 

acter. When treated with acid, a ketone is in rapid equilibrium with a low 

concentration of the corresponding enol. In the Reformatsky reaction, the 

action of zinc on an o-bromoester provides the reactive equivalent of an 

enolate anion. 

2. Enolate anions can be formed under either equilibrium or kinetic 

conditions. Under equilibrium conditions (use of hydroxide or alkoxide), 

the most stable (usually the most substituted) enolate anion is formed. 

Under kinetic conditions (for example, quantitative deprotonation by 

lithium diisopropylamide), the less stable (less substituted, least sterically 

hindered) enolate anion may predominate. 

3. Enolate anions and enols are nucleophilic and react with a range of 

electrophiles, including halogens, alkyl halides, ketones and aldehydes, and 

esters. Examples of such reactions include the halogenation of ketones 

(specifically the iodoform reaction), the alkylation of ketones and esters, 

the aldol reaction and aldol condensation, the Claisen condensation, the 

Dieckmann cyclization, and the acetoacetic and malonic ester syntheses. 
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cur in a 1,2 or 1,4 sense. Grignard and alkyllithium reagents tend to add in 

a 1,2 sense; lithium dialkylcuprates and enolate anions add in a 1,4 sense. 

5. The aldol and Claisen condensations are valuable tools for the con¬ 

struction of carbon-carbon bonds between two carbonyl groups. When the 

two carbonyl groups are in separate molecules, a significant increase in mol¬ 

ecular weight results from these reactions, providing an organic product of 

increased size and complexity. When the carbonyl groups are in the same 

molecule, a cyclization occurs, forming a five- or six-member ring. 

6. The Dieckmann condensation and the Robinson annulation are ver¬ 

satile methods for the formation of five- and six-member rings. Such rings 

can also be formed by the acetoacetic and malonic ester syntheses, using 

suitable alkyl dihalides. 

7. Hydrolysis of acetoacetic or malonic acid diesters yields the corre¬ 

sponding /3-ketoacids or malonic acids, which undergo decarboxylation via 

a six-member cyclic transition state to yield the corresponding ketones or 

acids. These steps form the final part of the acetoacetic and malonic ester 

syntheses, which yield substituted ketones and carboxylic acids, respectively. 

Review of Reactions 

(continued) 



696 

13 Substitution Alpha to 
Carbonyl Groups 

(1) NaOCH3 
-> 
(2) R-Br 

(1) NaOCH3 
-—> 
(2) R-Br 

(1) NaOCH3 
-—> 
(2) R—Br 

(1) NaOCHj NaOH 
-> —-> 

(2) R—Br -C02 

o 

R R 

;w Problems 

13.1 Predict the major product expected when 2-pentanone is treated with each 

of the following reagents: 

(a) NaOH, I2 (c) (1) LiN(z'-Pr)2; (2) EtI (e) NaOH, 80 °C 

(b) NaOH, room temp. (d) Br2, HBr 

13.2 Predict the major product expected when methyl pentanoate is treated with 

each of the following reagents: 

(a) MeMgBr (b) NaOCH3 (c) H30®, H20 

O 

/CH3 
o 

Methyl 2-pentanoate 

13.3 Predict the major product expected when methyl 2-pentenoate is treated 

with each of the following reagents: 

(a) MeMgBr, Cul (b) Ph2CuLi (c) H30®, H20 

Methyl 2-pentanoate 

13.4 Indicate the reagent or sequence of reagents needed to carry out each of 

the following transformations: 
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13.5 In the acid-catalyzed aldol reaction of compound A, an a,/3-unsaturated 

aldehyde is obtained, but in the analogous reaction of the isomeric compound B, 

a /3-hydroxy alcohol is formed. Explain. 

13.6 Suggest an efficient route for the synthesis of each of the following com¬ 

pounds from any starting material containing four or fewer carbons, an ace- 

toacetic ester, a malonic acid diester, and any inorganic reagents. (More than one 

step may be needed.) 

13.7 Using curved arrows to indicate electron flow, write a reaction mechanism 

for each of the following transformations: 

Review Problems 
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13.8 Explain why the first base-induced aldol condensation proceeds in good 
yield, but the second reaction gives the indicated product in less than 20% yield. 

C6H5CH=CHCHO + CH3CH=CHCHO -> C6H5(CH=CH)3CHO 

87% 

C6H5CH2CH=CHCHO + CH3CH=CHCHO -» C6H5CH2(CH=CH)3CHO 

< 20% 

13.9 Which compound in each of the following pairs can more readily undergo 
a Claisen condensation? Explain. 

(a) CH3C02CH3 or CH3COSCH3 

(b) C6H5C02CH3 or C6H5CH2C02CH3 

(c) (CH3)3CC02CH3 or CH3CH2CH2CH2C02CH3 

Supplementary Problems 

13.10 Provide a correct IUPAC name for each of the following compounds. (Be 
sure to indicate the configuration of each stereocenter present.) 

13.11 Provide a structure that corresponds to each of the following names. (Be 
sure to represent correctly any stereocenters present.) Then classify each com¬ 
pound in terms of the functional group present. 

(a) (i?)-2-chloro-3-heptanone 

(b) (2J?,4S,6f?)-2,6-dimethyl-4-aminocyclohexanone 

(c) 2,4-pentanedione 



699 (d) (,R)-3-hydroxypentanal 

(e) methyl propanoate 

(f) frans-3-methyl-2-pentenoic acid 

13.12 Attempts to carry out a Claisen condensation with methyl 2-methyl 

propanoate under typical conditions (NaOCH3 in CH3OH) fail to produce the 

/3-ketoester. What is special about this particular substrate that inhibits the 

Claisen condensation? 

13.13 Treatment of triketone A with sodium hydroxide in water results in an al- 

dol reaction in which the side-chain ketone serves as a nucleophile (as its enolate 

anion), adding to one of the two cyclic ketones. Are these two carbonyl groups 

identical? Does reaction with each carbonyl group result in exactly the same 

product? (The stereochemistry at the bridgehead atoms is such that the fusion of 

the five- and six-member rings is cis.) 

13.14 Write the structure of the starting material that would lead to each of the 

following enones via an aldol condensation upon treatment with base: 

13.15 Triketone B undergoes an aldol condensation reaction in which the 

methyl ketone that comprises the side chain serves as the nucleophile. 

B 

Write the products that would be formed with each of the other carbonyl groups 

serving as the electrophile. Are these products identical? If not, how do they dif¬ 

fer, and what is their relationship to each other? 

Review Problems 
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13.16 Treatment of 1,4-cyclooctadione with sulfuric acid produces a ketone with 

the formula C8H10O. Assign a structure to this ketone, and then write a detailed 

reaction mechanism that accounts for its formation. 

13.17 Treatment of 2-hydroxybenzaldehyde (known by the trivial name salicyl- 

aldehyde) with NaOH, followed by acetic anhydride, produces the fused bicyclic 

lactone known as coumarin, which is used in the perfume industry. (It has the 

smell of newmown hay, as does phosgene.) Provide a detailed reaction mechan¬ 

ism that accounts for the formation of coumarin from salicylaldehyde. (This re¬ 

action was discovered in 1868 by Sir William Henry Perkin.) 

^CHO 
NaOH 
-> 

Salicylaldehyde Coumarin 

13.18 Treatment of acetophenone with HC1 at 55 °C produces 1,3,5-triphenyl- 

benzene. Account for the formation of this product with a detailed reaction 

mechanism. (Hint: Begin by drawing the structure of the aldol reaction of ace¬ 

tophenone with itself.) 

13.19 Develop a synthesis of ketone C, starting from any acyclic carbon com¬ 

pounds. 

c 



Skeletal- Rear rangement 
Reactions 

The Cope rearrangement of 1,5-hexadiene is degenerate—that is, the 

product of the reaction is the same as the starting material. Therefore, 

the transition state must be symmetrical, with the same degree of 

bonding in the C—C a bond being broken as in the one being formed: 

Transition state with six tt electrons 

The highest occupied molecular orbital (HOMO) of the transition 

state is formed from p orbitals of the central carbons and hybrid 

orbitals from the carbons directly involved in cr-bond making and 

breaking. 



I n Chapter 13, you learned methods for constructing large molecules by 

X. making carbon-carbon bonds. Here, we consider how to change the con¬ 

nectivity of the carbon skeleton of a reactant by using reactions that result 

in skeletal rearrangements. The reactions in this chapter are organized into 

three groups: carbon-carbon rearrangements involve the movement of an 

atom (or group of atoms) from one carbon atom to another; carbon-ni¬ 

trogen rearrangements involve migration from carbon to nitrogen, and car¬ 

bon-oxygen rearrangements involve migration from carbon to oxygen: 

X 
\ 
C—C 

■» 
c—c 

X 
/ 

X 
\ 
C—N 

X 
» / 

C—N 

X 
\ 
c—o 

X 
/ 

c—o 
Carbon-carbon 

rearrangement 

Carbon-nitrogen 

rearrangement 

Carbon-oxygen 

rearrangement 

Carbon-Carbon Rearrangements 

The properties of a molecule are determined by the sequence in which its 

atoms are attached to one another. Any reaction that shifts the position of 

a carbon (or other) atom and its substituents within a molecule effects an 

isomerization that alters the physical and chemical properties of the com¬ 

pound. In this section, we examine the reactions in which a carbon-carbon 

bond is broken in one part of a molecule and reformed at another place. 

Cationic Rearrangements 

The shift of a hydrogen atom from one carbon atom in a carbocation 

to a neighboring carbon atom is often quite rapid when a more stable car¬ 

bocation can be formed from a less stable one. 

\ © -> © / 
c—c c—c 
12 12 

For example, when 2-methyl-1-propanol is treated with aqueous acid, 

water is lost, and a tertiary carbocation is formed as a hydrogen shifts from 

C-2 to C-l, taking with it the electrons of the C—H a bond. 

■X © 

H^OH2 

"H 

2-Methyl-1 -propanol 

HO 

2-Methyl-2-propanol 

The addition of water to the resulting tertiary cation results in the forma¬ 

tion of 2-methyl-2-propanol. Because the position of the hydroxyl group 

in the product alcohol has changed from its original position in the start¬ 

ing alcohol, this reaction is classified as an isomerization rather than a re- 702 



arrangement; the order in which atoms are joined has changed but the car¬ 

bon skeleton is unchanged. In other words, the identity of the atom to which 

the functional group is bonded has changed, but the sequence of attach¬ 

ment of carbon atoms along the backbone is the same. However, the skele¬ 

ton would have been altered if a carbon atom with its substituents, rather 

than hydrogen, had migrated to the developing carbocationic center. 

The Wagner-Meerwein Rearrangement. In most of the cationic 
shifts described so far, a hydrogen atom migrates with a pair of bonding 

electrons. However, alkyl groups also can shift (along with the electrons 

from the a bond connecting the group to the adjacent atom). 

C 
\ ©-> © / 
c—c c—c 
12 12 

When an alkyl group migrates, there are changes in the carbon skeleton, 

and the reaction is referred to as a Wagner-Meerwein rearrangement. 

Alkyl Group Migration. Wagner-Meerwein rearrangements of cations 
are similar in detail to those in which hydrogen atoms migrate. Let’s con¬ 

sider as an example the solvolysis of l-bromo-2,2-dimethylpropane: 

Primary l-Bromo-2,2- Tertiary 

carbocation dimethylpropane carbocation 

-Hb® 

Alcohol Alkene 

(Zaitsev product) 

Alkene 

(Hofmann product) 

14.1 

Heterolytic cleavage of the C—Br bond of l-bromo-2,2-dimethylpropane 

leads, not to the primary cation, but to the more stable tertiary cation. This 

cation is produced when a methyl group migrates from C-2 to C-l as the 

C—Br bond is broken. The simultaneous migration of the alkyl group and 

departure of the leaving group to form a tertiary cation is, therefore, faster 

than the simple loss of the leaving group to form a primary cation. 

The products observed are those that result from further reaction of 

the rearranged (tertiary) cation. The alcohol results from reaction of the 

tertiary cation with water, forming an oxonium ion. Loss of a proton gen¬ 

erates the product alcohol with a rearranged carbon skeleton. Alternatively, 

the cation can lose a proton (Hb or Ha) from either of two different adja¬ 

cent sites to give either the Zaitsev or Hofmann elimination product. All 

three observed products derive from the rearranged cation, whose carbon 

skeleton differs from that of the starting material because of migration of 

a methyl group from C-2 to C-l in a Wagner-Meerwein rearrangement. 

703 

Carbon-Carbon 
Rearrangements 
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Rate of Rearrangement Compared with That of Simple Solvolysis. When a 

more stable intermediate can be formed by migration of an alkyl group or 

hydrogen, rearrangement nearly always occurs. The products formed de¬ 

pend on the structure of the intermediate cation, no matter how this cation 

is initially formed. For example, the products obtained from the solvolysis 

of 2-bromo-2-methylbutane are the same as those from the solvolysis of 1- 

bromo-2,2-dimethylpropane. The order of stability for cations is tertiary > 

secondary > primary. 

l-Bromo-2,2- 

dimethylpropane 

2-Bromo-2- 

methylbutane 

When a driving force for cation rearrangement exists, migration of an alkyl 

group almost always takes place faster than trapping of a less stable cation 

by solvent or another nucleophile. 
Ring Expansion. Cation rearrangements can be driven thermodynami¬ 

cally by factors other than the degree of substitution of the cation. For in¬ 

stance, ring strain is also important. As an example, let’s consider the treat¬ 

ment of cyclobutylmethanol with strong acid: 

HBr 
-> 

A 

H 

Cyclobutylmethanol Cyclopentyl bromide 

Protonation of the hydroxyl oxygen forms an oxonium ion, from which 

simple loss of water would generate a primary cation. However, the carbinol 

carbon is next to a strained four-member ring, and an adjacent methylene 

group (CH2) migrates to this center, with the electrons of the C—C crbond, 

at the same time as water is lost. Both a reduction in strain (a four-mem¬ 

ber ring becoming a five-member ring) and an increase in the degree of 

substitution (from a primary to a secondary cation) are accomplished by 

this migration. The resulting cyclopentyl cation is then captured in a slower 

step by an external nucleophile. When treated with aqueous HBr, cy¬ 

clobutylmethanol is converted to cyclopentyl bromide. 

In directing the course of the reaction, relief of ring strain can some¬ 

times be more important than the degree of substitution of the carbocat- 

ion center. Consider, for example, the acid-catalyzed solvolysis of a-pinene 

shown in Figure 14.1. Recall that cations can be produced by protonation 

of alkenes (the first step in electrophilic addition). Protonation of a-pinene 

forms the tertiary carbocation, which is favored over the alternative sec- 
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FIGURE 14.1 

Protonation at a C=C bond takes place so as to produce the more stable 
carbocation. However, the tertiary carbocation shown here is adjacent to a 
cyclobutane ring, and migration of an adjacent carbon-carbon bond can re¬ 
lieve the ring strain of the four-member ring. 

ondary carbocation (recall Markovnikov’s rule). Migration of a carbon 

group from the adjacent position produces a secondary cation that is 

nonetheless more stable than the initial tertiary cation, because ring strain 

in the four-member ring of the starting material is relieved. The secondary 

cation is then trapped by water, ultimately producing a product alcohol with 

a carbon skeleton different from that of the starting material. 

EXERCISE 14.1 

Treatment of the following alcohol with acid entails the migration of a carbon sub¬ 
stituent to form a stable cation: 

* OH 

h2so4 ^ 

. h2o 

Predict the structure of possible products and suggest a mechanism for their for¬ 
mation. 

The Pinacol Rearrangement. Rearrangements through cationic in¬ 

termediates also take place in molecules containing more than one func¬ 

tional group. This occurs in the pinacol rearrangement, named for the 

simple 1,2-diol pinacol, which, on treatment with acid, undergoes re¬ 

arrangement to produce the ketone pinacolone (Figure 14.2, on page 706). 
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Pinacol Pinacolone 

FIGURE 14.2 

Rearrangement of pinacol under acidic conditions. 

The pinacol rearrangement begins in the same way as alcohol dehy¬ 

dration: by protonation of a hydroxyl group—here, one of the two hydroxyl 

groups of a 1,2-diol—to form an oxonium ion. Pinacol itself (2,3-dimethyl- 

2,3-butanediol) is symmetrical; because the two hydroxyl groups are iden¬ 

tical, it makes no difference which one is protonated. 

Loss of water from the oxonium ion and migration of a methyl group oc¬ 

cur simultaneously, leading to a carbocation directly substituted by oxygen. 

This cation is greatly stabilized by donation of lone-pair electron density 

from oxygen to carbon. Loss of a proton from the cationic intermediate 

produces the ketone product. 

If we examine the alternative pathway, in which the cation is formed 

from the initial oxonium ion by simple loss of water without rearrange¬ 

ment, we see that this cation, in which the oxygen atom is bonded to the 

carbon adjacent to the positively charged carbon, has no resonance stabi¬ 

lization and is, in fact, destabilized by inductive electron withdrawal by the 

highly electronegative oxygen: 

Stabilized by oxygen Destabilized by oxygen 
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tween the starting material and the products (diol versus ketone and wa¬ 

ter) is due to the replacement of a carbon-oxygen a bond to the second 

hydroxyl group by a carbon-oxygen tt bond (that is, the starting material 

has two carbon-oxygen a bonds, whereas the product has a carbon-oxy¬ 

gen <x bond and a carbon-oxygen 77 bond). Because the 7ibond is stronger 

by about 7 kcal/mole, the pinacol rearrangement is thermodynamically fa¬ 
vorable. 

14.1 Carbon-Carbon 
Rearrangements 

EXERCISE 14.2 

Both of the following diols undergo the pinacol rearrangement. Predict the prod¬ 

uct in each case, and suggest a mechanism by which the conversion takes place, us¬ 

ing curved arrows to indicate electron flow. 

Anionic Rearrangements 

Rearrangements of carbanions are much less common than those of 

cations. However, just as with cation rearrangements, such rearrangements 

do occur when a more stable anion is produced in the course of the reac¬ 

tion. An example is the benzilic acid rearrangement, in which treatment 

of an cr-diketone with hydroxide ion leads to a product acid with a re¬ 

arranged carbon skeleton: 

O 

Benzil 

The benzilic acid rearrangement begins by nucleophilic attack of hydrox¬ 

ide ion on one of the carbonyl carbons of benzil. This addition parallels the 

nucleophilic attack at the carbonyl group in nucleophilic acyl substitution 

reactions and the Cannizzaro reaction (Chapter 12). This first, reversible 

step results in the conversion of one of the carbonyl groups into a tetrahe¬ 

dral intermediate bearing a negatively charged oxygen atom. This negative 

charge serves as an electronic “push’ for migration of the C C cr bond of 
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the phenyl group to the other carbonyl carbon. In this way, the first car¬ 

bonyl group is reformed, while the tt bond of the second carbonyl group 

is broken. Rapid proton exchange follows, generating the carboxylate anion 

of the product. Neutralization of the carboxylate anion with acid produces 

benzilic acid, in which two phenyl groups are attached to one carbon. In 

the starting material, these groups were attached to adjacent carbonyl car¬ 

bons. 
The decrease in basicity from the original reagent (hydroxide ion) to 

the product (carboxylate ion) is an important component of the thermo¬ 

dynamic driving force of the benzilic acid rearrangement. Furthermore, 

o-diketones such as benzil are destabilized by the proximity of the two 

partially positively charged carbonyl carbons. Note that this reaction causes 

both carbonyl carbons to change oxidation level—one is oxidized and the 

other is reduced. 

In a-diketones with a hydrogen atoms, deprotonation occurs instead 

of nucleophilic addition to the carbonyl group. The enolate anion gener¬ 

ated by this process participates in an aldol reaction rather than the ben¬ 

zilic acid rearrangement. Thus, this rearrangement is restricted to a;-dike- 

tones in which no a hydrogen atoms are present. 

EXERCISE 14.3 

Using your knowledge of nucleophilic addition to carbonyl compounds, predict 

whether benzil (PhCOCOPh) or benzophenone (PhCOPh) will be more reactive 

toward a nucleophile. Explain your reasoning. 

EXERCISE 14.4 

When l,l,l-triphenyl-2-bromoethane is treated with lithium metal in THF, 1,1,2- 

triphenylethane is isolated after neutralization. Propose a mechanism for the for¬ 

mation of this product. (Hint: Remember from Chapter 8 that the treatment of 

alkyl halides with metals results in the formation of an ion pair, consisting of a car- 

banion and an alkali metal cation.) 

Pericyclic Rearrangements 

We have already considered pericyclic processes in connection with the 

Diels-Alder reaction (Chapters 6 and 10). The Diels-Alder reaction pro¬ 

ceeds through a transition state involving six electrons (a Huckel number 

characteristic of aromaticity) in delocalized tt molecular orbitals derived 
from p atomic orbitals. 

Six 77--electron 

transition state 

Such a reaction is called pericyclic to indicate that the product is formed in 

concerted fashion (without intermediates) through a transition state that can 
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THE WOODWARD-HOFFMANN RULES 

The discovery that pericyclic reactions were concerted and that their stere¬ 

ochemical course could be predicted from rules derived from theory was 

made in 1965 by Robert B. Woodward and Roald Hoffmann, both then at 

Harvard University. The rules they formulated, called the Woodward- 
Hoffmann rules, explained many long-standing puzzles about such reactions 

that had stumped mechanistic chemists, who had described them as “no¬ 

mechanism reactions.” Based on the simple counting of electrons in inter¬ 

acting 77 systems, these rules are one of the few examples of chemical gen¬ 

eralizations about which one can say: “Exceptions: there are none.” This work 

was acknowledged by the 1981 Nobel prize to Roald Hoffmann, who was 

then at Cornell University. (Woodward died in 1979; he had already received 

a Nobel prize in chemistry in 1965 for his many contributions to the art of 

organic synthesis.) 

be described as a cyclic array of interacting orbitals. Because the Diels-Alder 

reaction involves the combination of two starting materials, it is also re¬ 

ferred to as a cycloaddition reaction. 

In the Diels-Alder reaction, the delocalized six-electron transition state 

results from the interaction of two molecules, one contributing two and the 

other contributing four tt electrons. The Diels-Alder reaction converts the 

three 77 bonds in the reactant to two a bonds and one 77 bond in the prod¬ 

uct. Thus, this cycloaddition requires the intermolecular interaction of the 

77 systems of two reactants to form a single cyclic product. Because there is 

a net conversion of 77 into cr bonds, a cycloaddition reaction is generally 

thermodynamically favorable. The reverse process, called a cycloreversion, 

fragments a cyclic molecule into two or more smaller 77 systems. 

In addition to cycloaddition, other pericyclic processes are the Cope 

and Claisen rearrangements (sigmatropic rearrangements) and electrocyclic 

reactions. These have in common with the Diels-Alder reaction a cyclic 

transition state in which six electrons occupy delocalized 77 molecular or¬ 

bitals derived from p atomic orbitals or a molecular orbitals. 

The Cope Rearrangement. The skeletal rearrangement known as the 

Cope rearrangement (in honor of its discoverer, Arthur Cope of the 

Massachusetts Institute of Technology) proceeds through a transition state 

that also has a cyclic array of six electrons. For example, the rearrangement 

of 1,5-hexadiene involves electron delocalization similar to that in the tran¬ 

sition state for the Diels-Alder reaction. (The highest occupied molecular 

orbital for the transition state of this reaction is shown at the beginning of 

this chapter.) 

14.1 Carbon-Carbon 
Rearrangements 

5 
Six 7r-electron 

transition state 

5 

◄ 
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CHEMICAL 
-.-- 

PERSPECTIVES 

PERICYCLIC REACTIONS IN THE 

PHARMACEUTICAL INDUSTRY 

Pericyclic reactions are often valuable tools for the synthetic chemist. For ex 

ample, the industrial synthesis of vitamin D2 starts by photochemical con¬ 

version of the steroid ergosterol into the hexatriene precalciferol by an elec- 

trocyclic ring-opening reaction. Precalciferol undergoes a 1,7-hydrogen shift 

(the hydrogen is shown in color) to form a different hexatriene, vitamin D2. 

This vitamin is also known as calciferol, in recognition of its key role in cal¬ 

cium uptake. 

Vitamin D2 

(calciferol) 

In the six-electron cyclic transition state, the a bond between C-3 and 

C-4 in the 1,5-hexadiene reactant is breaking at the same time a new crbond 

is forming between C-l and C-6 in the product. Simultaneously, both 7r 

bonds shift and take up new positions between different carbons to form a 

degenerate 1,5-hexadiene. This unimolecular reaction is called a pericyclic 

rearrangement to draw attention to the cyclic nature of its transition state, 

which connects one end of the 7r system to the other. 
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arrangement has six 77 electrons, two from the a bond and a total of four 

from the two 77 bonds. These electrons occupy a delocalized 77 system that 

can be viewed as being formed from the overlap of p orbitals on all six car¬ 

bons involved in the transformation. In the starting material, four carbons 

(C-l, C-2, C-5, and C-6) are part of a 77 system. When the a bond between 

C-3 and C-4 breaks, each carbon can be formally considered to have one 

unpaired electron in a p orbital that is part of an allylic 77 system. The cyclic 

arrangement of these two allylic systems forms a six-electron aromatic tran¬ 

sition state. The product of this reaction has the same number of a and 77 

bonds as the reactant, but their positions have shifted within the molecule. 

This type of reaction is called a sigmatropic rearrangement, and the bond 

migration is called a sigmatropic shift. In 1,5-hexadiene, the ends of the rr 

bond appear to have shifted, one end by three carbons in one direction 

(from C-4 to C-6) and the other end by three carbons in the other direc¬ 

tion (from C-3 to C-l). This migration is therefore a [3,3]-sigmatropic shift. 

In the Cope rearrangement of 1,5-hexadiene, the product is chemically iden¬ 

tical to the starting material (except with respect to the specific identity of 

the individual carbon atoms). Such processes are said to be degenerate, and 

the Cope rearrangement of 1,5-hexadiene is thus a degenerate rearrange¬ 

ment. 

Isotopic Labeling Experiments. The product is the same as the reactant in 

a degenerate rearrangement—so how can chemists determine that the bond 

changes shown for the Cope rearrangement of 1,5-hexadiene have actually 

taken place? One way is to replace specific hydrogen atoms in the starting 

material with deuterium atoms. 

D 

H2C 

h2c 
D 

'■Ai/x D 
D 

In the reactant, the deuterium atoms are bonded to vinyl carbons; in 

the product, the deuterium atoms are located at allylic positions. The change 

is observable, because vinylic hydrogen atoms and hydrogen atoms attached 

to sp3-hybridized atoms absorb in different regions of the NMR spec¬ 

trum. Transitions for deuterium atoms are not observed in the lH NMR 

spectrum, so isotopic labeling of some positions with deuterium makes it 

possible to demonstrate that a degenerate rearrangement has taken place. 

Energetics and Geometry of the Cope Rearrangement. There is no energetic 

driving force for the sigmatropic rearrangement of 1,5-hexadiene—nor in¬ 

deed for any degenerate rearrangement. However, for the following substi¬ 

tuted 1,5-hexadiene, the change is not degenerate: 

14.1 

The reactant has monosubstituted double bonds, whereas the product 

has disubstituted double bonds, so that the product is energetically favored 

and the reaction is exothermic. 

Carbon-Carbon 
Rearrangements 
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Other substituents also can make an otherwise degenerate Cope re¬ 

arrangement exothermic. For example, a Cope rearrangement of an allylic 

alcohol initially produces an enol. 

Rapid tautomerization of this intermediate via proton transfer leads to the 

ultimate product, an aldehyde. The net change in bonding in this re¬ 

arrangement converts a carbon-carbon 7rbond to a carbon-oxygen 77 bond 

(63 versus 93 kcal/mole) and an oxygen-hydrogen a bond to a carbon- 

hydrogen cr bond (111 versus 99 kcal/mole). Thus, this reaction is suffi¬ 

ciently exothermic (approximately 18 kcal/mole) to be essentially irre¬ 

versible. Later in this chapter, we will see that sigmatropic rearrangements 

also take place in systems where heteroatoms are part of the hexadienyl 

skeleton. 

EXERCISE 14.5 

Is the conversion of allyl alcohol into the corresponding aldehyde a redox reaction? 

If so, which atoms undergo a change in oxidation level? 

H 

EXERCISE 14.6 

Calculate the energy change that accompanies the isomerization in Exercise 14.5. 

(Use the average bond energies from Table 3.2, also inside the back cover of this 

book.) H 

EM TV® II 

#15 Electrocyclic Reactions 

For a molecule to be able to undergo the Cope rearrangement—or any 

pericyclic rearrangement—it must be capable of achieving a geometry in 

which the two terminal atoms can interact and bond. When this condition 

is met, these rearrangements occur upon simply heating the substrate. 

Electrocyclic Reactions. There is another way to attain a transition 

state with six n electrons—by starting with a single reactant molecule with 

three it bonds. In an electrocyclic reaction, intramolecular interaction of 

both ends of a 77 system results in intramolecular cyclization: the three it 

bonds of the starting triene are converted into one crbond and two 77 bonds 

in the product. 

1,3,5-Hexatriene 1,3-Cyclohexadiene 

Like the Diels-Alder reaction and the Cope rearrangement, the electrocyclic 

reaction of 1,3,5-hexatriene proceeds through a six-electron transition state. 
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tially thermoneutral, the rearrangement of 1,3,5-hexatriene is exothermic 

by approximately 20 kcal/mole, the difference in energy between a car¬ 

bon-carbon tt and a bond. 

An electrocyclic reaction consists of the formation of a ring from the 

77 system of an acyclic precursor. The reverse reaction is also possible. The 

reverse process (an electrocyclic ring-opening) takes a cyclic reactant to a 

product with one fewer ring. 

EXERCISE 14.7 

The 1,3,5-hexatriene in reaction 1 is the cis isomer. Would an electrocyclic reaction 

be possible for the trans isomer? Explain your reasoning clearly. 

EXERCISE 14.8 

Classify each of the following transformations as a cycloaddition reaction, a sig- 

matropic rearrangement, an electrocyclic reaction, or none of these types: 

Br 

Carbon-Carbon 
Rearrangements 
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14.2 _ 

Carbon-Nitrogen Rearrangements 

c c: 
\ —> / 
C—N C—N 

We have now considered several examples of skeletal rearrangements in 
which a carbon substituent migrates from one carbon atom to another. In 
other rearrangement reactions, carbon substituents migrate to heteroatoms 
such as nitrogen. 

In this section, we will consider two reactions in which an alkyl or aryl 
group migrates to nitrogen: the Beckmann and Hofmann rearrangements. 
These rearrangements, as well as the Baeyer-Villiger oxidation discussed in 
the next section, have several things in common: (1) a good leaving group, 
LG, attached to a heteroatom, X; (2) a free lone pair of electrons on the het¬ 
eroatom; and (3) a migrating group, R (alkyl or aryl), on the adjacent car¬ 
bon atom. 

© 

>=\ + 
R 

0 LG 

The Beckmann Rearrangement 

In the Beckmann rearrangement, an oxime is converted to an amide. 
Recall from Chapter 12 that an oxime is easily obtained by treatment of an 
aldehyde or ketone with hydroxylamine. A comparison of the ketone from 
which the oxime is formed with the rearranged amide shows that oxime 
formation, followed by the Beckmann rearrangement, effectively inserts an 
NH unit between the carbonyl carbon and the a carbon of a ketone: 

o 
II 

HO^ 

h2noh ^ h2so4 9 
II 

:^xh3 
> Jw 

h3c 
> 

h3c^h^ 

H 

Ketone Oxime Amide 

The mechanism of the Beckmann rearrangement begins with the con¬ 
version of the OH group of the oxime into a good leaving group. This is 
usually accomplished by protonation with a strong acid such as H2S04 to 
give an oxonium ion. 

H 

*0 
H20—H 

© 

■» 

H 
CH, 

N: 

©| 

ch3 

CH, 
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CHEMICAL PERSPECTIVES 

A LARGE-SCALE, COMMERCIALLY SIGNIFICANT 

BECKMANN REARRANGEMENT 

The Beckmann rearrangement of the oxime of cyclohexanone is carried out 

on a very large scale industrially because the product, caprolactam, is the di¬ 

rect precursor of nylon 6, a versatile polymer that has many applications— 

among them, the manufacture of fibers for carpeting and other textiles. 

Concentrated sulfuric acid is used as both the acid catalyst and the solvent 

for the reaction. However, because caprolactam is soluble in sulfuric acid, 

the acid must be neutralized in order to isolate that product. Ammonia is 

used for this purpose, and the large quantity of ammonium sulfate produced 

as a by-product is sold as fertilizer. 

Loss of water from the oxonium ion, by cleavage of the nitrogen-oxygen 

bond, is accompanied by simultaneous migration of an alkyl group. As in 

the pinacol rearrangement, migration of the alkyl group results in the for¬ 

mation of a resonance-stabilized cation—in this case, a nitrilium ion, 
© 

(R—C=N—R, in which an electron pair on nitrogen is donated back to¬ 

ward carbon to produce a second tt bond: 

ch3 ch3 

N:-\ N 
||«-) *— 

©| 
—» © 

ch3 ch3 

A nitrilium ion 

Simple loss of water from the oxonium ion by heterolytic cleavage of the 

nitrogen-oxygen bond would form a very unstable cation with positive 

charge on a nitrogen atom lacking an octet of electrons. 

The nitrilium ion is highly activated toward attack by even a weak nu¬ 

cleophile such as water. After water is added, deprotonation and tautomer- 

ization of the resulting intermediate gives rise to the product amide. The 

last steps are essentially identical with those of nitrile hydrolysis, the mech¬ 

anism of which was described in Chapter 12. However, the Beckmann re¬ 

arrangement can be accomplished under conditions milder than those re¬ 

quired for the acid-catalyzed hydrolysis of an amide to a carboxylic acid, 

and so the product amide is not hydrolyzed. 

Carbon-Nitrogen 
Rearrangements 
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Specific examples of Beckmann rearrangements are the conversion of 

benzophenone to its oxime and then into N-phenylbenzamide and the for¬ 

mation of N-cyclohexylacetamide from cyclohexyl methyl ketone: 

Benzophenone N Phenylbenzamide 

Cyclohexyl 

methyl ketone 

N-Cyclohexylacetamide 

Again note that comparison of the structures of the starting ketones with 

those of the products reveals that the combination of oxime formation and 

Beckmann rearrangement accomplishes the insertion of an NH group be¬ 

tween the carbonyl carbon and the a carbon. In the second example, two 

different alkyl groups are attached to the carbonyl carbon of the starting 

ketone. The migration of the larger substituent, as occurs in the example, 

is the usual outcome for Beckmann rearrangements of unsymmetrical ke¬ 

tones. 

EXERCISE 14.9 

What starting material is needed to synthesize each of the following amides via a 

Beckmann rearrangement? 

EXERCISE 14.10 

Write a detailed mechanism showing electron flow for the complete reaction se¬ 

quence required to prepare N-cyclohexylacetamide from cyclohexyl methyl ketone. 

EXERCISE 14.11 

The Beckmann rearrangement of cyclopentanone oxime is slower than that of cy¬ 

clohexanone oxime, which is much slower than that of the oxime of an acyclic ke¬ 

tone. Why is the reaction rate affected by the presence of the ring? (Hint: Consider 

the geometry of each intermediate formed along the rearrangement path for the 

oxime of cyclopentanone.) 



N N N 
14.2 Carbon-Nitrogen 

Rearrangements 

Increasing rate of Beckmann rearrangement 

The Hofmann Rearrangement 

The Hofmann rearrangement results from the treatment of a primary 

amide with bromine and hydroxide ion in water, ultimately forming an 

amine in which the carbonyl group of the starting amide has been lost: 

NaOH 
-» 

Br2 
h3c—nh2 

Primary amide Primary amine 

Thus, the Hofmann rearrangement results in a shortening of the carbon 

chain by one atom and a change in functional group from an amide to an 

amine. The Hofmann rearrangement (Figure 14.3) occurs through a path¬ 

way similar to that for the Beckmann rearrangement. 

O O 

H3C' "N: ^ Br— Br 

H 

O 

f). .Br 
h3c vrvi 

N-Bromoamide 

anion 

c % 
N: 

.© 
HO: CH3 

Isocyanate 

oe 

HO/C%N 

CH3 

+ Ha 

HO' 

O 
II 

Xv../H 
N 

—Ha 

ch3 

Carbamic acid 

©O'" 

o 

c. 

o 

H +H@, © /H 
N 

CH3 

••o Uf 
'H 

CH, 

-> H\n^H + o=c=o 

ch3 

Amine 

FIGURE 14.3 

Mechanism of the Hofmann rearrangement. 
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The combination of base and bromine converts the amide into an N- 
bromoamide by a reaction pathway similar to that involved in the conver¬ 

sion of a ketone into an n-bromoketone (Chapter 13). First, an acidic pro¬ 

ton is removed from nitrogen by hydroxide ion. The resulting anion then 

reacts rapidly with Br2, a very reactive electrophile, to form the N-bro- 

moamide. 

A comparison of the structure of the N-bromoamide with that of the 

protonated oxime in the Beckmann rearrangement reveals a leaving group 

(Br) attached to an atom (N) that bears a lone pair and is adjacent to a car¬ 

bon atom that bears a potential migrating group (R). Thus, deprotonation 

of the N-bromoamide produces an anion that is highly activated for re¬ 

arrangement. 

As in the Beckmann rearrangement, the weak bond between nitrogen 

and the leaving group is cleaved heterolytically—in this case, with the loss 

of bromide ion—as the alkyl group migrates to nitrogen and the lone pair 

on nitrogen forms a it bond to carbon. The resulting intermediate is called 

an isocyanate. Because an isocyanate contains a carbon that is doubly 

bonded to two heteroatoms, it is even more reactive toward nucleophilic 

attack by water than are the aldehydes, ketones, and esters discussed in 

Chapter 12. The isocyanate is therefore rapidly attacked by water. The re¬ 

sulting carbamic acid undergoes proton transfers and Final loss of carbon 

dioxide to form the amine. 

The Hofmann rearrangement provides a two-step pathway for synthe¬ 

sis of amines from carboxylic acids, as illustrated for the conversion of ben¬ 

zoic acid into aniline: 

Benzoic acid 

(1) SOCl2 
-—> 
(2) NH3 

Br2, NaOH 
—--> 

h2o 

Benzamide Aniline 

EXERCISE 14.12 

Methyl isocyanate is the reagent whose inadvertent release in 1984 as a gas from a 

chemical plant in Bhopal, India caused thousands of deaths. Consider the reaction 

of CH3NCO with water, and speculate about why the compound is so toxic to hu¬ 
mans. 

EXERCISE 14.13 

Write a detailed mechanism for each step in the Hofmann rearrangement of ben¬ 
zamide to aniline: 

Benzamide Aniline 



719 EXERCISE 14.14 

Identify the reagents needed so that each of the following conversions can be ac¬ 
complished through a method that employs a Hofmann rearrangement: 

14.3 Carbon-Oxygen 
Rearrangements 

14.3 

Carbon-Oxygen Rearrangements 

Sections 14.1 and 14.2 detailed the migration of an alkyl or aryl group to 

either carbon or nitrogen. This section focuses on the migration of an alkyl 

or aryl group to an oxygen atom. 

C C 
\ -> / 
c—o c—o 

We consider two such rearrangements. The first is a multistep reaction (the 

Baeyer-Villiger oxidation) that converts a ketone into an ester by the in¬ 

sertion of an oxygen atom between the carbonyl carbon and an a carbon 

atom. The mechanism is similar to that of the Hofmann rearrangement. 

The second type of rearrangement is a concerted, pericyclic reaction (the 

Claisen rearrangement) that converts an allyl vinyl ether into a y,5-unsat- 

urated carbonyl compound via a mechanism similar to that of the Cope re¬ 

arrangement. 

The Baeyer-Villiger Oxidation 

The overall effect of the Beckmann rearrangement is the insertion of a 

nitrogen atom between the carbonyl carbon and the a carbon of a ketone, 

forming an amide (through the oxime). The Baeyer-Villiger oxidation ac¬ 

complishes a very similar transformation. Here, once again, the starting 
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material is a ketone, but in the Baeyer-Villiger oxidation, an oxygen atom, 

rather than a nitrogen atom, is inserted between the carbonyl group and 

the a carbon to form an ester, rather than an amide. 

Ketone Ester 

The Baeyer-Villiger oxidation takes place when a ketone is treated with a 

peracid, a carboxylic acid that has one additional oxygen. Peracids are pow¬ 

erful oxidizing agents, and this reaction is called an oxidation even though, 

as we will see, it is quite similar mechanistically to the rearrangements al¬ 

ready discussed. 
The most common peracids employed for Baeyer-Villiger oxidations 

are m-chloroperbenzoic acid (MCPBA) and peracetic acid: 

O O 

Cl 

m-Chloroperbenzoic acid Peracetic acid 

MCPBA is crystalline and relatively stable when pure. However, it is some¬ 

what more expensive than peracetic acid, which can be prepared in solu¬ 

tion simply by adding a catalytic amount of sulfuric acid to a mixture of 

acetic acid and hydrogen peroxide: 

O 

OH + HO—OH 
H2S04 (cat.) 

OH + H20 

Acetic acid Hydrogen 

peroxide 

Peracetic acid 

All peracids are very unstable in the presence of metals and metal ions. Even 

atmospheric dust contains a sufficient concentration of metal ions (such as 

iron oxides) to catalyze the decomposition of a peracid to form the acid 

and molecular oxygen. 

The Baeyer-Villiger oxidation begins with nucleophilic attack of the 

peracid on the ketone carbonyl: 

Ketone Ester Carboxylic 

acid 



This acid-catalyzed reaction is similar to the formation of a hemiketal or a 

ketal from a ketone and an alcohol (discussed in Chapter 12). Protonation 

of the carbonyl group activates it toward nucleophilic attack by the termi¬ 

nal oxygen of the peracid. Then, via a cyclic transition state, the C—O tt 

bond is re-formed, with loss of a molecule of carboxylic acid, as the alkyl 

group migrates to oxygen. This step is similar to a Beckmann or Hofmann 

rearrangement, except that the leaving group is a carboxylic acid and the 

heteroatom to which the group migrates is oxygen. The products of this 

unimolecular rearrangement are the ester derived from the ketone and the 
acid derived from the peracid. 

The Baeyer—Villiger oxidation can be used with either acyclic or cyclic 

ketones. For example, the Baeyer—Villiger oxidation of cyclohexanone gen¬ 

erates a lactone (a cyclic ester). With unsymmetrical ketones, the more 

highly substituted carbon migrates preferentially, as in the Beckmann re¬ 
arrangement. 

O 

EXERCISE 14.15 

Write a step-by-step mechanism for the acid-catalyzed formation of peracetic acid 

from acetic acid and hydrogen peroxide: 

9 H2S04 (cat.) 9 
II + HOOH -^ l + H20 

"OH -^"OOH 

EXERCISE 14.16 

For each of the following conversions, suggest a sequence of reagents, employing 

a Baeyer-Villiger oxidation as the last step: 

The Claisen Rearrangement 

The Claisen rearrangement is a pericyciic reaction very similar to the 

Cope rearrangement. It, too, takes place through a six-membered transition 

state having two tt bonds and a a bond. Indeed, the Claisen rearrangement 

is often referred to as an oxa-Cope rearrangement, because these two 

processes differ only by the presence of an oxygen atom in the hexadiene 

skeleton. In the Claisen rearrangement, the reactant is usually an allyl vinyl 
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ether and the product is a y,d-enone. The formation of a carbon-oxygen 

77 bond in the product of the Claisen rearrangement makes this process 

quite exothermic. It also contributes to a lowering of the energy of the tran¬ 

sition state compared with that for an all-carbon skeleton, as in the Cope 

rearrangement. The temperature required for reaction is therefore lower 

than for the Cope rearrangement. As a result, Claisen rearrangements are 

quite useful tools for preparing ketoalkenes. 
The Claisen rearrangement also takes place, in an entirely analogous 

fashion, with aromatic ethers such as allyl phenyl ether. Tautomerization 

from the keto form to the phenol (by shift of a hydrogen from carbon to 

oxygen) is driven by aromatization of the ring. 

Allyl phenyl ether o-Allylphenol 

In the phenolic product, the allyl group originally bonded to oxygen is at¬ 

tached to carbon. Thus, this rearrangement is an alternative to Friedel-Crafts 

alkylation as a method for introducing alkyl substituents at the ortho posi¬ 

tion of a phenolic ring. 
The following is another example of a pericyclic rearrangement that is 

very similar to the Claisen rearrangement: 

Deprotonation of an ester of an allylic alcohol produces an enolate anion 

that undergoes rearrangement to form a y,S-unsaturated carboxylate an¬ 

ion. Protonation of this anion yields the product, a carboxylic acid. This re¬ 

action is often referred to as the ester enolate Claisen rearrangement. 

EXERCISE 14.17 

Show the starting material that will yield each of the following products via a re¬ 

arrangement reaction: 

(b) 

OH 
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Synthetic Applications 

Several of the rearrangements considered in this chapter alter not only the 

sequence of attachment of skeletal atoms, but also the identity of the func¬ 

tional group present. Table 14.1 regroups the reactions presented in this 

chapter according to the functional-group transformation accomplished. 

14.4 Synthetic Applications 

TABLE 14.1 

Using Rearrangements to Prepare Various Functional Groups 

Functional 
Group Reaction Example 

Acid 

Alkene 

Benzilic acid 

rearrangement 

Cope rearrangement 

Amide Beckmann 

rearrangement 

Amine Hofmann 

rearrangement 

h2noh 
-> 

NaOH 
-> 

Br2 
h3c—nh2 

Ester 

Ketone 

Baeyer-Villiger 

oxidation 

Pinacol rearrangement 

Claisen rearrangement 
O 
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bon skeleton. Many important rearrangement reactions involve the migra¬ 

tion of an alkyl or aryl group from one site to an adjacent atom and fre¬ 

quently also produce a change in functional group. 

2. In the Wagner-Meerwein rearrangement, an alkyl group migrates to 

an adjacent carbocation (or incipient carbocation). These migrations are 

controlled by cation stability. Rearrangement occurs so as to form the more 

stable intermediate (3° > 2° > 1°) and/or to relieve ring strain. 

3. Like the Wagner-Meerwein rearrangement, the pinacol rearrange¬ 

ment of a 1,2-diol is fueled by the energy released by transformation to a 

more stable carbocation—in this case, in the form of a protonated carbonyl 

group. 

4. Anionic rearrangements are rarer than their cationic counterparts, 

although in the benzilic acid rearrangement, an anionic carbon migration 

occurs within an cr-diketone. Again, the driving force is the formation of a 

more stable intermediate—in this case, a carboxylate anion. 

5. The pericyclic reactions considered in this chapter are of three gen¬ 

eral types: cycloadditions, sigmatropic shifts, and electrocyclic reactions. As 

the name implies, cycloaddition is an addition reaction, and sigmatropic 

shifts and electrocyclic reactions are rearrangements. 

6. A sigmatropic shift involves the apparent migration of a a bond 

across a tt system. In the Claisen and Cope rearrangements, sigmatropic 

shifts achieve specific skeletal rearrangements. In these rearrangements, 

both ends of a cr bond appear to shift by three carbons, forming a new cr 

bond between the atoms at those positions and producing a rearranged 

backbone. 

7. An electrocyclic reaction takes place by the interaction of the tt or¬ 

bitals at the ends of a single tt system within one molecule, as in the cy- 

clization of a 1,3,5-hexatriene to form a 1,3-cyclohexadiene. 

8. In a number of rearrangements, a group bonded to carbon migrates 

to an attached heteroatom (at the a position) that bears both a leaving 

group and a nonbonded electron pair. Examples of such migrations are the 

Beckmann rearrangement (converting a ketone through an oxime to an 

amide), the Hofmann rearrangement (converting an amide to the corre¬ 

sponding amine), and the Baeyer-Villiger oxidation (converting a ketone 
to an ester). 

Review of Reactions 

Pinacol Rearrangement 



Benzilic Acid Rearrangement 

Cope Rearrangement 

Beckmann Rearrangement 

h2noh 
-> 

h2so4 
— ^ 

O 

H3C 
/CH3 

'N 

H 

Hofmann Rearrangement 

H3C 

NaOH 
-» 

Br2 
h3c~~nh2 

Baeyer-Villiger Oxidation 
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Review of Reactions from 
Chapters 8-14 

Electro cy clic Reaction 

Claisen Rearrangement 

8-14 

The reactions considered in Chapters 8 through 14 are the major types you 
need to be familiar with throughout the rest of this course. The remaining 
chapters will show how these reactions are incorporated into what practic¬ 
ing chemists do. Therefore, to put all these conversions into context, Table 
14.2 (beginning on page 726) tabulates them according to the various types 
of bonds formed. This table also appears as an appendix to this book. 

f of Reactions from Chapters 



Summary of Synthetic Methods 

Bond Formed 

C—H 

C—C 

Type of Reaction Example 

Catalytic hydrogenation of 

an alkene (or alkyne) 

Hydrolysis of a Grignard reagent 

Clemmensen reduction 

Wolff-Kishner reduction 

Decarboxylation of a /3-ketoacid 

Catalytic hydrogenation of 

an alkyne 

Dissolving metal reduction of 

an alkyne 

Sn2 displacement by cyanide 

Sn2 displacement by acetylide 

anion 

H H H H 

—c=c— 
1 equiv. H2 
-—» 
Pt, pyridine 

®C=N 
R —Br -> R — C=N 

R — Br + eEE=E—R -> R—R 

Grignard addition 

O OH 

R 
R 

R = alkyl or aryl 

R—MgBr + 

R R 

R—MgBr + 
O 

R OR 

OH 

R 

R—MgBr + 0=C = 0 

O 
R—MgBr + <^j 726 R 

OH 



Bond Formed Type of Reaction Example 

C—C Friedel-Crafts acylation 

Friedel-Crafts alkylation 

Diels-Alder reaction 

Conjugate addition to an 
a,/3-unsaturated carbonyl 
group 

Michael reaction 

Aldol reaction 

Alkylation of ketone 
enolate anion 

Acetoacetic ester 
synthesis 

Malonic ester synthesis 

A1C13 
- 

R 

+ R2CuLi 

+ (RO2C)2CH0 (R02C)2CH 

(continued) 



TABLE 14.2 

(continued) 

Bond Formed Type of Reaction 

C—C Claisen condensation 

Cope rearrangement 

Claisen rearrangement 

C=C Dehydrohalogenation 

Dehydration 

Hofmann elimination 

Catalytic hydrogenation of an alkyne 

Example 

Dissolving metal reduction of an alkyne 

Reductive elimination of 
a vicinal dihalide 

Wittig reaction 
© 

+ Ph3P 

728 



Bond Formed Type of Reaction Example 

C=C 

c=c 

C—X 

Aldol condensation 

Dehydrohalogenation 

Sn2 displacement by an acetylide 

anion 

R—C=Ce + R—Br -> R—C=C—R 

Free-radical halogenation x2 
R—H -> R—X 

hv 

Addition of H—X 

Addition of X2 

PX3) POX 3> or HX 
Conversion of an alcohol to R—OH —- > R—X 

an alkyl halide 

Electrophilic aromatic substitution 

<a-Halogenation of a ketone H NaOH, x2 X 

Hell-Volhard-Zelinski reaction 

Chlorination of an alkene 

(continued) 



TABLE 14.2 

(continued) 

Bond Formed Type of Reaction 

Bromination of an alkene 

C—OH Hydrolysis of an alkyl halide 

Hydration of an alkene 

(Markovnikov regiochemistry) 

Oxymercuration-demercuration 

(Markovnikov regiochemistry) 

Hydroboration-oxidation (anti- 

Markovnikov regiochemistry) 

Grignard reaction of an aldehyde 

or ketone 

Example 

®OH 
R—X -> R—OH 

R 

Grignard reaction of an ester 

Metal hydride reduction of 

an aldehyde or ketone 

Metal hydride reduction of an ester 

Aldol reaction 

Cannizzaro reaction 

O OH 

H 

730 



Bond Formed Type of Reaction Example 

C—OH 

HO 

R—C= 

R—NH 

Cyanohydrin formation 

cis-Hydroxylation 
KMn04 or 0s04 
-> 

HO OH 

Nucleophilic opening of an epoxide 

Sn2 displacement by cyanide 

Cyanohydrin formation 

» R—C=N 

O 

+ eC=N 

N 

# 
HO C 

Dehydration of an amide 

Aminolysis of an alkyl halide 

Gabriel synthesis 

Reduction of an aromatic 

nitro compound 

R—C=N 

R—X 
nh3 
-> R—NH2 

Reductive amination of a ketone 
nh3 
-> 
NaB(CN)H3 

H NH 2 

Lithium aluminum hydride 

reduction of an amide R—CH2—NH2 

(continued) 



TABLE 14.2 

(continued) 

Bond Formed Type of Reaction Example 

R—NH2 Hofmann rearrangement Br2, NaOH 
■> R—NH2 

R—O—R' Williamson ether synthesis R—O0 + Br—R' -> R—O—R' 

Peracid oxidation of an alkene 

Oxidation of a primary alcohol 

Ozonolysis of an alkene 

Hydrolysis of an acetal 

Hydrolysis of a ketal RO OR 
h3o® 

h2o 

Hydrolysis of a terminal alkyne 

Chromate oxidation of a 

secondary alcohol 

Friedel-Crafts acylation 

Claisen condensation 
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Bond Formed Type of Reaction Example 

HO OH 

o Pinacol rearrangement 

kv 
H3Oa 

Claisen rearrangement 

Hydrolysis of a carboxylic 

acid derivative 

h3o®, h2o 

(or NaOH, H20) 

X = Cl, OR, OAc, NR2, SR 

Hydrolysis of a nitrile — C=N 
h3o® h2o ; 

Oxidation of a primary alcohol 

Oxidation of an aldehyde 

Permanganate oxidation of an 

alkyl side chain of an arene 

Iodoform reaction 

Carboxylation of a Grignard 

reagent 

Benzilic acid rearrangement 

I2, NaOH h3o® 
—-> -> 

R—Br 
(1) Mg ^ 

(2) C02 



TABLE 14.2 

(continued) 

Bond Formed 

O 

Type of Reaction 

Treatment of an acid 

with thionyl chloride 

Acid dehydration 

Amidation of a carboxylic 

acid derivative 

Beckmann rearrangement 

Esterification of a carboxylic acid 

Transesterification 

Baeyer-Villiger oxidation 

Ketal (acetal) formation 

N Imine formation 

Enamine formation 

Example 

soci2 
---> 
(or PC13 or PC15) 

(1) H2NOH 
-> 
(2) H2S04 

H30® 
—-> 

RO OR 

R 
/ 

+ H—N 
\ 

R 

■> 

+ HOR 
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eview Problems 

14.1 For each of the following reactions, predict the major product expected 
when the reactant is treated with the given reagent: 

14.2 Specify the reagent (or sequence of reagents) and conditions required to 

convert cyclohexanone to each of the following products: 

O Br 

735 
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14.3 Identify the starting materials and reagents required to prepare 1-butylamine 

using each of the following reactions: 

(a) a Gabriel synthesis 

(b) a Hofmann rearrangement 

(c) a Beckmann rearrangement 

14.4 Write a detailed mechanism, using curved arrows to indicate electron flow, 

for each of the following reactions: 

14.5 The usual method for the attachment of alkyl chains to aromatic rings is 

electrophilic aromatic substitution. (Recall the Friedel-Crafts acylation and alkyl¬ 

ation in Chapter 11.) However, an allyl group can be attached to the aromatic 

ring of a phenol via a sequence in which a Williamson ether synthesis is followed 

by a Claisen rearrangement. With this sequence in mind, write a mechanism for 

the following reaction: 



737 14.6 In each of the following rearrangements, at least one functional group pres¬ 

ent in the molecule is altered. As each reaction proceeds, describe the changes, if 

any, that will occur in (1) the infrared spectrum, (2) either the 13C or ]H NMR 
spectrum, and (3) the mass spectrum. 

14.7 Specify the reagents and conditions required to convert 2-butanol into each 

of the following compounds: 

Review Problems 
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Supplementary Problems 

14.8 Epoxides undergo a rearrangement reaction in the presence of acid to form 

ketones, as shown here for the epoxide of 1-methylcyclopentene. The reaction in¬ 

volves a hydrogen shift analogous to those described in Section 14.1. Write a de¬ 

tailed reaction mechanism for this transformation. 

14.9 What reagent(s) could be used to carry out each of the following transfor¬ 

mations? (Hint: More than one step may be required.) 

14.10 Each of the following amines can be prepared by a Beckmann rearrange¬ 

ment of the oxime of a ketone followed by one additional step. Draw the struc¬ 

tures of the starting ketone, the Beckmann rearrangement product, and the 

reagents necessary to form the product amine. 

14.11 Each of the following compounds can be prepared by a Baeyer-Villiger 

oxidation of a ketone followed by one additional step. Draw the structures of the 

starting ketone, the Baeyer-Villiger oxidation product, and the reagents necessary 

to form each product. 



(a) 
OH 739 

(c) HO" 
Review Problems 

(b) (d) 

14.12 The reaction of a Grignard reagent with CO2 followed by acidification re¬ 
sults in a carboxylic acid that can then be converted to a carboxylic acid amide. 
In turn, the amide can be converted to an amine using the Hofmann rearrange¬ 
ment. 

R—Br -» R—MgBr -> R—C02H -» R—CONH2 -> R—NH2 

Use this sequence to prepare each of the following amines, showing all reagents 
needed for each step: 

(a) 

14.13 The Beckmann rearrangements of oximes derived from unsymmetrical 
ketones generally result in migration of the more substituted carbon atom to ni¬ 
trogen. What features(s) of the 'H and 13C NMR spectra would be especially 
useful in establishing that isomer A, rather than B, is formed in the Beckmann 
rearrangement of the oxime of 2-methylcyclohexanone? 

14.14 It is often difficult to visualize the connection between starting material 
and product in a rearrangement reaction. For each of the following reactions, in¬ 
dicate which bond(s) are broken in the starting materials and which bonds are 

formed in the products: 

14.15 The 1,2-shift of a carbon or hydrogen atom represents one of the funda¬ 
mental rearrangement reactions, driven in most cases by the conversion of a less 
to a more stable carbocation. Occasionally, a sequence of 1,2-shifts will move the 
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site of positive charge far from its original position. Such a sequence of shifts oc¬ 

curs in the biosynthesis of cholesterol. Although the details are not known, it is 

clear that cation C is converted to cation D. Write a mechanism for each of the 

1,2-shifts that must be involved in this transformation. 

14.16 Treatment of a-pinene with hydrochloric acid yields bornyl chloride. 

Write a detailed mechanism for this reaction. (Hint: Note that a skeletal re¬ 

arrangement is involved.) 

a-Pinene Bornyl chloride 

14.17 Reduction with NaBH4 of the a-bromoketone shown here produces two 

bromoalcohols. On treatment with NaOH, one bromoalcohol is converted to an 

epoxide and the other to a ketone. Assign structures to the two bromoalcohols. 

Provide a detailed reaction mechanism for the formation of the epoxide, and 

specify which isomer gives the epoxide. 

14.18 Provide a detailed, stepwise mechanism for the following reaction. What is 

the driving force for the conversion of the starting material into the product? 

What type of rearrangement is involved in this reaction? 

O OH 



14.19 Normally, treatment of a tertiary alcohol with a chromium(VI) reagent 

under mild conditions does not result in oxidation. However, allylic alcohols 

such as the following example do undergo oxidation with rearrangement: 

Devise a detailed reaction mechanism for this process. {Hint: Start by drawing 

the structure of the chromate ester formed from the alcohol by direct reaction 

with aqueous H2Cr04.) What type of rearrangement is involved? 

14.20 One important method for the industrial production of phenol and ace¬ 
tone is as follows: 

OH 

Acetone 

The second step, the conversion of cumene hydroperoxide to the desired prod¬ 

ucts, involves a migration reaction. Write a detailed mechanism for this second 

step. 

14.21 The following rearrangement is similar to the Claisen rearrangement but 

differs in some details. Propose a mechanism for this transformation. Then de¬ 

scribe the driving force for the reaction by calculating AH° using the bond ener¬ 

gies in Table 3.5. 

14.22 The hydrocarbon prismane is an unusual species, having two three-mem¬ 

ber and three four-member rings: 

Prismane 

Because of the strain resulting from these small rings, prismane is not stable. 

Upon heating, it is converted to another hydrocarbon, also with the formula 

C6H6. The product hydrocarbon has only a single absorption signal in the 13C 

NMR spectrum (at 8 128.3) and only one peak in the lH NMR spectrum (at 8 
7.33). Propose a structure for this hydrocarbon. Write a detailed mechanism for 

the transformation of prismane. 
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Multistep Syntheses 

(top) and 

fen (bottom) are two over- 

the-counter drugs widely used 

for the relief of pain. Their 

skeletal structures are similar, 

and their three-dimensional 

shapes and sizes are also quite 

similar. 



Toil have now studied a wide range of reactions and their mechanisms 
in detail. With this information, you are in a position to view these re¬ 

actions as processes that transform one species into another and, thus, as 
tools for chemical synthesis. Although you are familiar with the functional- 
group transformations that these reactions can accomplish, each transfor¬ 
mation by itself may not be an impressive change. On the other hand, when 
a number of these transformations are carried out in sequence, the struc¬ 
tural resemblance of the ultimate product to the initial starting material 
may be extremely slight. 

As an example, consider the transformation of 2-propanol into 2-bu- 
tanone: 

OH o 
-> — -» — —> dh / 

2-Propanol 2-Butanone 

Even though we have not covered a single reaction that can induce this spe¬ 
cific conversion, you will see shortly that a series of known reactions can 
be used to achieve it. In this chapter, you will learn to recognize clues pro¬ 
vided by the starting material and the product that can direct you toward 
the appropriate reaction choices. 

Why might we be interested in combining reactions? The field of or¬ 
ganic chemistry owes its diversity to the almost unlimited number of pos¬ 
sible structures based on carbon. Because each chemical reaction generally 
makes only a relatively minor change in structure, chemists must use sev¬ 
eral of them in sequence to prepare complex molecules such as those found 
in nature from simple and readily available molecules such as acetone, 
ethanol, and ethyl acetate. 

■■■■ 
15.1 
— 

Grouping Chemical Reactions 

We have considered many different kinds of chemical transformations in 
the preceding chapters, grouping them according to their mechanisms. For 
example, the reactions of methyl iodide with hydroxide ion and with the 
enolate anion of acetone both take place by S>j2 reaction pathways: 

HO0 + CEE—I -> CH3—OH 

Yet, when these reactions are viewed from the perspective of what they ac¬ 
complish in terms of structural transformation rather than how they oc¬ 
cur, they can be put into entirely different categories. For the purpose of 
combining reactions into sequences to construct complex molecules from 
simple ones, it is convenient to classify reactions in three categories: 744 



1. Carbon—carbon bond-forming processes 

2. Oxidation—reduction reactions 

3. Functional-group transformations 

This classification scheme is a natural one in terms of the need to or¬ 

ganize and remember chemical transformations for synthetic purposes. 

Because all sequences that result in the transformation of a small organic 

molecule into a larger one require carbon-carbon bond formation, reac¬ 

tions of the first category are particularly important to synthesis. However, 

many carbon-carbon bond-forming reactions require carbonyl functional 

groups, so it is also important to know both how to make and how to re¬ 

move these functional groups—because they are often not present in the 
desired product. 

Let’s return to the conversion of 2-propanol into 2-butanone to con¬ 
sider one possible solution: 

2-Propanol Acetone Enolate anion 2-Butanone 

Here we have one possible sequence (of three steps) that effects the trans¬ 

formation: oxidation of the alcohol to acetone, formation of the enolate an¬ 

ion, and alkylation with methyl iodide to form 2-butanone. With regard to 

the overall transformation, the most important process is the carbon- 

carbon bond-forming reaction because that reaction, in effect, extends the 

smaller molecule to yield a larger one. This is not to say that the other 

reactions are unimportant: the oxidation yields the carbonyl functional 

group necessary for the carbon-carbon bond-forming reaction. Yet, the ox¬ 

idation step serves only to provide the requisite functional group for the 

key reaction. 

Before we consider methods for creating sequences of transformations, 

it is useful to review some of the reactions from the preceding chapters, 

placing them in the three categories listed above. Table 15.1 (page 746) gives 

the major carbon-carbon bond-forming reactions; Table 15.2 (page 747), 

the oxidation-reduction transformations; and Table 15.3 (page 748), sev¬ 

eral important functional-group transformations. Included in a separate 

section of Table 15.2 are reactions such as the addition of water to an alkene, 

in which there is no net change in oxidation but one carbon undergoes a 

reduction that is balanced by the oxidation of another carbon. Although 

there is no net redox change, the oxidation and reduction levels of some 

atoms within a molecule change in the course of these reactions. 

It is often the case that a specific reaction fits more than one category. 

For example, the oxidation of an alcohol to a ketone is both an oxidation 

of carbon and a functional-group transformation. 
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R—Br [R—MgBr] 

OH 

R 

R—Br > [R—MgBr] 

eCN 
R—CH2—X -* R—CH2—CN 

Ph,P © Base © © 
R—CH2—Br —R—CH2—PPh3 -> R—CH—PPh3 

R 

k 'co2ch3 co2ch3 

As a second example, the addition of a Grignard reagent to a ketone (fol¬ 

lowed by protonation) fits all three categories: it is a carbon-carbon bond- 

forming reaction, a reduction of a carbonyl carbon, and a functional-group 

transformation of a ketone into an alcohol. 

O OH 
CH3MgB^ H20 

ch3 

When a reaction can be placed in more than one category, it is viewed as 

belonging to the category that is higher on the list of three. For example, a 

reaction that is both a functional-group transformation and an oxida¬ 

tion-reduction reaction is classified as the latter, and the addition of a 

Grignard reagent to a ketone is considered a carbon-carbon bond-forming 

process. 



TABLE 15.2 

Oxidation-Reduction Reactions 

Oxidations Reductions 

R—H ———> R—Cl (or -Br) 
ci2 

(or Br2) 

HO OH 

\ / rco3h 

/=\ 

NaBH4 
-> 

OH 

H 

H2/Pd 
-> 
Quinoline 

Reactions with Simultaneous Oxidation of One Carbon and Reduction of Another 

X = Cl, Br, I, OH X = Cl, Br, I, OH 
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OH X 

EXERCISE 15.1 

Classify each of the following reactions as a carbon-carbon bond-forming process, 
an oxidation-reduction reaction, or a functional-group transformation. 

O OH 



15.2 
— 

Retrosynthetic Analysis 

Designing a Synthesis by 
Working Backward 

What general method can we use to solve problems such as the con¬ 

version of 2-propanol into 2-butanone? In other words, what process will 

lead us to a workable series of reactions? 

OH O 

749 

15.2 Retrosynthetic 
Analysis 

We might start by “trying” (as a thought experiment) various reactions on 

the starting material, 2-propanol. Although this appears to be a major task, 

we can narrow the search by noting that at some point we must form a car¬ 

bon-carbon bond, because there are four carbon atoms in the product and 

only three in the starting material. Thus, we systematically examine the car¬ 

bon-carbon bond-forming reactions in Table 15.1 to see whether any ap¬ 

ply to the starting material. In this case, none is directly applicable. 

Rather than immediately giving up, we look at the product, 2-butanone, 

to see what chemical transformation will produce it. Again, if possible, we 

look for a reaction that forms a carbon-carbon bond, because we know that 

this must occur at some point in the sequence. From Table 15.1, we see that 

alkylation of a simple ketone accomplishes the needed transformation. 

Furthermore, we see that the necessary starting materials are acetone (as its 

enolate) and an alkylating agent such as methyl iodide. (Recall from Chapter 

7 that one way of analyzing a reaction is to try to identify the correct start¬ 

ing materials for forming the desired product under defined conditions.) 

At this point, we realize that the number of carbons in acetone (the im¬ 

mediate precursor for 2-butanone by this analysis) and in the given start¬ 

ing material, 2-propanol, is the same. Thus, we have no further need of car¬ 

bon-carbon bond-forming reactions and can limit the rest of the analysis 

to categories 2 and 3 (oxidation-reduction and functional-group transfor¬ 

mation). An oxidation of 2-propanol to acetone enables us to connect the 

starting material, 2-propanol, with the ultimate product, 2-butanone, 

through the intermediate formation of acetone. Rather than following each 

possible reaction of 2-propanol through many steps, we have greatly sim¬ 

plified the analysis by starting with the final product and thinking about 

how to make the most logical precursor for that compound. Because this 

approach begins with the product and goes back, step-by-step, to the start¬ 

ing material(s), it is called retrosynthetic analysis. 

B Rationale for Retrosynthetic Analysis 

Why work backward? Although it may seem unnatural because what 

we want to accomplish, in fact, is the transformation in the forward direc¬ 

tion, there is a very simple answer. In any sequence that progresses from 

smaller to larger molecules, the number of options rises dramatically in the 
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forward direction but diminishes in the backward direction. Diagram- 

matically, the retrosynthetic approach looks much like a Christmas tree: any 

one of a number of reactions can apply to the starting material, and many 

additional reactions can apply to each initial product. 

OH 

Although it is certainly possible that more than one of the branches will ul¬ 

timately lead to the desired product, some may never reach this goal. On 

the other hand, by thinking in the backward direction and utilizing the 

knowledge that the product has more carbon-carbon bonds than the start¬ 

ing material does, we follow a path that, in a sense, “funnels” along a use¬ 

ful sequence. 

This way of thinking of transformations may be confusing at first be¬ 

cause reactions are taught and learned in the forward rather than the back¬ 

ward direction. It is critical that you “relearn” the reactions you are famil¬ 

iar with so that you think of how the product can originate, by one of the 

three classes of transformations, from an intermediate that can be linked 

through a series of reactions to a given starting material. 

EXERCISE 15.2 

The following transformations take place via multireaction sequences. Examine the 
starting materials and products, and determine which carbon-carbon bonds in each 
product could be made via a sequence that requires the fewest carbon-carbon bond¬ 
forming reactions. Do not concern yourself with the actual reactions. Consider only 
how many carbons are in each starting material and product and how the carbons 
of the starting material are interconnected in the product. Assume that no sources 
of carbon other than the starting material are used. 



CHEMICAL PERSPECTIVES 

SYNTHESIS OF VERY LARGE AND COMPLEX MOLECULES 

One of the most complex molecules ever synthesized 
in the laboratory is vitamin Bi2, prepared by Robert 
B. Woodward of Harvard University and Albert 
Eschenmoser of the Eidgenossische Technische 
Hochschule in Zurich. Its synthesis required the ef¬ 
fort of more than a hundred chemists working to¬ 
gether over a period of 11 years. Woodward’s group 
was also the first to synthesize chlorophyll a, the 
macromolecule responsible for the green color of 
plants. The description of the synthesis of chloro¬ 

phyll a included the research of 17 coworkers and re¬ 
quired an entire issue of a journal. The synthesis was 
considered so important that the journal’s editors 
changed the cover of the journal to green (from its 
customary blue) to match the color of chlorophyll. 
(Check it at your library: Tetrahedron, 46, 7599, 
1990.) Ironically, in view of this chromatic homage 
to the synthesis of chlorophyll, Woodward’s favorite 
color was blue—he owned more than 200 ties, all the 
same shade of blue. 

Reactions Requiring Both Functional-Group 
Transformation and Skeletal Construction 

The conversion of 2-propanol into 2-butanone might seem a rather trivial 

problem, hardly requiring the extensive retrosynthetic analysis we have 

outlined. However, let’s continue this approach, adding one more level of 751 
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complexity, to consider the overall transformation of 2-propanol into 

2-butanol: 

Knowing a sequence for transforming 2-propanol to 2-butanone, it is cer¬ 

tainly tempting to use that synthesis, realizing that we need only reduce 2- 

butanone to arrive at our new objective, 2-butanol. 

Let’s see if we arrive at this same conclusion by retrosynthetic analysis. 

If we compare the ultimate product, 2-butanol, with the starting material, 

2-propanol, we again ascertain that somewhere in the sequence a carbon- 

carbon bond must be formed. Returning to the compilation of carbon- 

carbon bond-forming reactions (Table 15.1), we find a transformation, the 

reaction of a Grignard reagent with a carbonyl group, that directly forms 

an alcohol. 
The next step is to imagine what starting materials we might use for 

a Grignard synthesis of 2-butanol. A Grignard reaction forms a carbon- 

carbon bond to a carbinol carbon in the product. Therefore, only two se¬ 

quences are possible, because there are only two such carbon-carbon bonds 

in 2-butanol: 

Of these two, the upper sequence is less convenient because it breaks 2-bu¬ 

tanol into two two-carbon fragments, neither of which could be immedi¬ 

ately derivable from the three-carbon starting material, 2-propanol. The 

lower sequence uses a three-carbon starting material, propanol. However, 

if we are to use the lower transformation, we must derive a connection be¬ 

tween 2-propanol and propanal. (Rest assured that this does not look triv¬ 

ial even to practiced chemists.) Perhaps we are stuck, having followed a lead 

that took us down a blind alley. 

We return to the starting point of the retrosynthetic analysis to see 

whether there is some other carbon-carbon bond-forming reaction that 

might directly produce 2-butanol. We draw a blank but realize that the for¬ 

mation of the required carbon-carbon bond need not be the last step in 

the sequence. Perhaps some other transformation (an oxidation, a reduc¬ 

tion, or a functional-group transformation) can be used as the ultimate re¬ 

action. 

The next logical step is to consider that the final reaction might be an 

oxidation (or reduction). When we examine the oxidation-reduction reac¬ 

tions in Table 15.2, we see that the reduction of a ketone produces a sec¬ 

ondary alcohol. With this reaction, we can make use of the sequence pro- 



posed earlier for the synthesis of 2-butanone from 2-propanol, and then re¬ 
duce the ketone functional group: 
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15.4 Extending the 
Retrosynthetic Approach: 

Alternative Routes for 
Synthesizing More Complex 

Molecules 

In summary, then, although a retrosynthetic analysis does not always 

lead automatically to the shortest sequence of transformations connecting 

starting material and product, it does provide alternative pathways. With 

some practice, you can recognize fairly quickly when to abandon those se¬ 

quences that would require too many steps or an unrealistically difficult 

step. 

EXERCISE 15.3 

Identify a sequence of reactions to transform propanal into 2-butanol. (You may 
use any reagents, including organic ones, as long as the three carbons of propanal 
are incorporated in the product.) 

O OH 

15.4 

Extending the Retrosynthetic Approach: 
Alternative Routes for Synthesizing 

More Complex Molecules 

Often, more than one sequence of reactions connects a given starting ma¬ 

terial with a desired product. As an example, let’s consider the transforma¬ 

tion of 2-propanol into 3-methyl-2-butanone: 

OH O 

Analyzing Individual Reactions 
in a Sequence 

We begin by recognizing that there are two more carbon atoms in the 

product than in the starting material. At some point, at least one car¬ 

bon-carbon bond must be formed, and it is reasonable to consider whether 

this might be accomplished as the last step in the sequence. Indeed, there 

is such a reaction, exactly the same alkylation of a ketone that we used for 

the synthesis of 2-butanone from acetone. The desired conversion of 2-bu¬ 

tanone can be accomplished via formation of an enolate anion, followed by 



alkylation with methyl iodide to form the desired product, 3-methyl-2-bu- 

tanone. 

Acetone 2-Butanone 3-Methyl-2-butanone 

Because 2-butanone is the product of the preceding problem, we now have 

an overall sequence that can be used to accomplish the desired transfor¬ 

mation. However, there is one difficulty—the formation of an enolate from 

an unsymmetrical ketone generally leads to a mixture of regioisomers. Thus, 

this synthesis would produce not only 3-methyl-2-butanone, as desired, but 

also 3-pentanone: 

Order of Chemical Transformations 

Let us now return to the original objective, and search for a sequence 

that avoids forming a mixture of regioisomers. The list of carbon-carbon 

bond-forming reactions yielding products with ketone groups consists 

solely of the enolate alkylation reaction we have already examined. We move 

on, then, to consider other possible reactions for the last step—for exam¬ 

ple, an oxidation that would provide a route to the desired ketone. In fact, 

the oxidation of a secondary alcohol could be used to produce the desired 

3-methyl-2-butanone: 

We then consider how we might arrive at this alcohol, 3-methyl-2- 

butanol. As before, we look first for a reaction that forms a carbon-carbon 

bond. From Table 15.1, we choose the reaction of a Grignard reagent (de¬ 

rived from the appropriate alkyl halide) with a carbonyl group to produce 

a secondary alcohol. The Grignard synthesis of alcohols always involves the 

formation of a carbon-carbon bond to the carbinol carbon. In this case, 

there are two different carbon-carbon bonds at the carbinol carbon, and 

thus two possible combinations of Grignard reagent and carbonyl corn- 754 



pound can lead to this alcohol. The two combinations are shown in routes 
A and B: 
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Br 

Route A Route B 

Route A starts with 2-bromopropane, which, after conversion into the 

Grignard reagent, reacts with acetaldehyde. The alternative sequence, B, is 

the reaction of 2-methylpropanal with the Grignard reagent derived from 
methyl bromide. 

One of the two sequences, A or B, might be more efficient or shorter 

than the other. How do we choose between them? The overall objective is 

the conversion of 2-propanol into 3-methyl-2-butanone: 

OH O 

15.4 Extending the 
Retrosynthetic Approach: 

Alternative Routes for 
Synthesizing More Complex 

Molecules 

In our first analysis, we determined that at some point we needed to form 

a carbon-carbon bond, because the product has five carbons and the start¬ 

ing material only three. We can see, then, that a sequence that includes car¬ 

bon-carbon bond formation between a three-carbon unit derived from iso¬ 

propanol and another unspecified fragment with two carbons requires only 

one carbon-carbon bond-forming step. Conversely, two carbon-carbon 

bond-forming steps are needed if fragments containing only one carbon 

each are used. 

Of the two alternatives, route A combines a three-carbon unit (2-bro¬ 

mopropane) with a two-carbon unit (acetaldehyde) to produce a five-car¬ 

bon alcohol. Route B combines a four-carbon unit and a one-carbon unit 

to form the same product. Thus, an additional carbon-carbon bond-form¬ 

ing step would be required to prepare the four-carbon aldehyde from 

2-propanol if route B were followed. The first approach, then, is to investi¬ 

gate route A. 
We now have a sequence that leads from 2-bromopropane and ac¬ 

etaldehyde to our final objective, 3-methyl-2-butanone: 

(1) Mg ^ 

(2) CH3CHO 
(3) H20 

However, the synthesis is not yet complete, because we still need to prepare 

2-bromopropane from 2-propanol. Clearly, this process does not require 

carbon-carbon bond formation and, by counting bonds to heteroatoms, we 
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see that the oxidation levels of the carbon bonded to those heteroatoms in 

the two species are the same: 

Oxidation level of carbon = 0 

Because neither a carbon—carbon bond formation nor an oxidation—re¬ 

duction is needed, we turn to Table 15.3, listing functional-group transfor¬ 

mations, to see which one might be appropriate. We note that halides (both 

chlorides and bromides) can be conveniently prepared (using any of a va¬ 

riety of reagents) from the corresponding alcohols. Thus, it remains only 

to fill in the blank represented by the question mark on the dashed arrow 

with one such reagent—for example, HBr—to complete the sequence: 

(1) Mg ^ 

(2) CHjCHO 
(3) H20 

EXERCISE 15.4 

Devise a multistep reaction sequence for the transformation of ethanol into the 
following aLkene: 

CH3CH2OH 

Selecting the Best Synthetic Route 

At this point, you might suspect that a “Christmas tree” depiction of pos¬ 

sible pathways for a synthesis is an oversimplification because it implies that 

there is only one preferred route connecting starting material and ultimate 

product. Certainly, when all options are considered, it is often possible to 

end up with more than one workable route. 

To examine further the principles of retrosynthetic analysis and the fac¬ 

tors that govern the utility of a given synthetic pathway, let’s return to route 

B, which also leads from an aldehyde to 3-methyl-2-butanol, although by a 

sequence judged to be less efficient overall than route A. 

CH3—Br 

Mg 

CH3—MgBr H20 
- ->   —» 

Cr© 
■» 

Route B 3-Methyl-2-butanone 



To be able to use this sequence as part of the conversion of 2-propanol into 
the desired ketone, we must find reactions that can be used to convert 2- 
piopanol efficiently into the aldehyde 2-methylpropanal. 

We can, and should, view this simply as another problem in retrosyn- 
thetic analysis. Thus, we first consider the carbon content of 2-propanol 
and 2-methylpropanal to see whether we need to effect carbon-carbon bond 
formation at some point. Indeed, because 2-propanol has three carbons and 
2-methylpiopanal has four, we do need to form a carbon—carbon bond. 
From the list of reactions that make such bonds (Table 15.1), suppose we 
choose the enolate alkylation. In this case, the starting material is propanal, 
and the formation of its enolate anion(with a strong base such as a lithium 
dialkylamide), followed by reaction of the anion with an alkyl halide, re¬ 
sults in the desired 2-methylpropanal: 

H^° 
LiNEt, 

H .O 
& 

CH,—I 
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15.5 Selecting the Best 
Synthetic Route 

We have now simplified the overall problem, because the starting material 
for this step, propanal, has the same number of carbons as 2-propanol. 

We can consider the conversion of 2-propanol into propanal, in turn, 
to be a separate synthesis and can conduct an investigation of possible routes 
as part of the retrosynthetic analysis. Although the number of carbons in 
these two species is the same, the oxidation levels of two carbons are dif¬ 
ferent: 

o 

Furthermore, oxygen is bonded to a different carbon atom in the reactant 
and the product. Overall, we must reduce C-2 of 2-propanol and oxidize 
C-l to create the aldehyde functional group. To find routes to accomplish 
this conversion, we turn to the table of oxidation-reduction reactions (Table 
15.2). Because we need to accomplish both an oxidation and a reduction, 
it makes sense to pay special attention to those reactions that simultane¬ 
ously effect both transformations. These are the dehydration of an alcohol 
and the reverse process, the hydration of an alkene to form an alcohol. 

The latter process can be accomplished in two significantly different 
ways, which result in different regiochemical outcomes. Thus, simple hy¬ 
dration of an alkene follows a Markovnikov orientation and results in the 
hydroxyl group of the alcohol being on the more substituted carbon of the 
original alkene. Conversely, hydroboration-oxidation places the hydroxyl 
group on the less substituted carbon. 

Can we use one or more of these dehydration or hydration processes 
to produce propanal from 2-propanol? Because none of them produces a 
carbonyl group, the answer is no. We are thus forced to examine other pos¬ 
sible transformations that produce propanal from 2-propanol, keeping in 
mind that the major tasks to be accomplished are the oxidation of C-l and 
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SYNTHESIS OF VERY LARGE QUANTITIES OF MATERIALS 

When industrial chemists consider various options, they must often take into 
account factors relating specifically to the scale of reactions. Although labo¬ 
ratory chemists generally perform reactions in flasks smaller than 20 liters, 
this size is much too small for the manufacture of bulk chemicals. To get 
some sense of the scale of industrial production, consider that 5 billion 
pounds of styrene was produced in 1995. Almost all of this amount was used 
in the manufacture of the plastic polystyrene (the material in polystyrene 
foam). A year’s production amassed in one place would require a cubical 
container 150 meters on a side! (A football field is less than 100 meters long.) 

the reduction of C-2. We might at this point recognize that propanal can 
be prepared by oxidation of the corresponding primary alcohol, 1-propanol. 
This compound, in turn, can be formed by hydroboration-oxidation of 
propene: 

(1) bh3 

(2) H202, NaOH 

Once again we have a new problem to analyze, but one that should be rel¬ 
atively straightforward by this time. Indeed, we can prepare propene from 
2-propanol by dehydration: 

H3Oa 

— H,0 

Thus, we have found a second sequence for the conversion of 2-propanol 
into 3-methyl-2-butanone that incorporates route B. 

EXERCISE 15.5 

Suggest reagents that could be used to accomplish each of the following transfor¬ 
mations: 

EXERCISE 15.6 

Compare and contrast the positive and negative features of the two routes pro¬ 

posed in Exercise 15.5 for the conversion of 2-propanol into 2-butanol. 
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Criteria for Evaluating Synthetic Efficiency 

Retrosynthetic analysis has led us to two separate routes from 2-propanol 
to 3-methyl-2-butanone: 

This is certainly an accomplishment; but before going into the laboratory 
to carry out such a conversion, we would need to decide which route is the 
“best.” There is no simple answer because there are many factors to be con¬ 
sidered. These are some important criteria for an efficient synthesis: 

1. Number of steps 

2. Yield of each step 

3. Reaction conditions 

4. Ease of purification of intermediates 

5. Cost and availability of starting materials, reagents, and personnel 
time 

Although these factors are often not independent, let’s consider them 
separately. To simplify this analysis, we will assume in each case that the 
other criteria are fixed. For example, when analyzing the effect of the num¬ 
ber of steps, we assume that all other factors (in this case, criteria 2 through 
5) are constant. 

■ Linear Synthesis 

If we assume that the yield in each step of a multistep synthesis is 90%, 
75%, or 50%, we can easily calculate the effect of added steps on overall 
yield (Table 15.4, on page 760). With each additional step, the overall yield 
decreases. For example, after two steps, each with a yield of 90%, the over¬ 
all yield drops to 81% (0.90 X 0.90 X 100%). The decrease is even more 
dramatic if the yield per step is lower. With a 50% yield per step, the over¬ 
all yield after five transformations is only 3%. 

Therefore, when the yields in the individual steps are similar, the se¬ 
quence with the lowest number of steps is preferable. Furthermore, a se¬ 
quence of three steps, even if each step proceeds with 90% yield, results in 
an overall yield slightly lower than that attained in a single step with a 75% 
yield. We also see how quickly the effect of modest yields (such as 50% per 
step) can reduce the amount of material available from a synthesis. 

Criteria for Evaluating 
Synthetic Efficiency 



TABLE 15.4 

Multistep Syntheses 

Linear Synthesis 

50% 50% 
A -> B - 

Overall Percent Yields for Multistep Syntheses 

Number _Yield per Step 
of Steps 90% 75% 50% 

1 90 75 50 

2 81 56 25 

3 73 42 12 

4 66 32 6 

5 53 18 3 

6 48 13 1.5 

Because the objective of a synthesis is generally to prepare usable quan¬ 
tities of a product, we can also look at the effect of overall yield from this 
aspect. Assume that the objective is to prepare 10 grams of a product from 
a starting material whose molecular weight, for the sake of simplicity, is the 
same as the product’s. A five-step sequence with a 50% yield per step re¬ 
quires 333 grams of starting material to begin the synthesis; a five-step se¬ 
quence with a 90% yield per step requires only about 17 grams of starting 
material. 

The number of steps, the overall yield, and the yield per step are clearly 
important, but another factor must also be considered. The type of syn¬ 
thesis we have dealt with so far is referred to as a linear synthesis—that is, 
one that effects sequential transformations, for example, a five-step se¬ 
quence proceeding with 50% yield per step: 

* C 
50% 
-» D 

50% 
-> E 

50% 
-> F 

(50% X 50% = 
25%) 

(50% X 50% X 

50% = 12.5%) 
(50% X 50% X 50% X 

50% = 6.2%) 
(50% X 50% X 50% X 

50% X 50% = 3%) 

Convergent Synthesis 

An alternative type of synthesis, called a convergent synthesis, is one 
in which two separate starting materials, A and D, are taken along separate 
routes to form intermediates C and F, which are combined to form the ul¬ 
timate product, G: 

Convergent Synthesis 

50% 
A -> 

40 g 

50% 
D -> 

40 g 

We again have a sequence with a total of five steps and assume that each 
step proceeds in 50% yield, but we cannot derive a simple overall yield be- 
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branching if we consider the amounts of starting material required, rather 
than the overall yield. 

Assume for simplicity that half of the mass of the ultimate product, G, 

is moved along each sequence, A —> C and D —» F. To produce 10 grams of 

the ultimate product, G, requires 10 grams of C and 10 grams of F because 

the yield in the step that combines these two is only 50%. Furthermore, 40 

grams of A is required to produce 10 grams of C, and 40 grams of D is re¬ 

quired to produce 10 grams of F. Thus, overall, a total of 80 grams of start¬ 

ing materials is required to produce 10 grams of the ultimate product. This 

contrasts markedly with the 333 grams of starting material required by the 

linear synthesis, even though the number of steps and the yield per step for 

the linear and convergent syntheses are the same. Although it is not always 

possible to develop a convergent synthesis, it is clearly advantageous to do 
so when feasible. 

H Logistical Factors 

The overall yield, which determines the amount of starting material re¬ 

quired for a synthesis, is not the only important consideration. Reactions 

that use simple, inexpensive reagents and solvents and do not require elab¬ 

orate experimental precautions make a synthesis easier to carry out. 

Conversely, reactions that require very low or high temperatures, inert at¬ 

mospheres (to prevent contamination by water or oxygen, or both), or un¬ 

usual solvents should be avoided when simpler alternatives are available, 

even if those alternatives require some sacrifice in yield. 

Another important factor is the number and nature of by-products. In 

a sense, this consideration is just a facet of chemical yield, but there are 

other ramifications of the production of by-products besides the simple re¬ 

duction in the amount of the desired product. For example, reconsider the 

alkylation of 2-butanone, which can yield two products (resulting from 

alkylation at C-3 and C-l): 

O O O 
Base CH3—I 

ch3 ch3 

Before proceeding to the next step, these products must be separated and 

the desired compound (3-methyl-2-butanone) purified. The similarity be¬ 

tween the two isomeric ketones makes this separation difficult. Separations 

like this often consume more time and effort than the chemical transfor¬ 

mations themselves, and some of the desired product is frequently lost in 

the process. 
How, then, do chemists select between various possible synthetic routes? 

In some cases, the choice is simplified, because most or all of the factors 

just described favor only one of several possible sequences. That, indeed, is 

the case for the two routes to 3-methyl-2-butanone we have developed. One 

requires only three transformations; the other requires six. Furthermore, 

the longer route includes a hydroboration-oxidation sequence, requiring 

use of the toxic and highly flammable reagent diborane. Finally, the hy- 

Criteria for Evaluating 
Synthetic Efficiency 
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NAMING PHARMACEUTICAL AGENTS 

Tagamet, a drug belonging to a group known as H2 blockers, is used for the 
treatment of ulcers. Its success in the marketplace stimulated a search by 
many pharmaceutical companies for new H2 blockers that would be more 
effective and have fewer side effects. At Glaxo, this research resulted in the 
discovery of a structurally similar compound marketed as Zantac (raniti¬ 
dine). Sales of this drug accounted for more than half of Glaxo’s gross rev¬ 

enues of $4.9 billion in 1994. 

Zantac 

(ranitidine) 

Patent protection for Glaxo’s manufacture of Zantac expired in 1995. As 
a result, many other manufacturers were able to start producing and selling 
Zantac, but they had to market the drug under its generic name, ranitidine. 
What’s in a name? And how are names for pharmaceutical agents selected? 
The company that first prepares a successful drug is free to choose any pro¬ 
prietary name it wishes, and marketing specialists use their expertise to pick 
a name that is easy to pronounce, and perhaps even “catchy.” An indepen¬ 
dent group helps decide on a generic name by providing a list of ten possi¬ 
bilities from which the originating company may select. The generic name 
that is least easy to pronounce and remember is chosen in the hope that, 
even after patent protection has expired, physicians and consumers will con¬ 
tinue to opt for the familiar trade name under which the drug was first re¬ 
leased, preserving market share for the original company. 

droboration-oxidation sequence does not form the primary alcohol exclu¬ 

sively: rather, it gives a mixture of the dominant primary alcohol with a sig¬ 

nificant amount of the secondary alcohol (approximately 20%). We there¬ 

fore have no difficulty in choosing the shorter sequence to accomplish the 

transformation of 2-propanol into 3-methyl-2-butanone. However, this ex¬ 

ample is rather unusual. In many cases, the alternative routes are not so 

markedly different. Indeed, even for practicing synthetic chemists, the 

choice of route is often difficult. 
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Calculate the net yield in the following synthesis, given the individual yields shown 
for each step. Calculate how much starting material is needed to prepare 10 grams 
of the product by this route. Categorize each step (a) through (f) as a carbon- 
carbon bond-forming reaction, an oxidation-reduction, or a functional-group 
transformation. 

15.6 Criteria for Evaluating 
Synthetic Efficiency 



Real-World Synthetic Objectives 

Multifunctional Compounds 

The synthetic objectives considered so far have been simple molecules, 
generally having only a single functional group. However, the types of mol¬ 
ecules of interest to practicing synthetic chemists are often complicated 
structures containing many different functional groups. For example, Figure 
15.1 shows the ten best-selling prescription pharmaceuticals for 1995 and 
gives their generic names, trade names, and manufacturers. Some of these 
drugs are naturally occurring materials. For example, digoxin (Lanoxin) and 
levothyroxine (Synthoid) are obtained for commercial use by isolation from 
their natural sources. It is often more economical to do that than to pre¬ 
pare complex organic materials synthetically in the laboratory. Furthermore, 
naturally occurring materials can often be modified in relatively minor ways 
to provide highly active pharmaceutical agents. This type of modification 
is used to prepare amoxicillin (Amoxil), a highly effective antibiotic be¬ 
longing to the penicillin class. Conjugated estrogen (Premarin) is prepared 
in a similar manner. The remaining six compounds—ranitidine (Zantac), 
diltiazem (Cardizem), enalapril (Vasotec), nifedipine (Procardia XL), flu¬ 
oxetine (Prozac), and albuterol (Proventil)—are prepared by multistep syn¬ 
theses. Designing syntheses for such complex molecules requires learning 
some “tricks of the trade.” 

Functional-Group Compatibility 

In devising synthetic sequences for the preparation of complex mole¬ 
cules, chemists must consider the issue of functional-group compatibility— 
that is, whether a reagent might react with a functional group other than 
the targeted one. Generally, it is desired that only one functional group in¬ 
teract with a given reagent. 

Let’s consider functional-group compatibility with respect to the pos¬ 
sible conversion of a ketoester into a ketoalcohol: 

co2ch3 ch2oh 

Retrosynthetic analysis reveals that the starting material and the product 
have the same number of carbons (not counting the methyl group of the 
ester, which is not connected by a carbon-carbon bond to the rest of the 
molecule). Therefore, the conversion does not require a carbon-carbon 
bond-forming reaction. Indeed, all that is needed is the reduction of the es¬ 
ter functional group in the starting material to a primary alcohol in the 
product, a reaction that can be accomplished with LiAlH4. However, the 
starting material has two functional groups, a ketone and an ester; unfor¬ 
tunately, both are reduced by LiAlH4. In fact, the resonance stabilization of 



1 Amoxicillin (Amoxil, Trimoxin) 2 Conjugated estrogen (Premarin) Wyeth-Ayerst 
SmithKline Beecham, Squibb (antibiotic) (antimenopausal/estrogen replacement) 

3 Levothyroxine (Synthoid) 
Boots (for treatment of hypothyroidism) 

I 

2 

co2h 

4 Ranitidine (Zantac) 
Glaxo (antiulcerative) 

OH OH OH 

7 Enalapril (Vasotec) 
Merck (antihypertensive) 

8 Nifedipine (Procardia XL) 
Pfizer (antianginal; antihypertensive) 

9 Fluoxetine (Prozac) 
Lilly (antidepressant) H 

10 Albuterol (Proventil) 
Schering (bronchodilator) 

The “top ten” prescription drugs are organic molecules with several functional groups. 765 
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SEMISYNTHETIC PHARMACEUTICAL AGENTS 

It is common in the pharmaceutical industry to make use of natural com¬ 
pounds for the production of valuable chemicals. For example, some an¬ 
tibiotics are produced by microbes and can be simply isolated and purified 
from the culture medium. However, some microbes do not produce prod¬ 
ucts that have all of the necessary and desirable features (activity, stability, 
few side effects, for example). In such a case, it is often possible to “help” a 
microbe produce a desired product that is similar to one naturally produced. 
Feeding microbes appropriate structural subunits often results in the incor¬ 
poration of these pieces into the final product, as, for example, in the in¬ 
dustrial production of the antibiotic penicillin V. This antibiotic is prepared 
by feeding to a Penicillium mold 2-phenoxyethanol, which the mold oxidizes 
and uses for the amide side chain of penicillin V: 

,OH Penicillium 
culture 

H 

2-Phenoxyethanol 

an ester functional group makes it somewhat more resistant to reduction 

than a ketone. Reaction of the ketoester with LiAlH4 results in the reduc¬ 

tion of both functional groups, producing a diol: 

(1) LiAlH4 

(2) H20 

OH 

CH2OH 

Note that if the problem were constituted differently, requiring the re¬ 

duction of the ketone rather than the ester carbonyl, there would have been 

no difficulty—a milder reducing reagent, NaBH4, could have been used to 
reduce only the ketone group: 

C02CH3 co2ch3 



Analogous concerns apply to many other functional groups. In plan¬ 

ning a synthesis, chemists must be aware of possible competing reactions 

that can be induced by a chosen reagent on other parts of a molecule. As 

we will see, one solution to effecting a transformation on only the less re¬ 

active functional group is first to convert the more reactive group to a dif¬ 

ferent functional group that does not react with the chosen reagent—in 

other words, to use a protecting group. 
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15.7 Real-World 
Synthetic Objectives 

EXERCISE 15.8 

For each of the following transformations, determine whether the indicated reagent 
is compatible with functional groups in starting material other than the one it is 
intended to affect. If not, predict the nature of the problem that would be en¬ 
countered if the indicated transformation were attempted. 

(b) h3co h3co 

(c) 
H,0® 
-> 
CH3OH 

(f) 
Br 

I 

OH 

Mg C02 
-> -> 

H30® 
—-> 
h2o 

(g) NaOH 
-» 
H,0 

K 
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Protecting Groups 

The problem of selectively reducing an ester in the presence of a ketone is 

a difficult one, because there is no reduction reaction that leads directly to 

the desired ketoalcohol. 

O 

CH2OH 

The only common reagent that will reduce an ester, namely LiAlH4, will 

also reduce the ketone group. 

At this point we return to a concept touched on earlier—that the reac¬ 

tivity of a functional group can be masked by a protecting group. Chapter 

8 pointed out that acylation of thiols to form thiol esters protects the thiol 

group from alkylation and that the thiol could be regenerated by hydroly¬ 

sis of the ester: 

h3o® 
—-> 
h2o 

O 

+ RSH 

In Chapter 10, we saw that alkenes could be protected from reaction by 

masking them as vicinal dibromides, from which the alkene could be re¬ 

generated by debromination with zinc: 

Let’s apply this use of a protecting group to the ketone group of the keto- 
ester. 

Protection of Aldehydes and Ketones 

Ketones are known to form ketals by treatment with alcohols under 

acidic conditions (Table 15.3), and the reaction can be reversed by treat¬ 

ment with water under acidic conditions: 

h3o® 
-> 
h2o 

ch2oh ch2oh 



769 Furthermore, the ketal group (a 1,1-diether) is unaffected by the reagent 

LiAUT4. Thus, an ester group can be reduced in the presence of a ketal: 

co2ch3 

(1) LiAlH4 

(2) H20 

ch2oh 

With these reactions at our disposal, we are ready to propose a scheme for 

carrying out the transformation of the ketoester to the ketoalcohol: 

O 

C07CH7 

H,CQ OCH 

H3Oe 

CH,OH 

C07CH, 

(1) LiAlH4 

(2) H20 

CH,OH CH7OH 

In the last step, the ketone function is restored by hydrolysis of the ketal 

under acid conditions. In this scheme, the ketal has functioned as a pro¬ 

tecting group for the ketone. 

15.8 Protecting 

Groups 

Requirements for the Use of 
Protecting Groups 

Chemists have rather stringent requirements for the reactions employed 

to protect functionality, because the use of a protecting group requires two 

additional steps (protection and deprotection): 

1. The yield of both reactions must be high. 

2. The reactions must produce few by-products, because by-products 

can pose significant separation problems. 

3. Reactions that protect and deprotect a functional group should re¬ 

quire the use of only simple reagents and reaction conditions. 

The formation of a ketal from a ketone and its subsequent hydrolysis 

fit all of these requirements. 

h3o® H3CQDCH3 h3o® ^ 

CH3OH h2o 

Both reactions generally proceed with high chemical yields, no major by¬ 

products are formed, and the reaction conditions are relatively mild and af¬ 

fect few other functional groups. 
A wide variety of protecting groups have been developed for all the 

common functional groups, but we will consider only one example for each 

of three other functional groups: alcohols, amines, and carboxylic acids. 
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EXERCISE 15.9 

Evaluate whether each of the transformations listed in Table 15.3 meets the three 
criteria listed above for the use of protecting groups. Select the transformations 
you think might serve as methods for protecting functional groups. 

Protection of Alcohols 

There are many protecting groups for alcohols, possibly more than for 

any other functional group. Benzyl ethers are simple and quite useful ex¬ 

amples that can be formed readily by the reaction of an alcohol with ben¬ 

zyl bromide under basic conditions (a Williamson ether synthesis): 

A benzyl ether 

The normal acidity of an alcohol is masked in the ether, which is inert to 

almost all basic and mildly acidic reaction conditions. However, benzyl 

ethers are readily cleaved in strong acid by an SN1 substitution at the ben- 

zylic carbon, as well as by reduction with H2 and a metal catalyst such as 

Pd. 

EXERCISE 15.10 

Write a detailed mechanism for the following benzyl ether hydrolysis: 

Consider carefully which carbon-oxygen bond is more likely to be cleaved under 
acidic conditions. Are there benzyl ethers with other R groups for which it is less 
clear which carbon-oxygen bond will be cleaved more rapidly? Bl 

Protection of Carboxylates 

The acidity of a carboxylic acid can be masked by converting it to a ter¬ 

tiary-butyl (t-butyl) ester: 

O 

OH 
+ 

A t-butyl ester 



In contrast to normal esterification by nucleophilic acyl substitution, the 

formation of f-butyl esters is an acid-catalyzed Markovnikov addition to 
the 7r bond of isobutylene (2-methylpropene). 
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15.8 Protecting 

Groups 

Write a detailed mechanism, showing electron flow, for the formation of the fol 
lowing f-butyl ester: 
Write a detailed mechanism, showing electron flow, for the formation of the fol¬ 
lowing f-butyl ester: 

Hydrolysis of a f-butyl ester under basic conditions (by nucleophilic 

acyl substitution) is difficult, because of the additional steric interference 

due to the three methyl groups of the tertiary butyl group. However, the 

acid-catalyzed esterification can be reversed in the presence of water, and 

the treatment of f-butyl esters with relatively mild acid under aqueous con¬ 

ditions regenerates the carboxylic acid and f-butyl alcohol. Both the for¬ 

mation of f-butyl esters and their subsequent cleavage to reform the car¬ 

boxylic acids take place under conditions significantly milder than those 

necessary to form and cleave esters (for example, methyl esters) via a nu¬ 

cleophilic acyl substitution pathway. 

EXERCISE 15.12 

The cleavage of f-butyl esters can also be achieved with trifluoroacetic acid. This 
carboxylic acid is considerably stronger than acetic acid because of stabilization of 
the carboxylate anion by the three electron-withdrawing fluorine atoms. Under 
these conditions, however, isobutylene, not f-butyl alcohol, is formed. Explain. 

Protection of Amines 

Finally, we consider the protection of amines, a functional group that 

is considerably less acidic than either carboxylic acids or alcohols but has 

more significant nucleophilic character as a neutral species. The reaction of 

a primary amine with f-butyl chloroformate in the presence of a weak base 

(such as pyridine) forms a urethane (also called a carbamate). 

A carbamic acid 

R—NH2 + C02 

A urethane 

(a carbamate) 
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The urethane functional group resembles an ester on one side and a car¬ 

boxylic acid amide on the other. Indeed, the lone pair of electrons on the 

nitrogen in a urethane is delocalized into the carbonyl group in the same 

way as in an amide. The interaction of an electrophile with this lone pair 

requires disruption of resonance stabilization. As a result, urethanes are not 

sufficiently nucleophilic to react with most electrophiles. However, in the 

deprotection step, hydrolysis of the urethane formed from f-butyl chloro- 

formate resembles the hydrolysis of a f-butyl ester. That is, treatment with 

mild aqueous acid results in the formation of t-butyl alcohol and a nitro¬ 

gen-substituted carboxylic acid (a carbamic acid) that undergoes rapid de¬ 

carboxylation to form the amine. 

EXERCISE 15.13 

Write significant resonance contributors for a urethane, an amide, and an ester. 
Which of these functional groups has the most charge on the carbonyl oxygen? 
Which has the least? Does the amide or the urethane have more charge on nitro¬ 
gen? Does the ester or the urethane have more charge on the ether oxygen? 

O O 0 

vy 
H H 

A urethane An amide An ester 

EXERCISE 15.14 

Write a detailed mechanism for the decarboxylation of a carbamic acid under acidic 
conditions: 

0 
h3o® 

-V -» R—NH2 + C02 
R—NH OH 

Explain why this decarboxylation has a lower activation energy than does that of 
a simple carboxylic acid. a 

Use of an Alcohol Protecting Group 

Let’s consider how to use a protecting group to carry out the following 
conversion: 

CH2OH ch2oh 

By comparing the starting material and product, we see that we need to 

form a carbon-carbon bond. After examining Table 15.1, we opt to use the 

conversion of a ketone into its enolate anion, followed by alkylation with 

an electrophile (in this case, methyl iodide). However, there is a potential 
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starting material are quite different (a ketone and a primary alcohol), both 
are alkylated when treated with base and an alkyl halide—the ketone un¬ 
dergoes enolate alkylation, and the alcohol forms an ether by the Williamson 
ether synthesis: 

Furthermore, because the alcohol is more acidic than the ketone, deproto¬ 
nation and alkylation of the ketone are not possible without converting the 
alcohol into its methyl ether. 

Thus, the desired carbon-carbon bond-forming reaction can be effec¬ 
tively accomplished only if we temporarily mask the reactivity of the alco¬ 
hol group. A satisfactory approach is first to convert the alcohol into its 
benzyl ether. The alkylation is then accomplished, and the benzyl ether 
group protecting the alcohol is removed. 

Br 

ch2oh 

o 

CH2OBn 

15.9 

Practical Examples of Multistep Syntheses 

Having explored the thought processes required for retrosynthetic analysis, 
let’s look at several commercially important, relatively short synthetic se¬ 
quences. Rather than attempting to develop a retrosynthetic analysis, we 
will simply concentrate on how each transformation fits into the overall se¬ 
quence and accomplishes the needed changes. 

Phenylpropionic Acid Analogs: 
Ibuprofen and Ketoprofen 

Ibuprofen and ketoprofen are two anti-inflammatory analgesics that 
have a variety of uses. Originally sold by prescription only, ibuprofen is now 
available as an over-the-counter general pain reliever. 

Practical Examples of 
Multistep Syntheses 



If we concentrate on the right side of these molecules, we see that each 

has an aromatic ring as a substituent on propanoic acid (a phenylpropionic 

acid unit). Indeed, many pharmaceutical agents have this same structural 

feature, which is modified by varying the functionality on the aromatic ring. 

Such “second-generation” drugs are often developed via a trial-and-error 

approach by pharmaceutical chemists who are trying to produce new agents 

that require lower dosages and have fewer side effects than existing prod¬ 

ucts. 
The syntheses of ibuprofen and ketoprofen address the construction of 

the phenylpropanoic acid unit in distinctly different ways (Figure 15.2). 

Note that in each case a sequence of five reactions is required. 

We can view the problem of forming the phenylpropionic acid unit as 

the incorporation of a carboxylic acid and a methyl group on a benzylic 

carbon. Both syntheses depend on the displacement of a benzylic bromide 

by cyanide (the fourth step in the synthesis of ibuprofen and the second 

step in the synthesis of ketoprofen) to incorporate the required carboxylic 

acid functional group. In ibuprofen, the benzylic carbon is secondary and 

already bears the necessary methyl group. In contrast, the ketoprofen syn¬ 

thesis requires displacement by cyanide at a primary benzylic bromide site. 

Recall that an Sn2 substitution is subject to steric interference and that for 

secondary alkyl halides, E2 elimination often competes with Sn2 substitu¬ 

tion (Chapter 8). With regard to this aspect, the ketoprofen synthesis is 

superior. 

The ibuprofen synthesis begins with Friedel-Crafts acylation of 

isobutylbenzene. Reduction of the ketone and conversion of the resulting 

alcohol into the bromide precedes the critical cyanide displacement. Hydro¬ 

lysis of the nitrile then yields the acid required in the product. 

The ketoprofen synthesis begins by benzylic bromination of the methyl 

group of 3-methylbenzophenone. After the SN2 displacement by cyanide 

ion, a methyl group must be introduced at a position a to the nitrile. A ni¬ 

trile can be deprotonated at the a position to form an anion that can act 

as a nucleophile. There are then two acidic hydrogens that might be re¬ 

placed by sequential reaction with an electrophile (for example, methyl io¬ 

dide). If only one methyl group is required, as here, this is a potential prob¬ 

lem. However, even if this double alkylation were not a problem, 

deprotonation would require the use of a strong base (such as lithium di¬ 

alkyl amide), which would add substantially to the cost of the process. 

An alternative is to convert the nitrile into a nitrile ester by treating it 

with a weak base and diethyl carbonate. Why is it possible to conduct a 

monoacylation, but not a monoalkylation? The answer lies in the fact that 

although there is still an acidic hydrogen between these two functional 

groups after the acylation, the anion formed by deprotonation is stabilized 

by resonance delocalization over the nitrile group, the benzophenone group, 

and an ester functional group, making this anion insufficiently reactive to 

774 undergo further reaction with diethyl carbonate. On the other hand, the 



(a) 

Ibuprofen 

CO9H 

h2so4, h2o 

FIGURE 15.2 

(a) The synthesis of ibuprofen begins with a Friedel-Crafts acylation of an 
alkylated benzene. Reduction of the ketone to an alcohol and then conver¬ 
sion to a bromide permit the introduction of an additional carbon atom as 
a nitrile by SN2 displacement. Hydrolysis gives the carboxylic acid product. 
(b) The synthesis of ketoprofen begins with bromination at the benzylic po¬ 
sition. After introduction of a nitrile by an SN2 displacement, the remaining 
benzylic hydrogens are sufficiently acidic that an anion can be formed by 
deprotonation with alkoxide. Nucleophilic acyl substitution of diethyl car¬ 
bonate introduces a —-C02Et group, making the remaining hydrogen very 
acidic. Deprotonation produces an anion that is alkylated by methyl iodide. 
The nitrile and ester are then hydrolyzed to give the substituted malonic 
acid (/3-diacid), which readily loses carbon dioxide to form the monoacid 

product. 
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anion does react (but only once) with the more reactive electrophile, methyl 

iodide, as shown in Figure 15.2(b). This alkylation results in a quaternary 

center, and so no further alkylation is possible. The synthesis is finished 

by hydrolysis of both the nitrile and the ester groups to carboxylic acids. 

The resulting dicarboxylic acid is a malonic acid derivative, which under¬ 

goes spontaneous loss of carbon dioxide to form the monocarboxylic acid, 

ketoprofen. 

EXERCISE 15.15 

Write a mechanism for the reaction of acetonitrile with diethyl carbonate in base: 

O 

H3C—C=N + 
EtO OEt 

Benzodiazepines: Valium 

Valium (patented in 1962) was the first of a long series of psychoactive 

diazepines, a group of pharmaceutical agents used primarily as sedatives 

and antianxiety agents. The synthesis of Valium is shown in Figure 15.3 

Let’s examine the structure of Valium for features that lend themselves 

to a retrosynthetic analysis. The molecule contains a tertiary amide and an 

imine, as well as two aromatic rings. Because all are common functional 

groups, they can be formed by functional-group transformations listed in 

Table 15.3. Thus, the combination of an aminoketone and an aminocar- 

boxylic acid should result in the formation of Valium: 

CH3 ch3 
\ O 



FIGURE 15.3 

The first step in the synthesis of Valium is a double acylation of an aromatic 
amine—first by nucleophilic acyl substitution of an acid chloride by the 
amino group, and then by an electropohilic aromatic substitution on the 
ring. The resulting intermediate is trapped by a second equivalent of 
p-chloroaniline, leading to a six-member ring with two nitrogens. Hydrolysis 
reverses this cyclization and frees the amino group to give the simple elec¬ 
trophilic substitution product. A seven-member ring is then produced by re¬ 
action with an aminoester. This cyclization takes place by amide formation 
between the ring amino group and the ester group of the other reactant and 
by imidation of the ketone group by the primary amine. Methylation of the 
amide nitrogen by dimethyl sulfate completes the synthesis. 

Indeed, this reaction is very close (bearing an extra N-methyl group) to the 

next-to-last transformation in the commercial preparation shown in Figure 

15.3. In that sequence, an aminoester reacts with an aminoketone to form 

the seven-member ring in Valium. The final reaction converts the secondary 

amide into the tertiary amide by alkylation on nitrogen. 777 
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EXERCISE 15.16 

The reaction of dimethyl sulfate or dimethyl carbonate with a nucleophile leads to 
different products. Compare the mechanisms of the two reactions, and explain why 
they follow different pathways. 

V 
H,ccr OCFE 

O 

,c> 
h,cct 'OCH, 

Dimethyl sulfate Dimethyl carbonate 

EXERCISE 15.17 

Referring to the discussion of the syntheses of ibuprofen and ketoprofen, explain 
why, in the synthesis of Valium, it is more desirable to carry out the alkylation of 
nitrogen with a methyl group after the amide is formed (as in the upper pathway 
here and in the commercial procedure in Figure 15.3) rather than before (as in the 
lower pathway). 

For a cyclization to be the last step of the synthesis, we must have a 
route to prepare this acylated aniline: 



779 The first step of the Valium synthesis (Figure 15.3) is the reaction of ben¬ 

zoyl chloride with p-chloroaniline. At first, this might seem to be a straight¬ 

forward Friedel-Crafts acylation by which the required ketoamine can be Summary 

prepared: 

However, recall that amides are formed from the reaction of carboxylic acid 

chlorides with amines. This is precisely what happens, rather than a 
Friedel-Crafts acylation of the ring: 

Once this occurs, the nitrogen is no longer nucleophilic, because its lone 

pair of electrons is delocalized into the carbonyl tt system. The aromatic 

ring then undergoes the desired Friedel-Crafts acylation, and, because the 

amide is more activating than chlorine, the reaction takes place at a posi¬ 

tion ortho to nitrogen. The reaction does not stop here. In the presence of 

zinc chloride, the substituted aniline adds to this intermediate at the keto 

group, producing an intermediate that attacks the carbonyl group of the 

amide. Although this sequence may seem complicated, it is in fact nothing 

more than a clever protection of the reactive nitrogen by the very reagent 

that is used to accomplish the desired reaction. 

The concepts introduced in this chapter can be used to analyze syn¬ 

theses that incorporate many of the reactions presented in Chapters 8 

through 14. From this point on, you should begin to consider new reac¬ 

tions in terms of not only how they occur, but also what they accomplish. 

It will also be useful to begin to look at complex molecules from the point 

of view of how they might have been constructed from smaller ones. 

1. Synthetically useful reactions can be classified into three groups: car¬ 

bon-carbon bond-forming reactions, oxidation-reduction reactions, and 

functional-group transformations. 



780 

15 Multistep Syntheses 

2. An analysis that identifies the steps needed to transform a simple 

molecule into a relatively more complex one is best accomplished in a back¬ 

ward direction, proceeding from the ultimate product back to the starting 

material (retrosynthetic analysis). 

3. A proposed pathway can be evaluated for synthetic efficiency by con¬ 

sidering the number of steps, the yield of each step, the required reaction 

conditions, the ease of purification of intermediates, and the cost of reagents 

and personnel time. 

4. A convergent synthesis, in which short separate routes combine to 

form a desired product, is generally preferred to a linear synthesis, which 

takes place as a sequential series of transformations. 

5. A protecting group is a functional group that can be readily inter- 

converted with another group but has significantly different reactivity to¬ 

ward common reagents. Protecting groups are used to control reactivity in 

synthetic intermediates when a desired conversion at one position may be 

incompatible with the presence of another, different group at another po¬ 

sition. Ketals and acetals are used as protecting groups for ketones and alde¬ 

hydes, benzyl ethers for alcohols, f-butyl esters for carboxylic acids, and ure¬ 

thanes for amines. Protecting groups are important in the construction of 

complex molecules that contain many functional groups. 

Reactions 

Benzyl Ether Hydrolysis 

t-Butyl Ester Formation 



Urethane Formation 781 

Review Problems 

Urethane Hydrolysis 

h3o® 
——> 
h2o 

O 

R—NH OH 
+ R—NH2 + C02 

Review Problems 
"He*—"—— 

15.1 Classify each of the following transformations as a carbon-carbon bond 
formation, an oxidation-reduction, or a functional-group transformation. 

O 

15.2 What reagents can be used to accomplish each transformation in Problem 

15.1? 

15.3 Identify an efficient route for the conversion of methanol and ethanol into 
f-butyl alcohol. (You may use any inorganic reagents needed.) 

CH3OH + CH3CH2OH 

OH 

15.4 Devise a short and efficient route for the conversion of methanol and 

ethanol into 2-butanol: 

OH 

CH3OH + CH3CH2OH 
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15.5 Each of the following syntheses requires only one reaction to accomplish the 
transformation. However, each starting material is bifunctional, and one group is 
to undergo the reaction while the other remains unchanged. This may require the 
use of a protecting group. Decide if a protecting group is needed, and, if so, which 
one can be used in each case. If a protecting group is needed, specify the reagents 
for the three steps necessary (protection, transformation, and deprotection). 

O O O OH 

15.6 Transforming a ketone into a ketal is the most common way of protecting 
this functional group. Review your understanding of the mechanisms of reac¬ 
tions of carbonyl groups by providing mechanisms for both the formation and 
the hydrolysis of the dimethyl ketal of acetone. 

O 
+ CTHOH 

H,o® H3CO OCH 
+ H,0 

15.7 Develop as short a synthesis as possible for cis-2-pentene, starting from 
methanol and ethanol as the only sources of carbon. (You may use any inorganic 
reagents needed.) 

cis-2-Pentene 

15.8 What properties of the desired product in Problem 15.7 might lead to seri¬ 
ous practical difficulties in the final step of its synthesis? 

15.9 How might the synthesis you developed in Problem 15.7 be modified in a 
simple way to prepare 2-methyl-2-pentene? 

2-Methyl-2-pentene 

15.10 Develop a short synthesis of the following alcohol from starting materials 
that do not have rings. {Hint: Because a cyclic product is ultimately desired, ex¬ 
amine Table 15.3 for reactions that make rings.) 

OH 



Supplementary Problems 

15.11 A chemist plans to synthesize terfenadine by the following reaction: 

H 

What might go wrong with this procedure? 

15.12 The researcher mentioned in Problem 15.11 went off on spring break be¬ 
fore trying the proposed synthesis. While catching some rays on Padre Island off 
the coast of Texas, the chemist devised an alternative synthesis: 

(a) Would you advise going ahead with this reaction? If not, what might go wrong 

here? 

(b) If you found something seriously wrong with the reaction, suggest a (rela¬ 
tively) simple solution so that the carbon-carbon bond-forming reaction 
could be used to construct the skeleton of terfenadine. 

15.13 Cyclic ethers such as tetrahydrofuran react with concentrated halogen 
acids (especially in the presence of Lewis acids) to form halohydrins in which 
one of the carbon-oxygen bonds of the starting ether has been replaced by a 
C—X bond. 

783 

Review Problems 



784 Do you think the following substituted tetrahydrofuran will yield the bromoalco- 

hol? Why, or why not? 
15 Multistep Syntheses 

15.14 The starting material for the synthesis of ibuprofen (Figure 15.2) is 
isobutylbenzene. 

Isobutylbenzene 

Develop a synthesis of this compound starting from benzene and using any 
other reagents necessary, keeping in mind what you learned about electrophilic 
aromatic substitution (especially alkylation) in Chapter 11. 

15.15 The starting material for the synthesis of ketoprofen (Figure 15.2) is 
3-methylbenzophenone. 

3-Methylbenzophenone 

Develop a synthesis of this compound starting from benzene and using any 
other reagents necessary, keeping in mind what you learned about electrophilic 
aromatic substitution reactions (especially alkylation and acylation) in Chapter 
11. 

15.16 Design a synthesis of the following compound, deriving all of the carbon 
atoms from reagents having no more than three carbons. 

15.17 Diol A can be synthesized from cyclopentenone using a Diels-Alder reac¬ 
tion in a sequence that requires only four steps: 

A 

However, the synthesis is not an obvious one because of changes that occur in 
the skeleton of the Five-member ring of the enone during the sequence. To un¬ 
cover this route, start by comparing the number of carbons in cyclopentenone 



785 with the number of carbons in the diol. Use this difference to decide what the 
dienophile is likely to be, and then carry out the Diels-Alder reaction. Next, 
number the carbons of the diol (start with the carbinol carbon, work around the 
six-member ring, and then proceed out the side chain), and assign the same 
numbers to the corresponding carbon atoms of the Diels-Alder product. What 
are the three remaining steps in the synthesis? 

15.18 Upon treatment with acid, a diol undergoes pinacol rearrangement and 
forms a ketone by a 1,2-shift of a carbon substituent. 

Review Problems 

In a variant of this reaction, the diol is first reacted with methanesulfonyl chlo¬ 
ride, converting one of the hydroxyl groups to a sulfonate ester. Upon warming 
in a protic polar solvent such as water, the sulfonate group is lost and the same 
1,2-shift occurs as in the pinacol rearrangement. What diol could be used as the 
starting material in this variant of the pinacol rearrangement to prepare ketone 
B? Would it make a difference which of the two hydroxyl groups was converted 
to a sulfonate ester? 

15.19 When chemists actually carry out synthetic transformations like that in 
Problem 15.18, they must establish that the desired product was indeed formed 
and determine to what extent the starting material remains. Explain in qualita¬ 
tive terms how the and 13C NMR spectra of the starting diol and the product 
ketone would differ. How would the infrared spectra differ? 

15.20 Red No. 2 is a dye once widely used to color food, especially maraschino 
cherries, until laboratory studies showed that it had mutagenic properties. 

SQ3Na 

Red No. 2 

The diazo linkage that joins the two naphthalene rings can be conveniently pre¬ 
pared by a reaction in which a diazo-substituted aromatic acts as an electrophile 
to effect an electrophilic aromatic substitution on another aromatic molecule. 



In turn, the diazo intermediate can be prepared by reduction of a nitro aromatic 
and diazotization of the resulting amine. Because the two naphthalene rings of 
Red No. 2 are differently substituted, two combinations of reactants will form 
the diazo linkage of the dye. Taking into consideration the directing influence 
{ortho, para, or meta) of the substituents S03Na, SO3H, N02, NH2, and OH, de¬ 
velop a synthesis of Red No. 2 starting from naphthalene and 2-naphthol. 

Naphthalene 2-Naphthol 

{Hint: Consider first the two amino species that would be used for the diazo 
coupling reaction, and then how the necessary substituents could be introduced 
into the correct positions on the aromatic rings.) 

15.21 The following sequence includes all of the transformations used in a syn¬ 
thesis of the alkaloid retronecine, one of the pyrrolizidine alkaloids found in a 
variety of plants. For each of the lettered steps (a) through (j), provide the 
reagents required and indicate the general type of reaction involved. 



15.22 Suggest a synthesis for hexalure, a sex attractant for pink bollworm moths, 
using starting materials with fewer than nine carbon atoms. 

787 

O 

Hexalure 

15.23 A chemist was attempting to make an a,/3-unsaturated ketone by treating 
a-chloroketone C with NaOH. However, the product obtained was a carboxylic 
acid. 

What type of reaction is involved in this transformation? Suggest a detailed, step¬ 
wise mechanism for this conversion. How might the reaction conditions be mod¬ 
ified to obtain the desired a,/3-unsaturated ketone? 

15.24 Suggest a synthesis of the herbicide (2,4-dichlorophenoxy)acetic acid 
(known as 2,4-D) starting from phenol and any other source of carbon and any 
required reagents. 

Review Problems 

O 

OH 

15.25 Devise a synthesis of 9-ketodecenoic acid (the honeybee queen substance) 
starting from cycloheptanone and any other organic and inorganic compounds 
you need. 

9-Ketodecenoic acid {tram) 

15.26 For each of the synthetic steps in Problem 15.25, decide what single spec¬ 
troscopic technique you would use to determine that the desired conversion had 
occurred. For each step, explain briefly the differences you would expect to see 
between the spectrum of the reactant and that of the product. 





Polymeric Materials 

Infrared spectroscopy is a useful tool for the 

analysis of polymer structure. Helical polyala¬ 

nine, shown as a ball-and-stick model, can be 

synthesized by growing the polymer on a metal 

surface with appropriate initiation sites. The 

carbonyl regions of the infrared spectra of both 

surface-grown and solution-grown polyalanine 

are shown. The carbonyl stretching frequencies 

for helical and (I-pleated sheet arrangements of 

peptides are different. Only the helical polymer 

is formed on a metal surface; the polymer 

formed in solution is a mixture of helices and 

/3-pleated sheets. 

’■■ ■ ■ i" ■ ■ i n i n 111111 

1800 1600 1400 cm-1 1800 1600 1400 cm-1 

Surface-grown Solution-grown 
polyalanine polyalanine 



I p to this point, we have studied the properties and transformations of 
relatively small molecules, typically with molecular weights less than 

1000 and containing no more than 20 or 30 carbon atoms. However, the 
world is full of molecules that are tens and even hundreds of times larger. 
Examples range from the high-molecular-weight hydrocarbons in such ma¬ 
terials as coal and crude petroleum to the highly specialized molecules such 
as enzymes and DNA that are important to living systems. When large mol¬ 
ecules are composed of many repeating subunits, they are called polymers, 
a term derived from the Greek polumeres (“having many parts”). Johns 
Jakob Berzelius introduced this term in 1830, 22 years before the birth of 
Jacobus Henricus van’t Hoff, who first described three-dimensional tetra¬ 
hedral carbon. Berzelius was also the first to use the terms catalyst, isomer, 
and protein, all of which you will encounter in this chapter. 

We will first examine, using a simple example, how a large molecule 
can be conceptually derived from repeating subunits. Then we will deal in 
some detail with the chemical and physical properties of polymers. 

EM TV® II 

#25 Polymers— 
Introduction 

16.1 

Monomers and Polymers 

Consider the structure of poly(lactic acid) below, in which a subunit of the 
long, chainlike molecule is shown in blue. As you can see, this subunit is 
repeated along the chain. Such a repeating group is derived from a low- 
molecular-weight molecule called a monomer (here a simple hydroxyacid 
called lactic acid); the high-molecular-weight polymer is constructed of 
many monomers. Polymers are often named by adding the prefix poly- to 
the trivial name of the monomer from which the polymer is prepared. For 
this reason, the name of a polymer may not give an accurate picture of its 
structure. For example, the repeating group present in poly(lactic acid) is a 
carboxylic acid ester, even though the name ends in “acid.” Quite logically, 
this macromolecule belongs to the class of polymers known as polyesters. 

As you know from Chapter 12, esters can be prepared from alcohols 
and carboxylic acids. We can thus conceive of making this polyester from 
lactic acid by combining the hydroxy group of one molecule with the car¬ 
boxylic acid group of another. 

O 

Lactic acid 

o 
-KzO O 
—> X 

'O 
X 

The process by which poly(lactic acid) is formed from lactic acid monomers 
is called polymerization. It begins with the reaction of two lactic acid mol¬ 
ecules, the carboxylic acid functional group of one molecule reacting with 
the alcohol unit of the other. The product, a dimer, contains a newly formed 
ester functional group and also retains one alcohol and one carboxylic acid 

790 group. 



Dimer Trimer 

The two functional groups present in the dimer of lactic acid are the same 
ones present in both monomers. Reaction of either the alcohol or the acid 
group of the dimer with a third molecule of lactic acid leads to a trimer, 
containing three repeating subunits and still retaining one alcohol and one 
acid functional group. In theory, this process can continue indefinitely, with 
the chain lengthening at either or both ends. This example illustrates a fea¬ 
ture of all monomers: a pattern of functionality that makes it possible to 
form at least two bonds and thereby link each monomer to two others. 

EXERCISE 16.1 

The dimer of lactic acid can form a cyclic structure in which a second ester link¬ 
age results from the reaction of the carboxylic acid group with the alcohol at the 
other end of the molecule, making a bis-lactone. Draw a structure for the bis-lac- 
tone (also known as a lactide). Write a reaction mechanism, assuming acid cataly¬ 
sis, for the conversion of the dimer into the lactide. (Hint: Recall Chapter 12.) 

O 

O 

Lactic acid dimer 

The concept of polymerization can be illustrated graphically in a gen¬ 
eral sense, by representing the monomer as a stick and representing the 
functional groups that link the monomers together as two balls. In lactic 
acid, the two functional groups are different and so are represented by red 

and blue balls: 

However, a monomer unit need not contain two different functional groups. 
For example, a polyester can be derived from the combination of a dicar- 
boxylic acid and a diol. Here, each monomer unit has the same functional 
group at both ends, but a 1:1 pairing of the monomers is required to gen¬ 

erate the polymer: 

It is easy to visualize the monomer units required to form a polyester. 
The functional group in the polymer, an ester, is directly related to the two 791 



792 functional groups from which it is made. However, as we will see, many 
polymers are formed by linking monomer units together with carbon-car- 

16 Polymeric Materials bon bonds. It is often difficult, if not impossible, to distinguish between the 

carbon-carbon bonds present in the original monomer and those formed 
as a result of linking these units together. For example, ethylene undergoes 
polymerization to form long hydrocarbon chains in which the carbon-car¬ 
bon a bonds are indistinguishable from those present in the monomer. 

Ethylene monomer units Polyethylene 

16-2 

Linear and Branched Polymers 

In the foregoing examples, each monomer unit is capable of attachment to 
another at either end. Thus, end-to-end linkage of these monomer units re¬ 
sults in a linear polymer. Although each of the possible functional groups 
by which monomer units can link imparts different characteristics to the 
resulting polymer, linear polymers have some physical properties in com¬ 
mon. For example, individual polymer chains associate with each other by 
electrostatic and van der Waals attractions. Because of the high molecular 
weights of polymers, the number of such attractions on a molar basis is 
quite large, and polymers often exist as solids or highly viscous liquids. This 
viscosity (or rigidity) decreases at higher temperatures. The decrease in vis¬ 
cosity results from progressively greater disruption of the attractive inter- 
molecular interactions between the polymer molecules. These attractive 
forces can be large, even though each individual van der Waals or di¬ 
pole-dipole interaction is weak, because there are a very great number of 
such interactions between these large molecules. 

In contrast, other extremely large, multidimensional molecules have 
distinctly different properties from those of linear polymers. These poly¬ 
mers are said to be branched, or cross-linked. In such a polymer, chemi¬ 
cal bonds interconnect chains, resulting in a complex network. One exam¬ 
ple is diamond, in which the smallest repeat unit is a single carbon that is 
connected to four others by carbon-carbon bonds. In fact, diamond is made 
under such extreme conditions of high temperature and pressure that sci¬ 
entists have been unable to define in detail how it is formed. Nonetheless, 
the bonding of each carbon to four partners in the diamond lattice results 
in a material that is connected in three dimensions by very strong, car¬ 
bon-carbon bonds. As a consequence, diamond does not melt or soften as 
it is heated and is totally insoluble in all known solvents. 

The structure of graphite is somewhat analogous, except that the car¬ 
bons are sp2-hybridized and thus each is linked to only three neighboring 



carbons. Because of the planar arrangement of bonding to such a carbon, 

graphite is composed of sheets resembling fused polyaromatic arrays: 
793 

16.3 Types of 
Polymerization 

Two sheets of graphite 

Because each sheet is planar, there is a fairly strong attraction between the 

carbon nuclei of one sheet and the tt electron cloud of the adjacent sheets, 

and graphite exhibits the same insolubility as does diamond. Although these 

van der Waals interactions are relatively strong, the attraction between the 

sheets changes relatively little as one sheet slides over another. Thus, the 

sheets can be moved with virtually no resistance, making graphite an ex¬ 

cellent lubricant. Diamond and graphite are examples of three-dimensional 

and two-dimensional polymers, respectively, in which all of the monomer 

units are identical. 

So far we have seen two distinct types of polymers: (1) linear polymers 

derived from monomer units that have only two possible attachment points, 

and (2) branched polymers, which are two- or three-dimensional arrays 

formed when each monomer can be attached to another by either three 

bonds, as in graphite, or four bonds, as in diamond. A three-dimensional 

network of chemical bonds in a polymer generally leads to a material that 

is harder and less flexible than the corresponding linear polymer with sim¬ 

ilar functional groups. Polymers can also be made from mixtures of differ¬ 

ent monomers, with one unit having three bonding sites and the other only 

two. Such a possibility can be represented schematically using blue balls to 

represent alcohol functional groups and red balls to represent carboxylic 

acids: 

■X^ 

16.3 

Types of Polymerization 

The chemical transformations that result in polymers can be divided into 

two major classes. The polyesters exemplify the type of material referred to 
as a condensation polymer. The reaction that forms such a polymer (in #26 Polymers Survey 
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this case, the reaction of an acid with an alcohol to produce a polyester) 

also produces a small molecular by-product (in this case, water). In con¬ 

trast, in the conversion of ethylene into polyethylene, all atoms present in 

the monomer are retained in the polymeric product. Because the latter 

process consists of the addition of one molecule to another (recall elec¬ 

trophilic addition in Chapter 10), the resulting polymers are known as ad¬ 

dition polymers. 
These two types of polymerization—condensation and addition—of¬ 

ten produce polymers whose structures and properties differ, and for this 

reason, they are usually treated as separate categories. However, it is some¬ 

times possible, as with the nylons, to make quite similar polymers by either 

condensation or addition polymerization. 

16.4 

Addition Polymerization 

As discussed in Chapter 10, carbon-carbon 77 bonds are susceptible to elec¬ 

trophilic attack in a process that results in the breaking of the 7r bond and 

the simultaneous formation of a new a bond between the electron-defi¬ 

cient reagent (the electrophile) and a carbon of the original 7r bond. The 

other carbon of the 77 bond becomes a cation and is thus activated as an 

electrophile for reaction with a second equivalent of alkene. This interac¬ 

tion forms yet another carbon-carbon a bond, and repetition of the bond 

formation results in a carbon chain that continues to grow until all the 

alkene is consumed. Recall also that both radicals and cations are electron- 

deficient and therefore electrophilic: both can initiate addition polymer¬ 
ization. 

Radical Polymerization 

The reaction of a radical with ethylene results in the formation of a 

C—X a bond at the expense of the C—C 77 bond: 

CH, X. 
CH 

CH, X ch2 ch2 

ch2 ch2 

-20 kcal/mole 

Because the product of this initial reaction is itself a radical, it is capable of 

adding to yet another molecule of the alkene in a process that regenerates 

a carbon-centered radical, with a net change in bonding from one 77 to one 

a carbon-carbon linkage. Thus, each step in this polymerization process is 

exothermic by approximately 20 kcal/mole, the difference in energy between 

a carbon-carbon 77 and a carbon-carbon a bond. Each addition of a rad¬ 

ical to ethylene lengthens the growing polymer chain by two carbons. The 

overall process is called radical polymerization. 

The polyethylene made by radical polymerization can have a molecu¬ 

lar weight ranging from 14,000 to 1,400,000 (corresponding to between 500 

and 50,000 ethylene monomer units). Because the attractive van der Waals 

interactions holding these chains loosely together are much weaker than co- 



795 valent linkages, the chains (like the sheets of graphite) can move relative to 
each other. 

Chains of polyethylene 

16.4 Addition 
Polymerization 

Thus, polyethylene and most other linear polymers are somewhat flexible. 

(Some linear polymers, such as the polymer used to make rubber bands, 

are especially flexible or “stretchy.”) Flexibility increases with temperature, 

because the greater kinetic energy of the molecules permits the disruption 

of the attractive intermolecular interactions. It is thus possible to form poly¬ 

mers such as polyethylene into various shapes by softening them by heat¬ 

ing and then molding them while they are relatively soft. Such materials are 

called plastics (a term derived from the Greek plastikos, meaning “fit to be 
molded”). 

Radical polymerization of ethylene need not go on indefinitely. As we 

have seen in the free-radical halogenation of alkanes in Chapter 7, processes 

that simultaneously consume two radicals terminate a radical chain reac¬ 

tion. This is also true of radical polymerization, which can be terminated 

by the reaction between the radical at the growing end of the polymer chain 

and another such radical (or the radical chain initiator). 

EXERCISE 16.2 

How might the relative probabilities of the two termination reactions (combina¬ 
tion of two growing chains versus combination of a chain with an initiator) change 
as ethylene is converted into polyethylene? 

EXERCISE 16.3 

In the polymerization of ethylene, abstraction of a hydrogen atom from a position 
adjacent to the growing end of a chain by another carbon radical results in termi¬ 
nation, with the formation of an alkene. Write a mechanism for this process. How 
many chains are terminated by this abstraction? Would you expect this reaction to 
be exothermic or endothermic? 
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H Ionic Polymerization 

Ethylene and other alkenes also undergo polymerization by processes 

in which the growing end is either a carbocation (in cationic polymeriza¬ 

tion) or a carbanion (in anionic polymerization). 

Cationic Polymerization 

Anionic Polymerization 

Cationic polymerization and radical polymerization are quite similar in that 

both take place through the interaction of an electron-deficient (and there¬ 

fore electrophilic) species (either the initiator or a carbocation) with the tt- 
electron density of an alkene. At first inspection, the reaction of a simple 

carbon-carbon tt bond with an anion, especially a carbanion, appears to 

be an unusual reaction, because it requires the interaction of an electron- 

rich species with a ^r bond, which also has high electron density. (Recall 

from Chapter 11 that the characteristic addition reaction of alkenes is elec¬ 

trophilic addition.) However, keep in mind that, regardless of how ethylene 

is converted into a polymer, the thermodynamics of this conversion remains 

the same. Thus, all radical, cationic, and anionic polymerizations are 

exothermic by approximately 20 kcal/mole for each ethylene molecule in¬ 

corporated into the polymer. 

Anionic polymerization of ethylene is initiated by the addition of an 

alkyllithium reagent (such as butyllithium) to ethylene. Unlike the free-rad¬ 

ical process, anionic (or cationic) polymerization of ethylene does not have 

termination steps because one carbanion does not react with another (nor 

do cations react with each other). As a result, the growing anionic chain is 

sometimes called a living polymer, meaning that the end of the polymer 

chain is chemically active until a quenching terminator is added. 

Polyethylene formed by anionic polymerization thus has much longer 

chains and a correspondingly higher molecular weight than polyethylene 

formed by radical polymerization. These longer chains intertwine to a 

greater extent than those of the lower-molecular-weight polyethylene; the 

polymer formed by anionic polymerization is therefore more rigid and has 

a higher density than the polymer formed by radical polymerization. 

Because the interactions between the various polymer chains in polyethyl¬ 

ene are stronger than the interactions of each chain with solvent, polyeth¬ 

ylene is a highly insoluble plastic. 

Polyethylenes. A variety of plastics are made by polymerization of sub¬ 

stituted ethylenes. For example, chloroethylene forms the polymer 

poly (vinyl chloride), or PVC: 

Cl Cl 

Vinyl chloride Poly(vinyl chloride) 

(PVC) 



Styrene is converted into polystyrene: 797 

16.4 Addition 
Polymerization 

Poly(vinyl chloride) is used in many applications, from plastic bags to wa¬ 

ter pipes, and polystyrene is the plastic in Styrofoam. 

EXERCISE 16.4 

Explain why polystyrene polymerizes with a head-to-tail orientation (that is, with 
C-l of one monomer attached to C-2 of its neighbors) rather than head-to-head. 
(Hint: Recall from Chapter 6 the factors that affect radical, carbocation, and car- 
banion stability.) 

Some other substituted ethylene monomers and the resulting linear 

polymers are shown in Figure 16.1. Each of these polymers has unique prop¬ 

erties that depend on the functional group(s) present. For example, Teflon 

is an inert plastic because of the absence of carbon-hydrogen bonds and 

the high strength of the carbon-fluorine bond (110 kcal/mole). It is unre¬ 

active with all reagents except molten lithium, sodium, or potassium. Teflon 

is also very “slippery” because the surface of the polymer has only fluorine 

atoms exposed. Because of the high electronegativity of fluorine, these 

atoms do not participate in significant attractive interactions with other 

groups. Teflon 

Chlorotrifluoroethylene Kel-F 

F 

Tetrafluoroethylene 

C02Me 

Methyl 

methacrylate 

Plexiglas, Lucite 

C02Me 

Methyl 

cyanoacrylate 

NC C02Me 

“Instant Glue” Acrylonitrile 

CN 

Orion 

FIGURE 16.1 
mbbmmmmbmbbmmmi-------— 

Many common polymers are formed from vinyl monomers. 
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SERENDIPITY IN SCIENCE 

Chance discoveries have played major roles in the development of both sci¬ 
ence and technology. For example, R. J. Plunkett, a chemist at DuPont, was 
working with tetrafluoroethylene, taking samples for experiments from a 
metal cylinder in which the gas was stored. One day, to his surprise, no gas 
came from the cylinder when the valve was opened, even though he was sure 
that he had not used all of the gas. Indeed, upon (carefully) cutting open the 
cylinder with a metal saw, he discovered a white powder, the first sample of 
the polymer now known as Teflon. The best scientists are indeed those with 
inquiring minds, who always try to understand unexpected results. 

The presence of the carbomethoxy group in Plexiglas imparts a high 

index of refraction, as well as optical clarity, to this material, which is there¬ 

fore used as a lightweight replacement for glass. The carbomethoxy group 

in Plexiglas also contributes to the high solubility of this material in organic 

solvents, especially those with carbonyl groups, such as acetone and ethyl 

acetate. As a result of this high solubility, the smooth, transparent surface 

of Plexiglas is marred if it is splashed with any of these solvents. The sur¬ 

face layers of the plastic dissolve and then redeposit unevenly as the solvent 

evaporates. 

EXERCISE 16.5 

(a) For one of the polymers in Figure 16.1, the monomer is not the shortest re¬ 
peating structural subunit. Identify this polymer, (b) Is it possible to determine in 
which direction polymerization occurred by examining a middle section of a poly¬ 
mer? Why, or why not? H 

Butadiene Polymers: Rubbers. Butadiene and other conjugated di¬ 

enes also form polymers. For example, the polymer derived from isoprene 

(2-methylbutadiene) is synthetic rubber. The rubber tree and several other 

plants produce a similar natural polymer known as latex rubber, which dif¬ 

fers from synthetic rubber in that essentially all of its double bonds have 

the cis configuration. Chloroprene (2-chlorobutadiene), a monomer struc¬ 

turally similar to isoprene, leads to a synthetic rubber called neoprene. 

Isoprene Synthetic rubber 

Cl Cl Cl 
I -> ! 

Chloroprene Neoprene 
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NATURAL POLYENES 

16.4 Addition 
Polymerization 

Because of the ease with which conjugated dienes undergo polymerization, 
they are relatively rare in plants. Notable exceptions of highly conjugated 
polyenes found in plants are vitamin A, which is essential for vision, and 
enanthotoxin from the water dropwort, the most poisonous plant in England. 

Enanthotoxin 

Replacement of the methyl group of isoprene with a chlorine atom reduces 

the ability of neoprene to associate with hydrocarbons, and thus neoprene 

is more resistant to gasoline and oils than is synthetic rubber. 

Although synthetic and naturally occurring rubbers are similar in many 

ways, some of their properties differ. The synthetic polymers consist of a 

very diverse mixture of structures, whereas the structure of the natural poly¬ 

mer is very consistent. Radical polymerization begins by formation of a 

bond between a radical initiator and one of the terminal atoms, resulting 

in a stabilized allylic radical: 

Resonance-stabilized allylic radical 

> Polybutadiene 

Two sites in an allylic radical bear radical character. Therefore, addition of 

this species to another butadiene molecule occurs with two different re- 

giochemical outcomes: bond formation occurs either at C-2 or at C-3. Two 

dimers are formed, one linear and one branched. As each additional buta¬ 

diene molecule adds to a growing chain, there are two possible outcomes: 

linear or branched addition. Furthermore, both cis and trans geometrical 
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NMR AND RUBBER BANDS 

Typically NMR spectra are obtained using compounds dissolved in a solvent. 
However, such spectra can be run on solids. For example, the 13C NMR spec¬ 
trum below was obtained from small pieces of a latex rubber band (D20 was 
added to the tube to help stabilize the instrument). The spectrum shows five 
absorptions, one for each of the unique types of carbon atom present in the 
latex rubber. The signals are quite broad, in part because there are many dif¬ 
ferent conformations in the solid, which are not free to interconvert as they 
would be in solution. When a rubber band is stretched, the polymer chains 
elongate as gauche conformations are converted into anti arrangements. 

Latex rubber 

ppm 

isomers will be formed, further expanding the number of different species 

formed. Thus, synthetic rubber is a quite complex mixture. 

In contrast to synthetic rubber, latex rubber is produced in a living plant 

through catalysis by enzymes. These natural catalysts produce a polymer in 

which essentially all of the double bonds have the cis geometry. For this rea¬ 

son, there is less structural diversity among the polymer molecules found 

in natural rubber. 

Cross-Linking in Polymers 

Most of the polymers described so far are derived from monomers with 

two bonding sites. As a result, the polymer chains are held together only by 

relatively weak van der Waals attractive interactions. In contrast, glass is a 

rigid polymeric material in which tetravalent silicon atoms provide a highly 

interconnected, three-dimensional covalent network: 
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Cross-linking is a process in which a bifunctional molecule (such as a di¬ 

ene) participates in polymerization and is incorporated into two separate 

polymer chains. Polymerization of a mixture of a simple alkene (such as 

styrene) with a diene (such as p-divinylbenzene) allows each of the two 

alkene units in the diene to be incorporated into a separate chain, thus link¬ 

ing the chains together. A molecule such as divinylbenzene can be viewed 

as a monomer capable of forming four bonds and thus of establishing cross¬ 
links between growing polymer chains. 

The extent of cross-linking attained depends on the relative concentrations 

of styrene and divinylbenzene. But, even if divinylbenzene constitutes only 

a very small percentage of the mixture, the resulting plastic is much more 

rigid than polystyrene itself because of additional covalent bonds between 

the chains. 

16.4 Addition 
Polymerization 

EXERCISE 16.6 

Draw a short section of polyisoprene consisting of three isoprene units (15 car¬ 
bons) in which (a) all the double bonds are trans and (b) all the double bonds are 
cis. How would you expect the properties of either type of polymer to differ from 
one that was a random mixture of geometric and regiochemical isomers? 

Diene polymers such as latex or neoprene rubber can also be made more 

rigid by cross-linking with nonconjugated dienes. One such linking agent 

is 5-vinylnorbornene, large quantities of which are produced each year by 

the Diels-Alder reaction of butadiene with cyclopentadiene: 

Cyclopentadiene Butadiene 5-Vinylnorbornene 
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The strained double bond of 5-vinylnorbornene is more reactive than the 

monosubstituted alkene substituent, and thus the former is incorporated 

into individual chains while the majority of the latter remains unreacted. 

When polymerization has consumed most of the available alkene, the less 

reactive double bonds participate in cross-linking of polymer chains. In this 

way, cross-linking is delayed until late in the polymerization, resulting in 

quite long chains. The inclusion of 5-vinylnorbornene in a monomer mix¬ 

ture results in a more rigid polymer by enhancing the degree of cross-link¬ 

ing between chains. 
Alternatively, polymer chains can be linked by sulfur bridges. Transfor¬ 

mation of the rather gummy and soft latex rubber into the much more rigid 

material that is used, for example, in automobile tires is accomplished by 

heating with sulfur in a process known as vulcanization, which was dis¬ 

covered by accident by Charles Firestone. (The term refers to Vulcan, the 

Roman god of fire, who was thought to be very strong.) The reaction al¬ 

most certainly involves radicals, but the mechanism is not well understood. 

The bridges are depicted here as resulting from simple allylic substitution 

of sulfur for hydrogen. 

Neither the original polymer nor the cross-linked rubbers derived from iso- 

prene have any functionality that produces color. The characteristic black 

color of the rubber is caused by the presence of carbon black, a material 

similar to graphite, which acts as a lubricant and imparts a greater lifetime 

to the rubber under conditions of repeated flexing. Large quantities of car¬ 

bon black are produced in Eastern Europe. Unfortunately, the outdated 

technology in use in this region has resulted in the emission of substantial 

amounts of carbon black into the atmosphere, causing significant indus¬ 

trial pollution. Indeed, the proverbial “black sheep” can be found there in 

great abundance. 

Heteroatom-Containing Addition Polymers 

Substituted vinyl polymers have very low solubility in water because 

they lack any functional group that can form hydrogen bonds. Now we turn 

to polymers that incorporate oxygen—in the form of alcohol or ether func¬ 

tional groups. As discussed in Chapter 3, the attachment of heteroatoms to 

a carbon framework increases solvent-solute interactions, enhancing the 

solubility of the heteroatom-containing compound. 

Carbon-Linked Monomer Units: Polyols. The polyol known as 

poly(vinyl alcohol), or PVA, is highly water-soluble. Its name might seem 
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present in significant amounts in equilibrium with its much more stable 
keto form, acetaldehyde. 

Vinyl acetate Poly(vinyl acetate) 

CH,OH 

H © 

OH 

+ CH3OAc 

Poly(vinyl alcohol) Methyl acetate 

Acetaldehyde Vinyl alcohol 

Radical polymerization of vinyl acetate is used to form poly(vinyl acetate), 

a polymer with a hydrocarbon chain substituted with acetate esters. The es¬ 

ters are cleaved by acid- or base-catalyzed reaction with methanol, forming 

methyl acetate and PVA. The resulting polymer is much more soluble in 

water than are hydrocarbon polymers such as polyethylene and polystyrene. 

Aqueous solutions of polyols have a higher viscosity but a lower surface ten¬ 

sion than pure water. (Viscosity is increased because the long polymer mol¬ 

ecules are quite viscous, and the surface tension is reduced because the hy¬ 

drogen bonding network of water is partially disrupted by the polymer.) 

Poly(vinyl alcohol) is therefore included in products ranging from hair 

sprays and styling gels to lubricants for molding rubber. 

Heteroatom-Linked Monomer Units. The addition polymers dis¬ 

cussed so far have carbon-carbon bonds linking the monomer units. 

However, there are also important classes of addition polymers in which 

the monomer units are linked by heteroatoms. 

Polyethers. A very important class of addition polymers is formed by 

the addition polymerization of simple epoxides. The addition of a nucle¬ 

ophile such as hydroxide ion to ethylene oxide results in ring opening and 

yields the monoanion of ethylene glycol. (We studied a similar reaction of 

ethylene oxide with Grignard reagents in Chapter 8.) This ion can also serve 

as a nucleophile, reacting with another molecule of ethylene oxide. 

Polyethylene glycol) 

This polymerization is quite similar to the anionic polymerization of eth¬ 

ylene. Each step in this ring-opening polymerization releases the ring strain 

of a three-member epoxide ring and is thus exothermic by approximately 

25 kcal/mole. 
The resulting polyether is called poly(ethylene glycol), or PEG. 

Synthetic PEGs are used in cosmetic creams, lotions, and deodorants and 

in antistatic agents. These plastics are marketed commercially as Carbo- 

waxes and under other trade names. They have high water solubility be- 

16.4 Addition 
Polymerization 
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cause of hydrogen bonding to the ether oxygen atoms and have many of 

the same applications as poly(vinyl alcohol). Naturally occurring cyclic 

polyethers are important in the biological transport of cations across mem¬ 

branes. 

EXERCISE 16.7_ 

Poly(vinyl alcohol) and poly(ethylene glycol) are similar in that both have oxygen- 
containing functional groups. Assuming nearly equal molecular weights, which of 
these polymers would have the greater solubility in water? In a hydrocarbon sol¬ 
vent? Which would be more viscous? Explain your reasoning. 

Polyacetals. Another oxygen-containing polymer is paraformaldehyde, 

a polyacetal formed by the addition polymerization of formaldehyde, a re¬ 

action that takes place as an aqueous solution of formaldehyde is concen¬ 

trated. 

HO® 

h2o 
■* HO 

Paraformaldehyde 

Note that the backbone of the polymer is formed of acetal linkages and that 

both ends are hemiacetals, which are active sites for further chain growth. 

Note, also, that all the atoms of the monomer are retained within the poly¬ 

acetal, making it an addition polymer. 

This addition polymerization is only slightly exothermic. As a result, 

paraformaldehyde undergoes depolymerization in water, reforming formal¬ 

dehyde. Because formaldehyde is a strong antibacterial agent, aqueous so¬ 

lutions of paraformaldehyde are used as disinfectants, and the polymer is 

the active ingredient in some contraceptive creams. 

Polyacetals made from formaldehyde, as well as polyacetals and polyke- 

tals made from other aldehydes and ketones, are strong plastics that are re¬ 

sistant to fatigue (breaking after repeated flexing) and have high electrical 

resistance, making them quite useful as components for computer hardware 

and automobile parts. To stabilize these materials toward hydrolysis, the 

hemiacetals (or hemiketals) at the ends are “capped” by reaction with ei¬ 

ther acetic anhydride (to form an ester) or ethylene oxide. Polyacetals (or 

polyketals) require more strongly acidic or basic conditions for their hy¬ 

drolysis than does paraformaldehyde. 

EXERCISE 16.8 

If you buy “formaldehyde” from a chemical supplier, it is supplied as a trioxane, a 
cyclic trimer. Write a clear, detailed reaction mechanism showing all steps in the 
conversion of formaldehyde into this trimer, catalyzed by a protic acid such as HCl. 
Can the reaction also be catalyzed by base? Why, or why not? 

O 

H30® 
—-> 3 
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Condensation Polymers 

Unlike an addition reaction, in which all atoms of the reactants are incor¬ 

porated within the product, a condensation reaction forms a more com¬ 

plex organic molecule from two less complex ones, with the expulsion of a 

small molecule. Some examples of condensation reactions include the acid- 

catalyzed esterification of a carboxylic acid discussed in Chapter 12 and the 

aldol and Claisen condensations discussed in Chapter 13; in all of these, 

water is formed as a by-product. When such a reaction is repeated many 

times with an appropriately functionalized monomer, a condensation poly¬ 
mer is formed. 

Polyesters 

Because the interaction of dicarboxylic acids with diols to form poly¬ 

esters produces one equivalent of water for each link formed in the poly¬ 

mer chain, polyester formation is a condensation polymerization. If esters 

are used in place of the carboxylic acids, the reaction is a transesterifica¬ 

tion. Dacron is a commercially important condensation polymer used as a 

fiber and also sold as a film called Mylar. It is formed by the reaction of di¬ 

methyl terephthalate with ethylene glycol, a transesterification in which 

methanol is produced as a by-product: 

16.5 

Polycarbonates are condensation polymers that also result from trans¬ 

esterification. A diol often employed in this reaction is bisphenol A (the A 

in the name comes from acetone), produced by reaction between phenol 

and acetone in the presence of a Lewis acid (see page 806). Because phe¬ 

nols are better leaving groups than are aliphatic alcohols, diphenyl carbon¬ 

ate is more reactive in transesterification than is, for example, dimethyl car¬ 

bonate. The polycarbonate formed from bisphenol A has many of the same 

properties as Plexiglas or polystyrene. All of these materials have high op¬ 

tical clarity, but the polycarbonate is much stronger and more rigid, with 

great impact resistance. 

Condensation 
Polymers 



EXERCISE 16.9 

Write a complete, detailed reaction mechanism for the conversion of phenol and 
acetone into bisphenol A in the presence of a protic acid. (Can you guess what 
bisphenol B is?) 

EXERCISE 16.10 

Write a mechanism for formation of a polymer in the presence of hydroxide ion 
as base from (a) bisphenol A and diphenyl carbonate and (b) bisphenol A and di¬ 
methyl carbonate. Explain why the reaction with diphenyl carbonate is more effi¬ 
cient. 

TV® || 

#17 Di/Polysaccharides 

Polysaccharides 

Like polyesters, polysaccharides contain oxygen atoms within the poly¬ 

mer backbone. In naturally occurring polysaccharides, the monomer units 

are joined by acetal linkages. A hemiacetal group of one monomer con¬ 

denses with an alcohol group of another, and water is eliminated. The 

monomer units of polysaccharides are saccharides, often called sugars or 

carbohydrates. The latter name arose from the fact that their molecular 

formulas can be written as Cw(H20)„, suggesting structures that are hy¬ 

drates of carbon. Polysaccharides have a variety of essential biological func¬ 

tions and are derived from simple sugars such as glucose. For example, 

starch is formed mainly from the reaction of the hydroxyl group at C-4 of 

one glucose molecule with the hemiacetal at C-l of another: 

HO 



Note that the cyclic form of glucose is a hemiacetal. In fact, this form is 

more stable than the corresponding open-chain hydroxyaldehyde. 

As discussed in Chapter 12, the reaction of a hemiacetal with an alco¬ 

hol produces an acetal and a molecule of water. In a similar reaction, two 

glucose molecules form a disaccharide. Thus, starch and related polysac¬ 

charides are condensation polymers. 
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16.5 Condensation 
Polymers 

2 

(C6H12Os) (Cl2H220n) 

EXERCISE 16.11 

There are two possible pathways for the conversion of a hemiacetal such as glucose 
into an acetal by reaction with an alcohol and acid. Using the simple cyclic hemi¬ 
acetal shown here, write a complete, detailed reaction mechanism for the forma¬ 
tion of the cyclic acetal by a process that (a) cleaves the carbon-oxygen bond within 
the six-membered ring or (b) cleaves the carbon-oxygen bond of the hydroxyl 
group. 

The presence of many oxygen atoms, as acetals and as hydroxyl groups, 

makes starch (also known as amylose) very water-soluble despite its high 

molecular weight. (It can comprise as many as 4000 glucose units.) In con¬ 

trast, amylopectin is a water-insoluble starch consisting of as many as a 

million glucose units with occasional cross-links at C-6 hydroxyl groups. 

Its highly branched structure and very large size make it quite insoluble. 

Amylopectin 
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Cellulose is a biological polymer that differs in structure from starch 

mainly in the stereochemistry of the linkage between glucose units. 

HO 

Vc 

OH 
Cellulose 

Cellulose generally has 3000 to 5000 glucose units and is thus similar in size 

to amylose. However, unlike amylose, cellulose is water-insoluble. As a di¬ 

rect result of the stereochemistry at the linkage of one glucose unit to an¬ 

other, the polymer chains of cellulose fit together much better than do those 

of starch. Starch is used by plants as a storage medium for glucose and must 

be accessible to individual cells to meet the metabolic requirements of the 

plant, whereas cellulose is mainly a structural material that must withstand 

rain, humidity, and so forth. Thus, polymers with very different biological 

functions are produced from a common monomer, with the difference in 

properties resulting from a structural difference. 

The reaction of cellulose with acetic anhydride converts many of the 

hydroxyl groups to acetate esters. Because of this change in functionality, 

the properties of cellulose acetate are quite different from those of cellu¬ 

lose. Besides possessing optical transparency, this modified natural polymer 

is more soluble in organic solvents than is cellulose and can be processed 

into thin sheets. Photographic film is one commercial application of cellu¬ 

lose acetate. 

Polyamides 

A polymeric condensation product formed from a diacid and a diamine 

is called a polyamide. In a route parallel to that for polyester formation, 

adipic acid and 1,6-diaminohexane react (at high temperature) to form a 

polyamide known as nylon 66. (The numbers refer to the number of car¬ 

bon atoms in the monomeric units.) 

O 

HO 
OH + H2N 

nh2 ~h^° 

O 
Adipic acid 1,6-Diaminohexane 

\ O / H 

Nylon 66 

The designation 66 distinguishes this polymer from nylon 6, produced by 

the polymeric ring opening induced by the catalytic interaction of a nucle¬ 
ophile with caprolactam. 



OH 

Cyclohexanone 
oxime 

Base 
-> 
h2o 

Nylon 6 

This seven-member cyclic amide (a lactam) is prepared industrially by the 

Beckmann rearrangement of cyclohexanone oxime in sulfuric acid (as sol¬ 

vent). To isolate the product, the acid must be neutralized, often with am¬ 

monia. The by-product, ammonium sulfate, is sold as fertilizer. 

The terms condensation and addition refer to the methods by which 

polymers are produced and therefore do not necessarily provide clues to 

the character of a polymer. Nylon 66 is produced by the condensation poly¬ 

merization (with loss of water) of two different six-carbon monomers, one 

a diacid and the other a diamine. Nylon 6, on the other hand, is the result 

of the addition polymerization of a single six-carbon monomer (the cyclic 

amide). Both nylon 66 and nylon 6 are useful plastics that form very long- 

lasting and flexible fibers; the flexibility is due, in part, to the conforma¬ 

tional freedom of the chains. 

Condensation polymerization of terephthalic acid with p-phenylenedi- 

amine results in a polymer known as PPTA (short for p-phenylenetereph- 

thalamide), which has very unusual properties. 

PPTA 

In contrast with nylon 6 and nylon 66, which have considerable conforma¬ 

tional freedom, PPTA is quite rigid. As a result, this polymer can be formed 

into fibers that have great tensile strength and resist both compression and 

elongation. PPTA is five times stronger than steel on a per-weight basis. 

Fibers spun from this polymer are marketed as Kevlar and are used in ap¬ 

plications such as bulletproof vests that require high strength and low 

weight. 

EXERCISE 16.12 

Consider the reaction of acetic acid with methylamine to form AT-methylacetamide. 
Could the reaction be either acid- or base-catalyzed? Explain. 809 
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EXERCISE 16.13 

Write mechanisms for the Beckmann rearrangement that forms caprolactam and 
for the ring-opening polymerization of this lactam to yield nylon 6. 

Polypeptides 

The amide linkage in a polyamide resembles those found in polypep¬ 

tides and proteins, which are natural polymeric materials derived from a- 
amino acids. This linkage is referred to as a peptide bond, and thus the term 

polypeptide explicitly refers to the repeating amide linkage. In polypeptides 

(and proteins), the monomer units are linked by amide groups formed by 

a condensation reaction between the amino group of one a-amino acid and 

the carboxylic acid group of another. 

H o R H o 
a - Amino acids Dimer 

—h2o 
-» 

Polypeptides and proteins are naturally occurring polymers that have many 

different forms and a variety of functions. The distinction between the terms 

polypeptide and protein relates to molecular size. A polypeptide is a poly¬ 

mer containing no more than 100 amino acid subunits, and a protein is a 

larger molecule. 

The synthetic (manufactured) polyamides were developed to mimic the 

properties found in silk and in animal hairs such as wool, both composed 

mainly of polypeptides. Silk is a polymer of the amino acids glycine and 

alanine. Wool is structurally more complex, having sulfur-sulfur bonds that 

link individual chains one to another and form a matrix somewhat like that 

of vulcanized rubber. These bonds in wool are the result of significant 

amounts of the sulfur-containing amino acid cysteine. 



CHEMICAL PERSPECTIVES 

MEDICAL APPLICATIONS OF POLYMERS 

Biologically compatible polymers are an increasingly 
important type of specialty polymer. The polymer 
used in making contact lenses must be quite hy¬ 
drophilic to permit easy lubrication of the eye. 
Therefore, a hydrogel in which free alcohol groups 
are attached to a poly(methyl methacrylate) is used. 
Polymers for making dental impressions, on the 

other hand, should not form local hydrous pockets 
but must be moderately hydrophilic in order to wet 
the oral tissue effectively. These polyethers will so¬ 
lidify, because they are capped with groups that can 
react by a ring-opening polymerization (like that dis¬ 
cussed in this chapter for the polymerization of epox¬ 
ides) to form cross-links. 

Polymer for dental impressions 

Although a bond between two sulfurs may seem unusual, it is nonetheless 

very easily formed upon exposure of thiol functional groups to oxidants, 

and even molecular oxygen will effect this transformation. Sulfur-sulfur 

bonds play a crucial role in many biological processes. 811 
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A urethane 

Polyurethanes 

Similar in structure to the polyamides are the polyurethanes, which 

have as one of the components in the chain a urethane (or carbamate) 

group. Urethanes are formed by the reaction of an isocyanate with an al¬ 

cohol. (Recall from Chapter 14 that isocyanates are critical intermediates in 

rearrangements.) Polyurethanes are typically derived from low-molecular- 

weight polyesters (with terminal hydroxyl groups) and bis-isocyanates, 

which combine to form much longer chains linked by both ester and ure¬ 

thane groups. In Figure 16.2, blocks are used to represent each of the basic 

units, the polyester and the bis-urethane, allowing the functional groups 

participating in the polymerization to be seen more clearly. 

HO 

Polyester 

0=C=N — N=C=0 

Bis-isocyanate 

V 

O 

FIGURE 16.2 

Polyurethane 

A polyester with an alcohol group at each terminus reacts with a bis-iso¬ 
cyanate to form a polyurethane. The addition step is mechanistically similar 
to the hydrolysis of an isocyanate in the Hofmann rearrangement. 

When a compound with a low boiling point (for example, carbon diox¬ 

ide or a volatile hydrocarbon such as methane or ethane) is dissolved un¬ 

der pressure in one of the starting materials and is then allowed to expand 

and vaporize as the polymerization proceeds, the polyurethane obtained has 

tiny “void” spaces sealed off by the surrounding polymer. The resulting 

polyurethane foam is a valuable lightweight material for building insula¬ 

tion and padding. 

EXERCISE 16.14 

An alternative way of producing bubbles to yield polyurethane foam is to include 
a small amount of water along with the other components in the polymerization 
mixture. The water reacts with the isocyanate functional group to produce, ulti¬ 
mately, an amine and carbon dioxide, which is volatile. Write a complete, detailed 
mechanism for this conversion, assuming that a protic acid catalyzes the reaction. 
Do the same for the reaction in which hydroxide ion serves as the catalyst. 

812 
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Extensively Cross-Linked Polymers 

Even in vulcanized rubber, the number of cross-linking bonds is usually 
small in comparison with the number of monomer units. On the other 
hand, monomers with three (or more) points of connection produce poly¬ 
mers that extend in two and three dimensions rather than having a linear 
arrangement as in simpler polymers such as polyethylene. These extensively 
cross-linked polymers are often very hard. Bakelite is one example; it is a 
resin (a highly viscous polymeric glass) derived from the reaction of phe¬ 
nol with formaldehyde (Figure 16.3). 

Phenol Formaldehyde 

OH OH 

OH OH 

FIGURE 16.3 

The activating effect of the phenolic —OH group directs electrophilic 

aromatic substitution to all three ortho and para positions. The benzylic 

alcohol unit alkylates another phenolic ring, at any or all of the ortho and 

para positions, to produce a highly cross-linked, very rigid polymer. 

Each reaction in the formation of Bakelite can be viewed as an elec¬ 
trophilic aromatic substitution, taking place at both the ortho and para po¬ 
sitions of phenol. These carbon-carbon bond-forming reactions are very 
similar to those that occur in the preparation of bisphenol A (see page 806). 
The resulting polymer is very highly branched. It is therefore quite rigid 
and does not soften significantly at elevated temperatures, which makes it 
a useful material for dishes, bowling balls, and the handles of cooking utensils. 

16.6 Extensively Cross- 
Linked Polymers 
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EXERCISE 16.15 

Write a mechanism for the reaction of formaldehyde with phenol in the presence 
of a Lewis acid. Why does the reaction take place ortho and para, but not meta, to 

the hydroxyl group? 

Epoxy resins constitute another important class of cross-linked poly¬ 

mers that have many applications as structural materials. Included in this 

class are the commonly used epoxy glues. Many laboratory bench tops are 

made of epoxy resin, and microelectronic chips are encapsulated in this ma¬ 

terial. Because such resins are expensive, a “filler” is added in the same way 

that sand and small stones are added to cement to make concrete. (For mi¬ 

crochips, the filler is silicon dust.) The chemistry of epoxy resins is straight¬ 

forward, but the structures are complex; for this reason, block diagrams are 

often used to represent structures such as bisphenol A: 

bp-A 

OH 

Reaction of bisphenol A with epichlorohydrin results in the formation 

of a bis-epoxide (Figure 16.4). This, in turn, reacts with additional bisphe¬ 

nol A in a one-to-one ratio, forming first a simple one-to-one adduct. This 

epoxy alcohol then reacts either with more bisphenol A to form a diol or 

with more bis-epoxide to form a larger bis-epoxide. These reactions con¬ 

tinue, ultimately forming a mixture of short polymers composed of diols, 

epoxy alcohols, and bis-epoxides. This mixture is still fluid and is the clear, 

nearly odorless component of the two-part epoxy glues. The reaction of this 

complex mixture of linear polymers with a triamine, the fishy-smelling 

component, leads to the opening of the terminal epoxides and the forma¬ 

tion of a three-dimensionally linked network that is much more rigid than 

the original resin. 

EXERCISE 16.16 

The reaction of epichlorohydrin with an alcohol (or other nucleophile) can be 
viewed as a simple Sn2 displacement at the carbon bearing the chlorine atom. 
However, labeling studies indicate that the nucleophile is sometimes bonded to the 
carbon at the other end of the molecule. Suggest a mechanism that can account 
for these observations. Use methoxide ion as the nucleophile. 



HO bp-A OH + C 

Bisphenol A Epichlorohydrin 

0 9\ i-1 /O 
[>\^°- bp-A 

Diepoxide 

HO— bp-A —OH 

HO-HZ 
,o 

OH 

= HO bp-A bp-A —O-^Y bp-A 
O 

o. 

Monophenol-monoepoxide (epoxyphenol) 

HO 

S f 
OH 

bp-A |—OH 

OH 

Epichlorohydrin / HO 

HO—C 

Bis-phenol 

OH 

O. 
OH 

°H bP'A ° HbP-Ah = t>\/- ,Q 

Bis-epoxide 

Ij—O 

HO—L 

Bis-phenol 

3—OH + HO—t 3-O 

Monophenol-monoepoxide 

O O 
+ 

H 
i 

o- 

Bis-epoxide 

□—O 

O 

O 

H2N NHj 
(a triamine) 

OH 

/V 

FIGURE 16.4 

O- I!—O 
N 

OH H 

Three-dimensional network of epoxy glue 

Reaction of bisphenol A with two equivalents of epichlorohydrin via two 
Sn2 displacements of chloride ion produces a diepoxide. Reaction of this 
diepoxide with additional bisphenol A at one of the epoxide groups pro¬ 
duces an epoxyphenol; further reaction at the remaining epoxide group 
produces a longer molecule containing three bisphenol A subunits and two 
parts derived from epichlorohydrin. At the same time, some of the epoxy¬ 
phenol reacts with additional epichlorohydrin, producing a bis-epoxide. 
In all, three types of products are formed: bis-phenol, monophenol- 
monoepoxide, and bis-epoxide. 815 



Three-Dimensional Structure of Polymers 

The functional groups present in a polymer can dramatically affect its bulk 

properties. The contrast between the water insolubility of polyethylene and 

other hydrocarbon polymers and the water solubility of materials such as 

the poly(vinyl alcohols) and polysaccharides is dramatic. Indeed, such dif¬ 

ferences should be expected, based on the fact that various functional groups 

impart different properties to small molecules. Recall, however, that there 

is a large difference in water solubility between amylose and cellulose, even 

though both are approximately the same size and have the same function¬ 

ality. Thus, there are further subtleties to be explored in connecting the 

structures and properties of polymers. The structures of amylose and cel¬ 

lulose differ in the stereochemistry of the linkage between the glucose sub¬ 

units. This comparatively small stereochemical difference in the linkage 

translates into large differences in the three-dimensional shapes of the poly¬ 

mers. In this section, we examine some aspects of three-dimensional struc¬ 

ture and how it affects the properties of a polymer. 

Polypropylene 

Stereochemical Designations. Polypropylene is the simplest polymer 

whose bulk properties are influenced significantly by stereochemistry. When 

propylene is polymerized, the methyl groups along the polymer backbone 

can be oriented relative to each other in one of three ways: random, alter¬ 

nating, or all on one side. Simple radical, anionic, and cationic polymeriz¬ 

ations yield a random orientation of the methyl groups, producing a stereo¬ 

chemistry referred to as atactic. In contrast, the use of Lewis acid complexes 

known as Ziegler-Natta catalysts as initiators produces a polymer in which 

almost all of the methyl groups are on the same side of the polymer back¬ 

bone. This regular and constant stereochemistry is referred to as isotactic. 

H,C 

Isotactic stereochemistry 

Although the stereochemistry of isotactic polypropylene is most easily seen 

with the carbon backbone in an extended, all-anti conformation, this 

arrangement leads to substantial steric interaction between the methyl 

groups. To avoid this interaction, isotactic polypropylene adopts a confor¬ 

mation in which some of the backbone carbon-carbon bonds are gauche 
(Figure 16.5). 

A polymer chain with methyl groups alternating between front and back 
is known as syndiotactic. 

Syndiotactic stereochemistry 
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Two conformations of isotactic polypropylene, shown as (a) ball-and-stick 
and (b) space-filling models. With the backbone in an extended all-anti 
conformation (left) (the backbone carbon atoms are shown in green), there 
is serious steric interaction between the appended methyl groups. These in¬ 
teractions are relieved in an arrangement in which some of the bonds of the 
backbone are in gauche conformations (right). 

Isotactic Polypropylene: Ziegler-Natta Polymerization. Ziegler- 

Natta polymerization uses a Ziegler-Natta catalyst, an organometallic 

Lewis acid complex prepared by treatment of a trialkylaluminum with ti¬ 

tanium trichloride. In addition to isotactic polypropylene, a high-density 

polyethylene with greater strength and heat resistance than was previously 

possible can be synthesized with a Ziegler-Natta catalyst. For this work, Karl 

Ziegler of the Max Planck Institute for Coal Research in Miilheim-Ruhr, 

Germany, and Giulio Natta of the Milan Polytechnic Institute received the 

Nobel prize in chemistry in 1963, only 10 years after the introduction of 

their catalyst. Van der Waals interactions between chains with a regular 

arrangement are stronger than those between chains with randomly ori¬ 

ented groups. As a result, isotactic polypropylene is harder and more rigid 

than the atactic polymer. 

Let’s first look at the chirality at each carbon in isotactic polypropylene. 

If the isotactic polypropylene formed by Ziegler-Natta polymerization is 

rotated end-to-end, an arrangement in which all of the methyl groups point 

to the back is obtained: 

Rotation 
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We could also arrive at almost the same arrangement by interchanging the 

hydrogen and methyl group (and thus the configuration) at each carbon. 

The result is almost the same because the two ends of the polymer chain 

are not identical: one bears the initiator as a substituent. Thus, although 

each chain of isotactic polypropylene is chiral, the difference between the 

enantiomers is insignificant for large polymer chains, and chains of oppo¬ 

site handedness are almost indistinguishable. 

EXERCISE 16.17 

Reexamine the polymers in Figure 16.1 from the point of view of stereochemistry. 
Which ones can be formed with atactic, isotactic, or syndiotactic stereochemistry? 
Draw structures that illustrate the possible stereochemistries. 

Naturally Occurring Polypeptides 

All naturally occurring polypeptides are derived from a-amino acids. 

More than 20 a-amino acids (differing in the alkyl substituent, R) are com¬ 

monly found in natural polypeptides. 

o'-Amino acid Polypeptide 

This diversity of building blocks allows for a virtually unlimited number of 

polypeptides differing in the sequence of the constituent amino acids. 

Nonetheless, these polypeptides have certain features in common that de¬ 

rive from the presence of regularly repeating amide groups. 

Properties of the Amide Bond. The three-dimensional properties of 

polypeptides derive from the unique properties of the amide functional 

group. As noted in Chapter 3, there is significant electron delocalization in 

amides, with donation of the nitrogen lone pair of electrons to the carbonyl 
group 77 system: 

Amide resonance 
contributors 

Hybrid 
structure 

The additional stability imparted by this delocalization has important im¬ 

plications for the chemistry of amides in general and specifically for the 

structure that this group imparts to polypeptides. One consequence of this 

delocalization is the planarity of the amide bond—that is, effective dona- 



tion of lone-pair electron density from the nitrogen atom to the carbonyl 

tt system requires that the atoms involved be in the same plane. 

Experimental evidence is consistent with an energetic contribution from 

this delocalization of about 18 kcal/mole. Indeed, the amide group and the 

two flanking carbon atoms (six atoms in all) are essentially coplanar in vir¬ 

tually all amides. 

There are two geometric isomers for the monosubstituted amides found 

in polypeptides. The arrangement with the carbon syn and the hydrogen 

anti to the carbonyl oxygen (known as the syn or Z isomer) is considerably 

more stable than the alternate anti (or E) arrangement. (The origin of this 

energetic difference has not yet been well defined.) As a consequence of the 

planar geometry, the amide group is a rigid linker for polypeptides. 

A second important feature imparted to amides by electron delocaliza¬ 

tion is the polarization of the bonds involved. There are a significant par¬ 

tial negative charge on oxygen, a partial positive charge on nitrogen, and an 

increase in the polarization of the nitrogen-hydrogen bond, which leaves 

the hydrogen highly electron-deficient. The presence of both an electron- 

rich oxygen and an electron-deficient hydrogen in the amide functional 

group provides the opportunity for strong hydrogen bonding between 

amide units (Figure 16.6). 

Crystal packing for urea 

FIGURE 16.6 

Intermolecular hydrogen bonding is responsible for the regular order be¬ 
tween amide groups in separate urea molecules packed as a solid crystal. 
Hydrogen bonds between the urea molecules are represented by dotted lines. 
Note that there are four hydrogen bonds to the oxygen atoms of the central 
urea molecules. Although each oxygen atom has only two lone pairs of elec¬ 
trons, each of these can associate with more than one hydrogen. 
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Hydrogen Bonding in Amides. The crystal structure of urea illus¬ 

trated in Figure 16.6 shows how hydrogen bonds can hold individual mol¬ 

ecules together. Comparing the melting point of urea (133 °C) with that of 

acetone (-95 °C), a molecule of very similar molecular weight and func¬ 

tionality but without a hydrogen bonded to its heteroatom, reveals the im¬ 

portance of these hydrogen-bonding interactions. 

Estimates for the magnitude of the energy of hydrogen bonds in vari¬ 

ous environments vary from less than 1 kcal to about 5 kcal per hydrogen 

bond. It is quite likely that this magnitude differs markedly with relatively 

subtle changes in distance and bond angle. 
Note that the hydrogen bond illustrated at the left in Figure 16.6 is an 

arrangement in which the nitrogen-hydrogen and oxygen-carbon bond sys¬ 

tems are colinear. This arrangement is most commonly found for hydro¬ 

gen bonds in amides although not in the crystal structure of urea. 

EXERCISE 16.18 

One way to view the hydrogen bond is as a proton partially bonded to two differ¬ 
ent electron-rich groups. These two partial bonds are generally quite different, one 
linkage being very strong and the other very weak, as indicated by the different 
bond lengths: 

X—H.X 

and versus X.H.X 

X.H—X 

Explain why this should be the case rather than there being two equal partial bonds 
between the hydrogen and its neighbors. Also, explain the planar arrangement of 
atoms described for urea in view of the simple concepts of bonding arrangements 
developed in Chapters 1, 2, and 3. # 

The amide groups in a polypeptide can interact through hydrogen 

bonding in either an intramolecular or an intermolecular sense. Let’s con¬ 

sider the latter arrangement first, because it is a bit easier to see with a 

polypeptide in which the amino hydrogen atom and the carbonyl oxygen 

atom of each cr-amino acid are on the same side of the chain. 

This arrangement is held in place by hydrogen bonding between the oxy¬ 

gen atom and the hydrogen of the same amino acid residue. This pair can 

further interact by hydrogen bonding with another pair in an adjacent 

polypeptide molecule. This is illustrated in Figure 16.7 for the interaction 
of three polypeptide chains. 

The outer peptide chains have pairs of amino and carbonyl groups that 

can participate in further hydrogen bonding with other peptide chains. This 
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FIGURE 16.7 

When adjacent polypeptide chains are oriented in opposite directions, they 
are properly positioned for intermolecular hydrogen bonding with another 
such chain on either side. (The arrows indicate the direction from the car¬ 
boxyl to the amino terminus of the polypeptide chain. Here the chains are 
oriented in an antiparallel arrangement—that is, each runs in the direction 
opposite to that of its immediate neighbors.) The extended sheetlike struc¬ 
ture resulting from this interaction is similar to that resulting from the urea 
crystal packing in Figure 16.6. 

structure can be extended in a virtually unlimited fashion to form an es¬ 

sentially flat sheet of peptides. In order for the amide hydrogen and car¬ 

bonyl groups from one chain to hydrogen bond with the carbonyl groups 

and hydrogens on a second chain, the chains must alternate direction (from 

carbonyl to amino group along the chain). 

The /3-Pleated Sheet. The stereochemistry of naturally occurring amino 

acids is almost universally S. As a consequence, the substituents (the R 

groups) nearest to each other on adjacent chains in the sheetlike arrange¬ 

ment of polypeptides are on the same side. If one substituent is a small alkyl 

group such as methyl and the other is hydrogen (or if both are hydrogen), 

there is essentially no steric interaction between the groups on adjacent 

chains. On the other hand, if both are large alkyl groups, there is a sub¬ 

stantial repulsive interaction. This interaction results in a twdsting of the 

peptide chains such that the alkyl groups rotate away from each other, re¬ 

ducing the steric interaction between them (Figure 16.8, on page 822). This 

deviation from a totally planar arrangement results in what is referred to 

as a pleating of the peptide sheets, and the arrangement is called a /3-pleated 
sheet. This pleating is not without other consequences: in reducing the steric 

interaction between the alkyl groups, it brings the hydrogen atoms on the 

centers of chirality closer together. Furthermore, the twisting distorts the 

hydrogen bonds, further destabilizing the pleated-sheet arrangement. If all 

or most of the R groups are not hydrogen, the pleated-sheet arrangement 

is less stable than an arrangement in which the NH and C=0 groups are 

intramolecularly hydrogen-bonded. 

1-ftH EM TV® II 

#20 /8-Strands/Sheets 
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EM TV® II 

#21 Alpha Helix 

FIGURE 16.8 

When the polymer backbone of the peptide is arranged in a sheetlike struc¬ 
ture, the side-chain substituents (here, the methyl groups of alanine) on the 
a carbons are directed toward the same region of space. The a carbons 
rotate from the plane occupied by the amide bonds, reducing steric interac¬ 
tion and forming a /3-pleated sheet. 

The a-Helix. Consider the geometry needed for intramolecular hydro¬ 

gen bonding between peptide units in the same chain. This arrangement 

requires the backbone of the polypeptide chain to be three-dimensional, 

rather than planar. In fact, intramolecular hydrogen bonding can be ac¬ 

commodated without major bond-angle distortion, if the carbonyl of one 

amino acid hydrogen-bonds with the hydrogen on the nitrogen of the third 

amino acid down the chain. This results in a coiled arrangement. This coiled 

arrangement is referred to as an a-helix. Viewed from one end, the chain 

forms a helix, coiling in a clockwise direction as the chain proceeds away 

from the viewer. (This is an occasion to use your molecular models again.) 

At first, one might expect that a polypeptide chain could coil equally 

well in either a left- or a right-handed fashion. However, the twisting of the 

chain required to achieve intramolecular hydrogen bonding places the alkyl 

and hydrogen substituents of the amino acid units in distinctly different 

positions (Figure 16.9). In the a-helix, the alkyl substituents of (S)-amino 

acids are oriented more or less directly away from the helical structure; the 

hydrogen atoms are pointed toward its interior. If the helix coils in the 

opposite (counterclockwise) direction, producing a left-handed helix (a 

/3-helix), these positions are interchanged, and a very substantial steric in¬ 

teraction between the chain and the alkyl groups results. 

EXERCISE 16.19 

Draw three strands of peptides oriented in a parallel arrangement (rather than an 
antiparallel one, as in Figure 16.7). Which arrangement, parallel or antiparallel, has 
more hydrogen bonds? 



FIGURE 16.9 

Coiling in an n-helix takes place so as to direct the large groups (in this 
case, the methyl groups of alanine in polyalanine) bound to the a carbon 
toward the exterior of the helical coil, (a) Ball-and-stick and (b) space-filling 
models of an u-helix. (c) Space-filling models viewed from the top down 
(showing carbonyl-group oxygen atoms) and from the bottom up (showing 
amide N—H groups). 

Primary, Secondary, Tertiary, and Quaternary Structure. Many 
different molecules found in nature are based on the peptide bond. Some, Q JrjKHEM TV® II 
whose molecular weights exceed 100,000, are composed of many hundreds 
of individual amino acid units. Molecules with 100 amino acids or fewer #22 Protein Organization 

are known as polypeptides; larger species are called proteins. Each polypep¬ 
tide or protein has a unique sequence of amino acids, referred to as its pri¬ 

mary structure. The three-dimensional structure of large polypeptides is 
often quite complex, with both helical and /3-pleated-sheet arrangements 
in different parts of the same chain. These specific arrangements, fixed in 
local regions, constitute the secondary structure of the polypeptide (Figure 
16.10, page 824). 

The schematic representation in Figure 16.10 also illustrates what is re¬ 
ferred to as the tertiary structure of a protein—that is, how the /3-pleated 
sheets and a-helices are spatially dispersed. The protein shown has five dis¬ 
tinct regions that contain /3-pleated sheets. In these regions, the backbone 
chain of amino acids is twisted and folded around itself. In addition, two 
regions are helical. Together with the rest of the amino acid chain, these re¬ 
gions assume a complex three-dimensional arrangement. The precise ter¬ 
tiary structure of the protein results directly from the type and location of 
its individual constituent amino acids. Often, several large polypeptide or 
protein molecules join together to form a discrete complex, called a qua¬ 

ternary structure, which also ultimately derives its precise arrangement 
from the sequence of individual amino acids present. 
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The structure of ribonuclease, a rather small protein responsible for the 

degradation of RNA. The primary structure consists of a unique sequence of 

108 amino acids. Secondary structures are shown in red (a-helices) and blue 

(/3-pleated sheets). The tertiary structure is the spatial dispersal of the units 

of the secondary structures. 

Each protein has its own unique tertiary structure, which is but one of 

an almost infinite number of possible arrangements. Assuming that each 

amino acid unit could adopt just three different possible conformations, 

the 108 amino acids of ribonuclease could be arranged into 3108 = 1051 

different three-dimensional structures! Thus, statistically speaking, any 

one tertiary structure is highly unlikely and disfavored by entropy. Indeed, 

the entropy associated with ribonuclease is 285 cal K-1mole_1. 

Recall that free energy is defined as 

A G° = AH° - TAS 

For proteins to exist in tertiary structures, the enthalpy contribution to free 

energy (AH°) must offset that of entropy. For ribonuclease, AH° = — 95 

kcal/mole, in large part due to the many hydrogen bonds that literally hold 

the structure in its three-dimensional shape. At body temperature (37 °C = 

310 K), this enthalpy contribution is enough to offset the entropy factor of 

88.4 kcal/mole (285 cal K_1mole_1 X 310 K X 1 kcal/1000 cal). Thus, the 

folded structure of ribonuclease is favored by 95 — 88.4 = 6.6 kcal/mole. 

EXERCISE 16.20 

Calculate the temperature at which the enthalpy and entropy contributions to the 

folding of ribonuclease are equal (AG° = 0). ■ 
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CHEMICAL PERSPECTIVES 

PAPER MODELS 

Linus Pauling (1901-1995) made many contribu¬ 
tions to chemistry and the world during his highly 
productive career, ranging from fundamental studies 
of the chemical bond, for which he was awarded the 
1954 Nobel prize in chemistry, to his efforts on be¬ 
half of peace which were acknowledged by the 1962 
Nobel peace prize. 

Pauling also made fundamental contributions to 
the understanding of the structures of large biopoly¬ 
mers. His early drawing of the hydrogen bonding 
leading to the u-helix is shown here. (Make a copy 
of this drawing on transparency film. You can then 
roll the film into a coil that shows the helix.) 
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A major focus of research is to discover rules that may permit the pre¬ 

diction of a protein’s tertiary structure from its primary sequence of amino 

acids. Such analyses are complicated by the observation that solvents are 

also important in determining three-dimensional structure. Solvents (such 

as water) that can form relatively strong hydrogen bonds to the amide 

groups can produce solvated polypeptide structures that are similar in en¬ 

ergy to the a-helix (in which all hydrogen bonds are internal). For exam¬ 

ple, in dioxane, a solvent that can serve only as a proton acceptor in hy¬ 

drogen bonding, polyalanine is nearly completely coiled in a helical 

arrangement. Conversely, in water, the degree of coiling is only about 50%, 

the remainder being /3-sheets. Although much smaller by comparison, sol¬ 

vent molecules constitute the environment in which large polymers exist. 

Thus, the shape of macromolecules varies with the solvent. The details of 

protein folding remain one of the most intriguing unanswered questions in 

biochemistry. 825 



826 Cellulose and Starch 

16 Polymeric Materials Earlier in this chapter, it was pointed out that cellulose is much less sol¬ 

uble in water than is starch of comparable molecular weight. Now let’s look 

at this difference from a molecular point of view. Recall that the structures 

of these naturally occurring polyacetals are quite similar, differing mainly 

in the stereochemistry at C-l: 

HO 

(a) Cellulose has hydrogen bonds between residues, but these hold the poly¬ 
mer chains in an almost flat line, (b) In contrast, a four-glucose subunit of 
starch shows the helical twist imparted by hydrogen bonds between its sugar 
residues. 



This difference at C-1 has a dramatic effect on the ability of each polymer 

to participate in intramolecular hydrogen bonding between the hydroxyl 

groups. Because the linkage in starch has an axial oxygen substituent on one 

of the six-member rings, the individual rings can coil, forming a helix with 

hydrogen bonding between the hydroxyl groups on adjacent rings of the 

same polymer chain (Figure 16.11). 

In contrast, the oxygen linking the units in cellulose is an equatorial 

substituent on both rings, and, as a result, hydrogen bonding between ad¬ 

jacent glucose units provides a linear structure without a twist. Individual 

chains of cellulose can readily participate in interchain hydrogen bonding, 

fixing the individual chains into a rigid, three-dimensional matrix, as shown 

in Figure 16.12. The helical twist of starch interferes with regular interchain 

hydrogen bonding, and thus the chains are held together more loosely. 

Thus, relatively subtle differences in molecular structure result in quite 

dramatic differences in three-dimensional structure and in marked differ¬ 

ences in the properties of starch and cellulose. And the differences between 

digestible starch and indigestible cellulose, which affect all of the inhabi¬ 

tants of the biosphere, are due to a difference in stereochemistry at one car¬ 

bon atom in a molecular subunit. Similar examples are found in protein 

chemistry, where the substitution of an alkyl group for a hydrogen atom in 

one amino acid of a polypeptide leads to a change in arrangement from a 

sheet to a helix. These structural changes lead to marked chemical and phys¬ 

ical differences that, in turn, affect function. 
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FIGURE 16.12 

Two views of the relative arrangement of cellulose chains as found in, for 

example, wood fibers, (a) In a “top” view, the six-member rings of the glu¬ 

cose units are clearly visible, (b) The chains are viewed end-on; the dotted 

lines represent the hydrogen bonding between glucose hydroxyl groups on 

adjacent chains that contribute to the strong, intermolecular attractive inter¬ 

actions that account for the strength and rigidity of cellulose. For clarity, 

only the carbon, oxygen, and hydroxyl hydrogen atoms are shown. 
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1. The properties of a polymer are uniquely determined by the char¬ 

acteristics of its component functional groups and its three-dimensional 

structure. 

2. Although the chemical characteristics of the functional group(s) in 

a polymer are similar to those of the monomer, the structure and physical 

properties are unique to the polymer. 

3. The difference in structure between linear and branched polymers 

contributes to the macroscopic properties of hardness and strength, which 

determine the appropriate applications for these materials. 

4. Monomers can have a variety of functional groups, including sim¬ 

ple alkyl groups, aromatic substituents, esters, alcohols, amines, and halo- 

carbons. These substituents may be appendages on the polymer backbone 

or may participate directly in the chemical bonding that links the monomer 

units together to form the polymer. 

5. Linkages between monomers include carbon-carbon bonds in 

vinyl polymers, carbon-oxygen bonds in polyesters, polyacetals, and poly¬ 

ethers, and carbon-nitrogen bonds in polyamides and peptides. 

6. Each functional group in a polymer, whether part of the backbone 

or a substituent on the backbone, contributes to the bulk properties of the 

polymer. Thus, for example, polyethylene is totally insoluble in most sol¬ 

vents, poly(methyl methacrylate) dissolves readily in polar organic solvents, 

and poly(vinyl alcohol) dissolves in water. 

7. There are two broad classifications of polymers, addition and con¬ 

densation, based on the type of reaction required for polymerization. 

Addition polymerization takes place through an intermediate cation, radi¬ 

cal, or anion. The anionic intermediates are referred to as living polymers 

because the reactions are not self-terminating and will stop only when all 

of the starting materials have been consumed. Condensation polymers are 

formed by reactions in which monomers combine with the loss of a small 

by-product. 

8. The properties of a polymer can vary significantly with stereo¬ 

chemistry and variations in the strength of the intermolecular attractive 

interactions. Covalent cross-linking can make a polymer very hard and 

rigid. 

9. Hydrogen bonding plays an important role in the three-dimen¬ 

sional structure of nitrogen- and oxygen-containing polymers. Intermolec¬ 

ular hydrogen bonding produces a /3-pleated sheet as a secondary structure 

in peptides, whereas intramolecular hydrogen bonding leads to a coiled, a- 
helical secondary structure. 

10. Hydrogen bonds contribute substantially to the secondary, tertiary, 

and quaternary structures of proteins. Intramolecular hydrogen bonding in 

starch reduces the number of intermolecular hydrogen bonds between in¬ 

dividual starch chains. As a result, starch is water-soluble. In contrast, cel¬ 

lulose has little opportunity to participate in intramolecular hydrogen 

bonding. Therefore, the polymer chains are held quite tightly together by 

multiple contacts, and cellulose is not water-soluble. 
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16.2 Identify a bond or functional group that could have been formed in syn¬ 

thesizing each polymer in Problem 16.1. Then, based on this analysis, write 

structure(s) for the monomeric unit(s) that could be used in each case. 

16.3 The polymer formed from formaldehyde, known as paraformaldehyde or 

polyacetal, is not very stable under either acidic or basic conditions. However, the 

stability can be increased dramatically by conversion of the hemiacetal end 

groups of the polymer into either —CH2CH2—OH groups by reaction with eth¬ 

ylene oxide to form the polymer Celcon or acetate esters by reaction with acetic 

anhydride to produce the polymer Deldrin. 

Deldrin 

Suggest a reason for this enhanced stability. One of these polymers is much more 

stable in the presence of a strong base than the other. Which is it, and why? 

16.4 Large quantities of ethylene are converted by oxidation with molecular oxy¬ 

gen into ethylene oxide, which is then treated with aqueous base to form ethyl¬ 

ene glycol for use in making polyesters such as Dacron. Increasing the amount of 

water in the reaction mixture decreases the amounts of di- and tri(ethylene gly¬ 

col) compared with ethylene glycol. Suggest a reason for this observation. When 

the reaction is conducted as a very dilute solution in water, almost all of the ethy¬ 

lene oxide is converted to ethylene glycol. Why might this not be a practical 

method for making ethylene glycol on a very large scale? 

16.5 The reaction of phenol with formaldehyde in the presence of acid produces 

a material called bisphenol F, which is analogous to bisphenol A. Write a struc¬ 

ture for this material, and suggest a mechanism for its formation. 

16.6 Terephthalic acid (the para isomer of benzene dicarboxylic acid) is pre¬ 

pared industrially from p-dimethylbenzene (p-xylene). Suggest a reagent or se¬ 

quence of reagents that you could use in the laboratory to carry out this trans¬ 
formation: 

p-Xylene Terephthalic acid 

16.7 Polyamides can be made from /3-amino acids in much the same way as 

they are made from cr-amino acids. Assuming a completely extended structure 



831 for these polymers as shown below, examine possible hydrogen-bonding interac¬ 

tions between chains. Would you expect these interactions to be stronger (on a 

per-weight basis) or weaker than those for ct-amino acids? How do the relations 

between the chains differ for polymers derived from a- and (3-amino acids? 

O 0 0 O 

H H H H 

16.8 Polypeptides can be formed from a derivative of an amino acid known as 

an JV-carbonic anhydride. The polymerization is initiated by nucleophiles such as 

simple amines. Write a mechanism for the reaction of methylamine with the N- 
carbonic anhydride of alanine (R = CH3). Next, write a mechanism for the reac¬ 

tion of the product with another equivalent of the JV-carbonic anhydride, form¬ 

ing a dipeptide. Is this method of forming polypeptides a condensation or 

addition polymerization? 

N- Carbonic anhydride 

16.9 The cross-linking diene 5-vinylnorbornene is produced by the Diels-Alder 

reaction of cyclopentadiene and butadiene. A small amount of diene A (bicy- 

clo[4.3.0]nona-3,7-diene) is also obtained. Although compound A could have 

been produced by a Diels-Alder reaction of cyclopentadiene and butadiene in 

which cyclopentadiene served as the dienophile and butadiene served as the di¬ 

ene, it is known that compound A is produced during the reaction by a further 

transformation of 5-vinylnorbornene. Write a reaction mechanism for this trans¬ 

formation. {Hint: It involves a single step without the formation of intermedi¬ 

ates.) 

16.10 Although both 5-vinylnorbornene and the diene A shown in Problem 16.9 

can serve as cross-linking agents in radical polymerizations, use of the former re¬ 

sults in superior polymers of styrene with higher molecular weights. (Indeed, di¬ 

ene A is removed by continuous fractional distillation and burned as fuel in the 

chemical plant where it is produced.) Production of polymers with higher molec¬ 

ular weights is a direct result of the difference in reactivities of the two double 

bonds in 5-vinylnorbornene. The less reactive double bond is also less reactive 

than styrene toward reaction with carbon radicals. Explain these differences in 

reactivity. Why does this difference in reactivity lead to polymers of higher molec¬ 

ular weight? 

16.11 Polystyrene undergoes oxidation with molecular oxygen considerably 

faster than does polyethylene, especially in the presence of light. Which carbon of 

polystyrene do you think is most easily oxidized? 

Review Problems 

Polystyrene 
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16 Polymeric Materials 

Supplementary Problems 

16.12 Most polymerizations result in a polymer that is more dense than the start¬ 

ing monomer. Can you think of an explanation for this? This increase in density 

results in shrinkage during polymerization that can cause problems in specific 

applications. For example, computer chips are encapsulated in a polymer that 

protects the electronic circuitry from damage due to physical contact or exposure 

to oxygen and water. Epoxy resins are the polymer of choice in the microelectronic 

industry because of several desirable properties, including low to negligible 

shrinkage during the curing process. Can you think of a reason why the forma¬ 

tion of epoxy resins results in less shrinkage than, for example, the formation of 

polystyrene from styrene? 

16.13 Stretching of a polymer such as rubber results in (mainly) conformational 

changes that accommodate the increase in length and corresponding decrease in 

width of the material. In turn, these changes result in a temperature change. (Try 

it using a heavy rubber band and your upper lip, which is quite sensitive to small 

temperature variations.) When the rubber band is released, it returns to its re¬ 

laxed state, and the temperature returns to near the original. First, determine 

whether the temperature of a rubber band increases or decreases upon stretch¬ 

ing, and then rationalize this observation. 

16.14 Ball-like conformations of long-chain polymer molecules are favored over 

extended conformations at high temperature; the reverse is true at lower temper¬ 

atures. Straight-chain polymers such as poly(ethylene glycol) are added to motor 

oil as viscosity enhancers, which help maintain a constant viscosity over an ex¬ 

tended temperature range. (Thin oils are desirable when an engine is cold, but 

may be too thin to provide adequate lubrication at the high operating tempera¬ 

tures of an internal combustion engine. An oil rated 10W-40 should have the 

viscosity of a 10-weight oil (thin) at cold temperatures and of a 40-weight oil at 

engine-operating temperatures.) Why does the conformational preference of 

straight-chain polymers change with temperature in the direction noted? How 

does the preference for ball-like conformations at high temperatures and ex¬ 

tended conformations at low temperatures help maintain a constant viscosity 

over an extended temperature range? 

16.15 The synthetic polymers added to motor oil are not as stable as the oil it¬ 

self and break down into smaller fragments during engine operation. What effect 

does this have on the viscosity of the oil, at both low and high temperatures? 

16.16 Five-, six-, and seven-member cyclic lactones are not stable at room tem¬ 

perature in the presence of trace impurities, even water. The polymers formed 

are polyesters that have not yet found wide commercial applications. Write a 

mechanism for the formation of the dimer of valerolactone in the presence of 

water, assuming that a small amount of acid is present. 

O 

Polymer 



Appendix: 
Summary of 
Synthetic Methods 

The following table summarizes the major classes of reactions covered in 

Chapters 8 through 14 and organizes them according to the type of bond 

formed. Practicing organic chemists use these reactions, along with some 

others, in various combinations to make new compounds and to prepare 

naturally-occurring compounds in the laboratory. 
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APPENDIX 

Summary of Synthetic Methods 

Bond Formed Type of Reaction Example 

C—H Catalytic hydrogenation of 
an alkene (or alkyne) 

Hydrolysis of a Grignard reagent 

Clemmensen reduction 

h2o 
R—MgBr -> R—H 

C—C 

Wolff-Kishner reduction 

Decarboxylation of a /3-ketoacid 

Catalytic hydrogenation of 
an alkyne 

Dissolving metal reduction of 
an alkyne 

Sn2 displacement by cyanide 

Sn2 displacement by acetylide 
anion 

H H H H 

— c=c— 
1 equiv. H7 
-—> 
Pt, pyridine 

®C=N 
R —Br -» R — C=N 

R —Br + —R -> R R 

Grignard addition R—MgBr + 
O 

R R 

OH 

R 

R = alkyl or aryl 

R—MgBr + 
O 

R OR 

OH 

R 

O 

R—MgBr + ■> A-2 R 
OH 



Bond Formed 

C—C 

Type of Reaction Example 

O 

Friedel-Crafts acylation AA 

XA + C1" 

Friedel-Crafts alkylation AA 

AA 
+ Cl- 

Diels-Alder reaction A A 

A 
-> 

Conjugate addition to an 

a,f3-unsaturated carbonyl 

group 

0 

A/^\ + 

Michael reaction 0 

Aldol reaction O 

A- Base 

Alkylation of ketone 

enolate anion X 
LiN (£ 

Acetoacetic ester 

synthesis 

0 0 

AA 

O 
AlCU R 

,R 
AlCl, 

O 

+ R2CuLi -> 
R' 

+ (RO2C)2CH0 -> (R02C)2CH" 

OH O 

O 

CH. 

®OEt R— Br 
-> -> 

o 

OR 

Malonic ester synthesis 

O O 
h3o® 

OR h2° 

R 

®OEt R—Br 
-> -> 

H3Q® 

h2o 

O 

R 

(continued) 
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(continued) 

Bond Formed Type of Reaction Example 

c—c Claisen condensation 

Cope rearrangement 

C=C 

Claisen rearrangement 

Dehydrohalogenation 

Dehydration 

Hofmann elimination 

Catalytic hydrogenation of an alkyne 
—C=C— 

1 equiv. H2 

Pt, pyridine 

Dissolving metal reduction of an alkyne 

Reductive elimination of 

a vicinal dihalide 

Wittig reaction 
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Bond Formed 

C=C 

c=c 

C—X 

Type of Reaction Example 

Aldol condensation 

Dehydrohalogenation 

Sn2 displacement by an acetylide 
anion 

Free-radical halogenation 

Addition of H—X 

Addition of X2 

Conversion of an alcohol to 
an alkyl halide 

Electrophilic aromatic substitution 

a-Halogenation of a ketone 

Hell-Volhard-Zelinski reaction 

Chlorination of an alkene 

R—C=Ce + R—Br -» R—C=C—R 

x2 
R—H -> R—X 

hv 

(continued) 
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(continued) 

Bond Formed 

C—OH 

Type of Reaction 

Bromination of an alkene 

Hydrolysis of an alkyl halide 

Hydration of an alkene 

(Markovnikov regiochemistry) 

Oxymercuration-demercuration 

(Markovnikov regiochemistry) 

Hydroboration-oxidation (anti- 

Markovnikov regiochemistry) 

Grignard reaction of an aldehyde 

or ketone 

Grignard reaction of an ester 

Metal hydride reduction of 

an aldehyde or ketone 

Metal hydride reduction of an ester 

Aldol reaction 

Cannizzaro reaction 

Example 

eOH 
R—X  -R—OH 
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Bond Formed Type of Reaction Example 

C—OH 

HO 

R—C= 

R—NH 

Cyanohydrin formation 

cis- Hydroxylation KMn04 or 0s04 
-> 

HO OH 

Nucleophilic opening of an epoxide 

Sn2 displacement by cyanide 

Cyanohydrin formation 

R—Br + eC=N R—C=N 

O 

+ eC=N -> 

N 
/// 

HO C 

Dehydration of an amide 

Aminolysis of an alkyl halide 

Gabriel synthesis 

Reduction of an aromatic 
nitro compound 

Reductive amination of a ketone 

R—C=N 

nh3 
R—X --> R—NH2 

Lithium aluminum hydride 
reduction of an amide 

LiAlH4 
-> R—CH2—NH2 

(continued) 
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(continued) 

Bond Formed Type of Reaction Example 

R—NH2 

R—O—R' 

Hofmann rearrangement 

Williamson ether synthesis 

Peracid oxidation of an alkene 

O 
Br2, NaOH 
—-> R—nh2 

R NH2 

R—O0 + Br—R' -> R—O—R' 

\ / O 
\ / RCO,H 

Oxidation of a primary alcohol 

Ozonolysis of an alkene 

Hydrolysis of an acetal 

Hydrolysis of a ketal 

Hydrolysis of a terminal alkyne 

Chromate oxidation of a 
secondary alcohol 

Friedel-Crafts acylation 

Claisen condensation 
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Bond Formed Type of Reaction Example 

Pinacol rearrangement 

Claisen rearrangement 

Hydrolysis of a carboxylic 

acid derivative 

Hydrolysis of a nitrile 

Oxidation of a primary alcohol 

Oxidation of an aldehyde 

Permanganate oxidation of an 

alkyl side chain of an arene 

Iodoform reaction 

Carboxylation of a Grignard 

reagent 

h3o® h2o ^ 

(or NaOH, H20) 

X = Cl, OR, OAc, NR2, SR 

— C=N 
h3o®, h2o 

I2, NaOH H30® 
—-» —£-» 

R—Br 
(1) Mg ^ H3Q@ ^ 

(2) C02 

Benzilic acid rearrangement 

O 

(continued) 
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(continued) 

Bond Formed Type of Reaction Example 

Treatment of an acid 
with thionyl chloride 

Cl 

O 
SOCi2 

O 

OH (°r pch or PC15) Cl 

Acid dehydration 

Amidation of a carboxylic 
acid derivative 

X = Cl, OR, OAc 

RO OR 

Beckmann rearrangement 

Esterification of a carboxylic acid 

Transesterification 

Baeyer-Villiger oxidation 

Ketal (acetal) formation 

Imine formation 

(1) h2noh 
-> 
(2) H2S04 

+ HOR' 
H3Ott 

+ HOR 

Enamine formation 
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Glossary 

absolute configuration: the three-dimensional structure 
of a molecule that has one or more centers of chirality 
(5.6) 

absolute stereochemistry: the unambiguous specifica¬ 
tion of all spatial positions about a center of chirality (5.6) 

absorption spectroscopy: the measurement of the de¬ 
pendence of the intensity of absorbed light on wavelength 
for light in the visible and ultraviolet regions (4.3) 

acetal: a functional group bearing an alkyl group, a hy¬ 
drogen atom, and two alkoxy groups on one carbon atom 
[RCH(OR)2]; produced in the acid-catalyzed alcoholysis 
of an aldehyde or a hemiacetal (12.3) 

acetoacetic ester: CH3(C0)CH2C02R; an a-acetylated 
derivative of an ester (13.5) 

acetoacetic ester synthesis: a method for preparing an 
a-mono- or dialkylated derivative of a methyl ketone by 
sequentially alkylating an acetoacetic ester anion, hy¬ 
drolyzing the alkylated ester, and decarboxylating the re¬ 
sulting /3-ketoacid (13.5) 

acetyl Co A: a thiol ester of coenzyme A (CoA) and acetic 
acid; a critical intermediate in fatty acid biosynthesis and 
degradation, in the citric acid cycle, and in glycolysis 
(21.5) 

acetylene: see ethyne 

acetylide anion: see alkynide anion 

achiral: descriptor for a molecule in which at least one 
conformation has a mirror plane of symmetry; lacking 
“handedness” (5.5) 

acid chloride: RCOCl; a functional group in which a car¬ 
bonyl carbon bears an alkyl or aryl group and a chlorine 

atom (3.9) 

acid-catalyzed reaction: a reaction that is accelerated in 
the presence of an acid but in which the acid is not con¬ 
sumed in forming the product (10.1) 

acid-induced reaction: a reaction in which acid is re¬ 
quired and is not regenerated at the end of the sequence 

(20.3) 

activation energy (AH* or Eact): the energy difference 
between a ground-state reactant and the transition state 
(5.1) 

activation energy barrier: see activation energy 

active electrophile: a form of an electrophilic reagent 
that is more active than normal and is often prepared by 
interaction of an electrophilic reagent with a Lewis or 
Bronsted acid (11.2) 

active site: the relatively small portion of an enzyme 
where catalysis actually occurs (20.7) 

acyclic: lacking rings (1.3) 

acyclovir: a nucleoside analog that blocks DNA synthe¬ 
sis (23.6) 

acyl anion equivalent: a reagent that provides a nucle¬ 
ophilic equivalent of RC=Oe (21.8) 

acylation: the replacement of a hydrogen by an acyl 
group (11.2) 

acylium ion: RC=0® ; a resonance-stabilized cation in 
which positive charge is distributed between carbon and 
oxygen (11.2) 

1,2-addition: a mode of addition in which two groups 
are bonded to adjacent carbons in the product (10.1) 

1,4-addition: a mode of addition in which two groups 
are bonded to the ends of a four-atom system in the prod¬ 
uct; see also conjugate addition (10.1) 

addition polymer: a macromolecule produced in a poly¬ 
merization in which all atoms present in the monomer 
are retained in the polymeric product (16.3, 16.4) 

addition reaction: a chemical conversion in which two 
reactant molecules combine to form a product contain¬ 
ing all the atoms of both reactants (7.1) 

adenine: C5H5N5; a biologically important heteroaro¬ 
matic base (3.11) 

adenosine diphosphate (ADP): a diphosphate ester of 
adenine; a principal energy-storage molecule in biologi¬ 
cal systems (22.4) 
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adenosine monophosphate (AMP): a monophosphate 
ester of adenine (22.4) 

adenosine triphosphate (ATP): a triphosphate ester of 
adenine; a principal energy-storage molecule in biologi¬ 
cal systems (22.4) 

ADP: see adenosine diphosphate 

adsorption: association with a solid surface, often re¬ 
versible (4.2) 

aflatoxin: a carcinogenic compound produced by a fun¬ 
gus that thrives on peanuts (23.8) 

alcohol: a compound bearing the OH functional group 
(3.5) 

alcoholysis: a reaction in which an alcohol displaces 
a leaving group or is added across a multiple bond 
(12.3) 

aldehyde: RCHO; a functional group in which a carbonyl 
carbon bears a hydrogen and an alkyl or aryl group (3.8) 

aldimine: an imine of an aldehyde (21.4) 

aldol: a jS-hydroxyalcohol; a molecule containing both 
an aldehyde and an alcohol functional group (13.3) 

aldol condensation: the production of a more complex 
u,/3-unsaturated aldehyde (or ketone), with the elimina¬ 
tion of water, upon treatment of two equivalents of an 
aldehyde (or ketone) with acid or base (7.1, 13.3) 

aldol reaction: formation of a /3-hydroxyaldehyde (or 
ketone) from two molecules of an aldehyde (or ketone) 
(13.3) 

aldolase: an enzyme that catalyzes a retro-aldol reaction, 
such as the degradation of fructose diphosphate in gly¬ 
colysis (22.10) 

aldose: a sugar with an aldehyde functional group at 
C-l (17.3) 

aliphatic hydrocarbons: a family of compounds con¬ 
taining hydrogen and carbon atoms, but no aromatic 
rings (2.3) 

alkanes: a family of saturated hydrocarbons wTith the em¬ 
pirical formula C„H2„+2 for acyclic members (1.3) 

alkenes: a family of unsaturated hydrocarbons contain¬ 
ing one or more double bonds; compounds with the em¬ 
pirical formula C„H2n for acyclic members with one dou¬ 
ble bond (2.1) 

alkoxide: an anion obtained by deprotonation of the OH 
group of an alcohol (8.3) 

alkyl group: a fragment derived from an alkane by re¬ 
moval of one hydrogen (1.5) 

alkyl halide: R—X (X = F, Cl, Br, I); a compound in 
which carbon is bonded to a halogen atom (3.12) 

alkylborane: a functional group in which carbon is at¬ 
tached to a trivalent boron atom (10.4) 

alkynes: a family of hydrocarbons containing a triple 
bond; compounds with an empirical formula C„H2„_2 
for acyclic members with one triple bond (2.4) 

alkynide anion: RC=CQ; an anion formed by deproton¬ 
ation of a terminal alkyne (8.4) 

allene: an unsaturated hydrocarbon containing two 
double bonds emanating in opposite directions from a 
common sp-hybridized carbon atom (2.4) 

allyl cation: a resonance-stabilized carbocation in which 
the vacant p orbital is adjacent to a 7r bond (3.6) 

allyl group: —CH2CH=CH2; an alkyl substituent in 
which the point of attachment is adjacent to a double 
bond (2.3) 

aluminate: a species containing an oxygen-aluminum 
bond (12.2) 

Alzheimer’s disease: a degenerative brain disease char¬ 
acterized by loss of memory and general brain function; 
its cause is not yet known (23.6) 

amantadine: an antiviral agent that prevents association 
of the virus particle with the host cell membrane (23.6) 

ambiphilicity: the tendency of a molecule XH to act as 
both an acid and a base (3.2) 

amide: RCONR2; a functional group in which a carbonyl 
carbon bears an alkyl or aryl group and an amino group 
(3.9) 

aminal: RCH(NR2)2; a functional group with one hy¬ 
drogen, an alkyl group, and two amino groups on one 
carbon atom; produced in the reaction of a secondary 
amine with an aldehyde (21.6) 

amine: an alkyl or aryl derivative of ammonia (3.1) 

a-amino acid: a compound in which an amino group 
and a carboxylic acid are attached to the same carbon 
atom (16.5) 

amino group: an NH2 substituent (3.1) 

ammonia: NH3; the simplest compound containing 
sp3-hybridized nitrogen (3.1) 

AMP: see adenosine monophosphate 

amylopectin: a highly branched, water-insoluble starch 
(16.5) 

amylose: see starch 

androgen: a male hormone (17.1) 

angle strain: the destabilization caused by deformation 
from normal bonding angles for atoms in a cyclic com¬ 
pound (1.4) 

anhydride: RC02C0R; a functional group in which two 
carbonyl carbons bearing alkyl or aryl groups are linked 
through an oxygen atom (3.9) 

aniline: C6H5NH2; amino-substituted benzene (3.11) 

anion: a negatively charged ion (3.2) 

anionic polymerization: the formation of a polymer by 
a process in which the growing end is a carbanion (16.4) 

annulation: formation of a ring on an existing ring 
(13.3) 

anomer: a stereoisomer of a cyclic hemiacetal, usually a 
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carbohydrate; anomers differ in configuration at the 
hemiacetal carbon (17.3) 

a anomer: a stereoisomer of the cyclic form of a carbo¬ 
hydrate in which the hydroxyl group at C-l is trans to the 
last carbon of the chain (axial in six-member cyclic car¬ 
bohydrates) (17.3) 

P anomer: a stereoisomer of the cyclic form of a carbo¬ 
hydrate in which the hydroxyl group at C-1 is cis to the 
last carbon of the chain (equatorial in six-member cyclic 
carbohydrates) (17.3) 

anomeric effect: the unusual favoring of the a, or axial, 
orientation (or, conversely, the disfavoring of the (3 
anomer) in an anomeric equilibrium (17.3) 

anomerization: the interconversion between the a and 
(3 anomers of a carbohydrate (17.3) 

anti addition: the formation of an addition product by 
delivery of an electrophile and a nucleophile to opposite 
faces of a double (or triple) bond (10.2) 

anti conformer: a conformational isomer in which two 
large groups on adjacent atoms are separated by a 180° 
dihedral angle (5.2) 

antiaromatic hydrocarbon: a planar, conjugated, cyclic, 
unsaturated hydrocarbon composed of sp2-hybridized 
carbon atoms, lacking the chemical stability of a Hiickel 
aromatic; most such systems contain 4n it electrons and 
are said to be conjugatively destabilized, although the 
choice of an appropriate model with which to compare 
them is not absolutely clear (2.3) 

antibodies: moderately sized peptide complexes that are 
responsible for alerting the immune system to the pres¬ 
ence of foreign substances (20.7) 

antibonding molecular orbital: a molecular orbital that, 
when occupied by electrons, destabilizes a molecule rela¬ 
tive to the separated atoms (2.1) 

anticodon: a sequence of three bases that complements 
the three-base codon in mRNA and selects for a particu¬ 
lar amino acid for protein synthesis (19.3) 

antifungal agent: a pharmaceutical that selectively at¬ 
tacks and destroys fungi (23.5) 

antihistamine: a compound that inhibits vasodilation by 
competing with histamine for binding at a physiologically 
active site (23.3) 

anti-Markovnikov regiochemistry: regiochemistry op¬ 
posite to that predicted by Markovnikov’s rule, occurring 
via an addition in which a proton is delivered to the more- 
substituted carbon and the nucleophile to the less-sub¬ 
stituted carbon of an alkene (10.3) 

antimetabolite: a compound that interferes with the 
synthesis of nucleic acids (23.8) 

antineoplastic: a chemical agent for treating cancer 
(23.8) 

anti-periplanar: a geometric relationship in which the 
bonds to substituents on adjacent atoms of a cr bond are 

coplanar, with a dihedral angle of 180°; the preferred 
geometry for an E2 elimination (9.3) 

applied field (Happ): the external magnetic field applied 
to a sample in a nuclear magnetic resonance spectrome¬ 
ter (4.3) 

aprotic solvent: a solvent molecule lacking a polar het¬ 
eroatom-hydrogen bond (3.5) 

arene: an aromatic hydrocarbon or derivative (2.3) 

aromatic hydrocarbons: a family of planar, sp2-hy¬ 
bridized, conjugated, cyclic, unsaturated hydrocarbons 
with unusual chemical stability; according to Huckel’s 
rule, such compounds contain 4n + 2 electrons in their 
77 systems (2.3) 

aromaticity: the special stability afforded by a planar 
cyclic array of p orbitals containing a Hiickel number 
(4n + 2) of electrons (2.3) 

Arrhenius equation: kobs = Ae~AHt/RT; mathematical 
correlation of the rate of a reaction with its activation en¬ 
ergy (5.2) 

arrow notation: use of half- or full-headed curved ar¬ 
rows to indicate electron motion in a reaction mechanism 
(7.2) 

arrow pushing: the use of curved arrows to describe the 
movement of electrons as a reaction proceeds (7.2) 

aryl group: an arene fragment lacking one substituent 
from a ring carbon (2.3) 

aryl halide: a functional group in which a halogen is at¬ 
tached to an arene ring (9.8) 

-ase: suffix descriptor for an enzyme; a biological cata¬ 
lyst for a specific transformation (17.3) 

atactic: stereochemical designator for a polymer with 
random orientation of groups at centers of chirality 
(16.7) 

atomic orbitals: the probability surfaces within which an 
electron associated with an atom is likely to be found (1.2) 

ATP: see adenosine triphosphate 

average bond energy: the typical energy of a specific type 
of bond; obtained from heats of formation (for example, 
the average bond energy of a C—H bond is obtained as 1/4 
of the heat required to convert methane to carbon and hy¬ 
drogen—that is, for CH4 -> C + 4 H, AH74 = 99 kcal/ 
mole; the average bond energy of a C—C bond was ob¬ 
tained by measuring the heat of formation of ethane and 
subtracting the bond energies of six C—H bonds) (3.3) 

axial: descriptor for a group pointing roughly orthogo¬ 
nally from the pseudoplane of a chair conformation (5.4) 

azo dyes: highly colored compounds containing the 
—N=N— linkage; among the first synthetic colorfast 
agents (11.3) 

AZT (azidothymidine): a nucleoside analog that binds 
tightly to the enzyme reverse transcriptase and thus 
blocks replication of RNA viruses, especially HIV (23.6) 
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back-side attack: approach of a nucleophilic reagent 
from the side opposite that from which the leaving group 
is displaced (7.4) 

Baeyer-Villiger oxidation: the transformation of a ke¬ 
tone into an ester by reaction with a peracid; the net 
change is the insertion of an oxygen atom between the 
carbonyl carbon and an adjacent carbon atom (14.3) 

ball-and-stick model: three-dimensional representation 
of a molecule in which bonds are sticks and atoms are 
spheres of different colors and sizes (1.2) 

base pairing: simple system of molecular recognition 
based on optimal hydrogen-bonding patterns between 
nucleic acid bases; for example, guanine with cytosine 
(G-C) and adenine with thymine (A-T) (19.3) 

base peak: the most intense peak in a mass spectrum 
(4.3) 

base-induced reaction: a chemical conversion in which 
a base that is required for the reaction is consumed as 
product is formed (12.5) 

baseline separation: an efficient chromatographic sepa¬ 
ration of two compounds in which the peaks detected as 
representative of elution of the component molecules do 
not overlap; that is, the detector response returns to the 
baseline between peaks (4.2) 

Beckmann rearrangement: the acid-catalyzed reaction 
through which the oxime of a ketone is converted to an 
amide in which one of the carbon substituents originally 
on the carbonyl carbon has migrated to nitrogen (7.1, 
14.2) 

benzenoid ring: a six-member ring in a polycyclic aro¬ 
matic compound that retains three formal double bonds 
(11.5) 

benzilic acid rearrangement: the anionic skeletal re¬ 
arrangement of an a-diketone to an cr-hydroxyacid, in¬ 
duced by treatment with aqueous hydroxide (14.1) 

benzopyrene: a cancer-causing agent that binds to DNA 
(23.8) 

benzyl cation: a resonance-stabilized carbocation in 
which the vacant p orbital is adjacent to an aryl ring (3.6) 

benzyl ether: a protecting group for an alcohol (15.8) 

benzyne: C6H4; a highly reactive cyclic compound re¬ 
lated to benzene but having two hydrogen atoms removed 
from adjacent ring positions (9.4) 

bidentate: descriptor for a compound with two ligating 
heteroatoms; from the Latin meaning “two teeth” (19.2) 

bilayer: a three-dimensional structure of two layers of 
lipids or surfactants in which the hydrocarbon tails point 
toward the interior and the polar groups are on the two 
surfaces, solvated by water (or another polar protic sol¬ 
vent); a bilayer is held together by the van der Waals at¬ 
tractive interactions between the hydrocarbon tails (17.1) 

bimolecular reaction: a reaction that requires a collision 
between two reactants in the rate-determining step (6.9) 

biochemical energy storage: the storage of energy in 
chemical bonds, often as anhydrides of phosphoric acid 
and reduced forms of redox cofactors (22.3) 

biochemical reducing agent: a cofactor that acts as a re¬ 
ducing agent, either by transferring a hydride equivalent 
or by providing electrons (21.3) 

biotin: vitamin H; a biological carrier of carbon dioxide 
(22.7) 

biradical: a chemical species bearing two noninteracting 
radical centers (2.1, 2.3) 

bis-acetal: a functional group in which one oxygen is 
shared by two acetal functional groups (17.3) 

blood type: one of four classifications of human blood 
cells differentiated by the identity of carbohydrate 
residues present on the cell surface (23.1) 

boat conformation: the eclipsed conformation of cyclo¬ 
hexane or an analogous six-atom cyclic compound in 
which the spatial placement of C-l and C-4 roughly re¬ 
sembles the bow and stern of a boat (5.4) 

bond alternation: a repeating sequence of short and long 
(single and double) bonds in an extended tt system (2.3) 

bond angle: the angle formed by two bonds intersecting 
at an atom; typically about 109.5° at an sp3-hybridized 
atom, 120° at an sp2-hybridized atom, and 180° at an sp- 
hybridized atom (1.2) 

bond dissociation energy: the quantity of heat con¬ 
sumed when a covalent bond is homolytically cleaved 
(3.6) 

bond length: the equilibrium distance between two co¬ 
valently bonded atoms (1.2) 

bonding molecular orbital: a molecular orbital that, 
when occupied by electrons, stabilizes a molecule relative 
to the separated atoms (2.1) 

borate: a species containing one or more oxygen-boron 
bonds (12.2) 

bovine spongiform encephalopathy (BSF): a disease of 
cattle thought to be caused by a prion (also called mad 
cow disease) (23.7) 

branched polymer: a macromolecule in which chemical 
bonds interconnect chains, forming a complex, three-di¬ 
mensional network (16.2) 

bridgehead atom: an atom that is common to both rings 
in a bicyclic (or multicyclic) compound (5.4) 

bromonium ion: a three-member cyclic intermediate in 
which bromine bears a formal positive charge; formed by 
the addition of Br® (or a source of this species) to an 
alkene (10.2) 

Bronsted acid: a proton (H®) donor (3.2) 

Bronsted base: a proton (H®) acceptor (3.2) 

f-butyl ester: a protecting group for a carboxylic acid 
(15.8) 

n-butyl group: —(CH2)3CH3; an unbranched four-car- 
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bon alkyl group attached through the primary carbon 
(1.5) 

s-butyl group: —CH(CH3)CH2CH3; a four-carbon alkyl 
chain attached through the secondary carbon (1.5) 

t-butyl group: —C(CH3)3, a four-carbon alkyl group at¬ 
tached through the tertiary carbon (1.5) 

Cahn-Ingold-Prelog rules: rules used in specifying ab¬ 
solute stereochemistry (5.6) 

calorimeter: a device with which the heat released or 
consumed in a chemical reaction can be accurately mea¬ 
sured (1.6) 

Cannizzaro reaction: the conversion of an aldehyde 
lacking a hydrogens to equal amounts of the corre¬ 
sponding carboxylic acid and alcohol upon treatment 
with sodium hydroxide or potassium hydroxide (12.3) 

capsid: the coating of protein surrounding the genetic 
core of a virus (23.6) 

carbamate: see urethane 

carbanion: a negatively charged trivalent carbon bearing 
an unshared electron pair (6.4) 

carbene: a neutral reactive intermediate in which a car¬ 
bon atom bears two cr bonds and two unshared electrons 
and contains only six electrons in its outer shell (6.4) 

carbocation: a positively charged trivalent carbon atom 
containing only six electrons in its outer shell (3.6) 

carbocation stability: 3° > 2° > 1° (3.6) 

carbohydrate: a polyhydroxylated aldehyde or ketone 
with the molecular formula Cm(H20)„ (16.5, 17.3) 

carbon-carbon bond-forming reaction: a chemical 
transformation in which two previously unconnected car¬ 
bon atoms become covalently bonded (15.1) 

carbonium ion: see carbocation 

carbonyl group: C=0; a functional group containing a 
carbon-oxygen double bond (3.8) 

carbowax: a synthetic polyethylene glycol) (16.4) 

carboxylic acid: RC02H; a functional group in which a 
carbonyl carbon bears an alkyl or aryl group and an OH 
group (3.9) 

carboxylic acid anhydride: see anhydride 

carcinogens: cancer-inducing agents (2.3) 

catalyst: a reagent that facilitates a reaction without it¬ 
self ultimately forming chemical bonds in the product or 
appearing in the stoichiometric equation describing the 
reaction; a catalyst is recovered unchanged after a reac¬ 
tion, but is needed for the reaction to proceed at a rea¬ 
sonable rate (2.1, 7.1) 

catalytic antibody: a protein expressed by the immune 
system of an organism in response to the injection of a 
transition-state analog of a desired reaction (20.7) 

catalytic cycle: the complete sequence of steps by which 

a chemical transformation is accelerated in the presence 
of a catalyst (20.7) 

catalytic hydrogenation: a reaction catalyzed by a het¬ 
erogeneous catalyst (usually a noble metal) in which hy¬ 
drogen is added across one or more multiple bonds (2.1, 
7.1) 

cation: a positively charged ion (3.5) 

cationic polymerization: the formation of a polymer by 
a process in which the growing end is a carbocation (16.4) 

cellulose: a water-soluble biopolymer that contains 
3000-5000 glucose units connected exclusively by /3 link¬ 
ages (16.5) 

cellulose acetate: an optically transparent polymer ob¬ 
tained by treating cellulose with acetic anhydride, which 
converts many of the polysaccharide hydroxyl groups to 
acetate esters (16.5) 

center of chirality: a tetrahedral atom (usually carbon) 
bearing four different groups (5.5) 

chain reaction: a chemical conversion in which one of 
the products is a reactive species that initiates another cy¬ 
cle; a reaction that, after initiation, repeats a cycle of prop¬ 
agation steps until one of the reactants is consumed (7.6) 

chair conformation: the staggered conformation of cy¬ 
clohexane or an analogous six-atom cyclic compound 
roughly resembling the back, seat, and footrest of a chair 
(5.4) 

charge-relay mechanism: a reaction in which some mol¬ 
ecule, often water, transfers a proton (and, therefore, 
charge) from one position to another in the same mole¬ 
cule or in another molecule, where direct transfer is im¬ 
possible because of the spatial orientation of and the dis¬ 
tance separating the two sites (20.2) 

charge separation: the development of centers of posi¬ 
tive and negative charge upon interaction of neutral 
reagents (20.2) 

chemical bond: an energetically favorable interaction 
between two atoms induced by a pair of electrons mutu¬ 
ally attracted to both nuclei or by electrostatic attraction 
between two ions (1.2) 

chemical shift: the magnitude of the change of the ob¬ 
served resonance energy for a given nucleus relative to 
that observed for a standard (usually, tetramethylsilane); 
the position on an NMR spectrum at which a given nu¬ 
cleus absorbs (4.3) 

chemotherapeutic index: the ratio of a drug’s toxicity to 
the host to that for the invading organism (23.1) 

chiral: lacking a mirror plane through any conformation 
(5.5) 

chiral center: see center of chirality 

chiral molecule: a molecule that lacks an internal plane 
of symmetry and is not superimposable on its mirror im¬ 
age; the most common indicator of chirality is the presence 
of a carbon atom bonded to four different groups (5.5) 
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chiral recognition: specific, reversible interaction be¬ 
tween two chiral molecules based on three-point contact, 
the interaction being different for the different diastereo- 
meric pairings (19.4) 

chirality: “handedness”; a property of an object or a 
molecule that makes it not superimposable on its mirror 
image (5.5) 

chlorambucil: a nitrogen mustard used in cancer 
chemotherapy (23.8) 

chloronium ion: a three-member cyclic intermediate in 
which chlorine bears a formal positive charge; formed by 
the addition of Cl® (or a source of this species) to an 
alkene (10.2) 

chlorosulfite ester: an intermediate in the conversion of 
an alcohol to an alkyl halide with thionyl chloride (8.3) 

chromate oxidation: oxidation with Cr ©, often of alco¬ 
hols to aldehydes, ketones, or carboxylic acids, which is 
accompanied by a color change of the inorganic reagent 
from red-orange to green (Cr©) (9.9) 

chromatogram: a plot of a detector’s response as a func¬ 
tion either of the volume of effluent flowing through the 
column or of time (4.2) 

chromatographic resolution: the degree of separation of 
a mixture of compounds (4.2) 

chromatographic separation: the isolation of individual 
components of a mixture through a chromatographic 
technique (4.2) 

chromatography: the technique by which components 
of a mixture are partitioned between two different phases, 
thus attaining separation because of a difference in solu¬ 
bility of the component molecules in each phase (4.1) 

cis isomer: a geometric isomer in which the largest 
groups are on the same side of a double bond or ring (1.5, 
2.1) 

cisplatin: (H3N)2PtCl2; a DNA cross-linking agent used 
in cancer chemotherapy (23.8) 

citric acid cycle: see tricarboxylic acid cycle 

Claisen condensation: reaction producing a /3-ketoester 
upon treatment of an ester with base (13.4) 

Claisen rearrangement: a pericyclic reaction in which 
allyl vinyl ether is converted to a rearranged /3,y-enone; 
sometimes called an oxa-Cope rearrangement (14.3) 

Clemmensen reduction: the reduction of a ketone to a 
methylene group by treatment with zinc in HC1 (11.2) 

codon: a three-base sequence on mRNA that specifies the 
amino acid to be used in protein synthesis and is com¬ 
plementary to the anticodon on tRNA (19.3) 

coenzyme A (CoA): a complex thiol that, as a thiol ester 
derivative, accelerates nucleophilic acyl substitution in 
several biochemical transformations (21.5) 

cofactor: a recyclable biological reagent (21.3) 

column chromatography: liquid chromatography con¬ 
ducted with an open chromatography column through 
which the eluent flows in response to gravity (4.2) 

combustion: burning in air (1.6) 

complementary: descriptor for a favorable hydrogen¬ 
bonding interaction between bases in DNA and/or RNA 
(19.3) 

complex metal hydride: a reagent in which hydride is 
bonded to boron or aluminum and which is soluble in 
organic solvents, providing the equivalent of the hydride 
ion in nucleophilic reactions; the most common exam¬ 
ples are NaBH4, LiAlH4, and NaBH3(CN) (12.2) 

complex metal hydride reduction: the use of a complex 
metal hydride to convert an aldehyde to the correspond¬ 
ing primary alcohol, a ketone to a secondary alcohol, an 
ester to a primary alcohol, an imine to an amine, or an 
amide to an amine (12.2) 

concerted reaction: a reaction that proceeds directly 
from reactant to product through a single transition state 
and without intermediates (6.1) 

condensation polymer: a macromolecule produced in a 
polymerization in which a small molecule is formed as a 
by-product (16.5) 

condensation reaction: a chemical conversion in which 
two molecules combine to form a more complex prod¬ 
uct, with the loss of a small molecule, usually water or an 
alcohol (7.1) 

configurational isomers: stereoisomers that can be in- 
terconverted only by the breaking and reforming of a co¬ 
valent bond (5.1) 

conformational analysis: an energetic description of a 
conformational interconversion that relates the relative 
atomic positions to the changes in potential energy dur¬ 
ing rotation about a cr bond (5.2) 

conformational anchor: a substituent (usually large) 
that so strongly prefers the equatorial position that it 
blocks conformational flipping of the six-member ring to 
which it is attached (5.4) 

conformational isomers: stereoisomers that can be in- 
terconverted by rotation about a cr bond (1.3, 5.2) 

conformational lock: see conformational anchor 

conformer: a conformational isomer (5.2) 

conjugate acid: a species obtained by the addition of a 
proton to a Bronsted base (3.2, 6.8) 

conjugate addition: the addition of a reagent across a 
four-carbon conjugated 77 system, producing a 1,4 adduct 
and a double bond between C-2 and C-3 (10.2) 

conjugate base: a species obtained by the removal of a 
proton from a Bronsted acid (6.8) 

conjugated diene: a diene with an array of p orbitals on 
adjacent atoms, that is, one in which the double bonds 
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comprising the tt system interact directly without inter¬ 
ruption by an intervening sp3-hybridized atom (2.2) 

conjugation: formation of a series of alternating single 
and double bonds along a carbon chain with adjacent p 
orbitals (2.2) 

connectivity: representation of the attachments of atoms 
in a molecule (1.2) 

constitutional isomers: compounds with the same mo¬ 
lecular weight but with their atoms connected in differ¬ 
ent sequences (2.1, 5.1) 

convergent synthesis: a branched synthesis in which two 
or more synthetic intermediates react with each other 
(15.6) 

Cope rearrangement: a [3,3] sigmatropic shift by which 
a new carbon-carbon cr bond is formed between C-l and 
C-6 in a substituted 1,5-hexadiene at the same time as the 
bond between C-3 and C-4 is broken, with both 7r bonds 
shifting to take up new positions between different car¬ 
bon atoms (14.1) 

coupling: the interaction of the magnetic spin of a nu¬ 
cleus with that of one or more neighboring nuclei, caus¬ 
ing a nuclear magnetic resonance spectroscopy (NMR) 
signal to be split into a characteristic pattern reflecting the 
number of magnetically active neighboring nuclei (4.3) 

coupling constant: the magnitude of splitting of an 
NMR signal by one or more magnetically active neigh¬ 
boring nuclei (4.3) 

covalent catalysis: an accelerated chemical reaction in 
which the substrate becomes temporarily bound through 
a covalent linkage to an active site on the catalyst (20.7) 

crossed aldol condensation: an aldol condensation be¬ 
tween two different carbonyl compounds (13.3) 

crossed Claisen condensation: a Claisen condensation 
between two different esters (13.4) 

cross-linking: the covalent interconnections between 
polymer chains that result in creation of a three-dimen¬ 
sional network; the process in which a bifunctional mol¬ 
ecule is incorporated in two separate polymer chains 
(16.2, 16.6) 

cumulated diene: a diene in which the two orthogonal 
double bonds share a common carbon atom (2.2) 

cyanide ion: eC=N (8.4) 

cyano group: R—C=N; a functional group with a car¬ 
bon-nitrogen triple bond (also called a nitrile group) (3.4) 

cyclic: containing one or more rings (1.4) 

cyclic bromonium ion: see bromonium ion 

cyclic chloronium ion: see chloronium ion 

cyclic halonium ion: see halonium ion 

cycloaddition reaction: a pericyclic reaction that com¬ 
bines two separate tt systems into a cyclic product (14.1) 

cycloalkanes: saturated hydrocarbons containing one or 
more rings; in the empirical formula for a cycloalkane two 

hydrogens per ring are subtracted from that for an acyclic 
alkane (CnH2n+2) (1.4) 

cyclophosphamide: a nitrogen mustard used in cancer 
chemotherapy (23.8) 

cyclopropane: C3H6; the simplest cycloalkane (1.4) 

cycloreversion: a pericyclic reaction in which a cyclic 
molecule fragments into two or more smaller u systems 
(14.1) 

cytosine: C4H5N3O; a biologically important heteroaro¬ 
matic base (3.11) 

d: relative stereochemical designator for a molecule with 
positive (dextrorotatory) rotation; from the Greek for 
“right-rotating’1 (5.8) 

d: absolute stereochemical descriptor that relates sub¬ 
stituent disposition at a given center of chirality to that 
in natural D-glyceraldehyde (5.8) 

d,h indicator for an optically inactive racemic modifica¬ 
tion (5.8) 

d,l: absolute stereochemical descriptors that relate sub¬ 
stituent disposition at a center of chirality to that in d- 
and L-glyceraldehyde; refers to a racemic mixture when 
used together as d,l (17.3) 

Dacron: a commercial polyester produced by linking di¬ 
methyl terephthalate with ethylene glycol (16.5) 

daunorubicin: a DNA binding agent used in cancer 
chemotherapy (23.8) 

decalin: bicyclo [4.4.0] decane; two fused six-carbon rings 
(5.4) 

decarboxylation: the loss of CO2, usually from a car¬ 
boxylic acid (13.5) 

degenerate rearrangement: a skeletal rearrangement in 
which the breaking and forming of bonds leads to a prod¬ 
uct that is chemically identical to the reactant (14.1) 

dehalogenation: the formal loss of X2 from a dihalide 
(9.6) 

dehydration: the formal loss of water, usually from an 
alcohol (3.5, 7.1, 9.5) 

dehydrobromination: the loss of HBr from an alkyl bro¬ 
mide (9.3) 

dehydrohalogenation: the formal loss of HX from an 
alkyl halide (7.1) 

deinsertion reaction: a reaction in which an atom, often 
a transition metal covalently associated with two groups, 
is removed as the two groups become covalently bonded 
to each other; the opposite of an insertion reaction (20.6) 

delocalization: the spreading of it electron density over 
an entire 7r system (2.3) 

deoxy-: prefix indicating that an oxygen-containing 
functional group (often OH) has been replaced by a O-H 
bond (17.3) 
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deoxyribonucleic acid: see DNA 

deoxyribose: a sugar unit found in the backbone of DNA 
(17.3) 

depsipeptide: a compound with both ester and peptide 
linkages (23.5) 

detector: a device that produces a signal in response to 
the presence of a substance of interest (4.2) 

dextrorotatory: see d 

diastereomers: stereoisomers that are not mirror images 
of one another (5.8) 

1,3-diaxial interaction: the steric interaction between 
axial substituents bonded to carbon atoms in a six-mem¬ 
ber ring, resulting in destabilization (5.4) 

diazo coupling: the connection of two aromatic rings 
through an azo linkage, usually via electrophilic attack on 
one ring by an aryl diazonium salt (11.3, 23.5) 

diazonium salt: [Ar—N=N]® X0; prepared by treat¬ 
ment of a primary aniline with nitrous acid, HN02 (11.3) 

diazotization: the conversion of a primary aniline to a 
diazonium salt (11.3) 

/3-dicarbonyl compound: a functional group containing 
two carbonyl groups attached to a common atom (13.5) 

Dieckmann condensation: an intramolecular variant of 
the Claisen condensation (13.4) 

Diels-Alder reaction: the concerted cyclization of a con¬ 
jugated diene and an alkene (called a dienophile) to pro¬ 
duce a cyclohexene; the most frequently encountered 
[4 + 2] cycloaddition (6.6) 

dienes: compounds containing two double bonds (2.2) 

dienophile: in a Diels-Alder reaction, the alkene that re¬ 
acts with a diene (6.6) 

digonal: descriptor for a carbon atom with only two 
bonds (6.4) 

dihedral angle: the angle formed by two intersecting 
planes (5.1) 

dimer: a molecule containing most or all of the atoms of 
two molecules of a starting material (10.3) 

dimethylallyl pyrophosphate: an isomer of isopentenyl 
pyrophosphate that is involved in terpene biosynthesis and 
has the formula (CH3)2CH—CHCH20P03P03© (17.2) 

dipolar aprotic solvent: see polar protic solvent 

dipole-dipole interaction: the intermolecular attraction 
or repulsion deriving from the electrostatic forces be¬ 
tween bond dipoles in two interacting molecules (19.1) 

dipole moment: the vector pointing from the center of 
positive charge to the center of negative charge in a mol¬ 
ecule (3.2) 

directive effect: a substituent effect that influences the 
regiochemistry of a reaction (11.3) 

disaccharide: a dimer in which two carbohydrate units 
are joined through an acetal or ketal linkage (17.4) 

disease state: unnatural condition of an organism caused 
by under- or overproduction of a critical biochemical, in¬ 
vasion by an alien living species that produces substances 
that are toxic to the host, or too rapid growth of part of 
the organism (23.1) 

disproportionation: a reaction in which a species of in¬ 
termediate oxidation level is converted to equal amounts 
of a more oxidized and a more reduced product (12.2) 

diterpene: a terpene containing 20 carbon atoms; de¬ 
rived from four isoprene units (17.1) 

dithiane: a dithioacetal or dithioketal (21.8) 

dithioacetal: RCH(SR)2; a functional group that has one 
hydrogen, an alkyl group, and two sulfide groups on one 
carbon atom and is produced in the reaction of a thiol 
with an aldehyde (21.8) 

dithioketal: R2C(SR)2; a functional group that has two 
alkyl groups and two sulfide groups on one carbon atom 
and is produced in the reaction of a thiol with a ketone 
(21.8) 

DNA: deoxyribonucleic acid; the principal genetic infor¬ 
mation storage unit, which is found in cell nuclei; a 
biopolymer composed of deoxyribonucleotide units 
linked through a sugar-phosphate backbone (17.3) 

DNA cross-linkers: compounds that covalently bond to 
both strands of the double helix of DNA, linking them 
together and blocking replication (23.7) 

double bond: a a and a tt bond between sp^-hybridized 
atoms (2.1) 

doublet: a two-line multiplet on an NMR spectrum (4.3) 

downfield: descriptor for the chemical shift of a nucleus 
that resonates at a higher 8 value than a reference nucleus; 
shifted to a lower frequency, or deshielded; left-hand por¬ 
tion of an NMR spectrum (4.3) 

doxorubicin: a DNA binding agent used in cancer 
chemotherapy (23.7) 

El reaction: a unimolecular heterolytic elimination re¬ 
action in which breaking of the C—LG cr bond, with the 
formation of a carbocation, is the rate-determining step 
(9.4) 

ElcB reaction: a unimolecular heterolytic elimination 
reaction in which loss of a leaving group from the de- 
protonated form (anionic conjugate base) of the neutral 
substrate is the rate-determining step (9.2) 

E2 reaction: a bimolecular concerted elimination reac¬ 
tion in which bonds to both the proton and leaving group 
are broken in the rate-determining step (9.3) 

early transition state: a reactant-like transition state 
(6.3) 

eclipsed conformation: a spatial arrangement in which 
each cr bond at one carbon atom is coplanar with a a 
bond on an adjacent atom (dihedral angle = 0°); when 
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viewed in a Newman projection, the conformation has 
bonds aligned on adjacent atoms (5.2) 

effective collision: a collision between two reactants with 
the correct orientation and with sufficient energy to over¬ 
come the activation energy barrier (6.9) 

effective field (Heff): the net magnetic field at a nucleus 
of interest in NMR; differs from the applied field by the 
tiny local magnetic field (ffioc) induced by the electron 
cloud surrounding the nucleus (4.3) 

.E-isomer: a geometric isomer in which the groups of 
highest priority are on opposite sides of a double bond; 
from the German entgegen, “opposite” (2.1) 

electrocyclic reaction: a concerted, pericyclic, intramo¬ 
lecular ring-forming reaction (14.1) 

electromagnetic radiation: particles (called photons) or 
waves traveling at the speed of light; includes infrared, 
visible, ultraviolet, and x-rays (4.3) 

electron acceptor: a group that withdraws electron den¬ 
sity from an attached atom (11.4) 

electron configuration: an atomic orbital description of 
the electrons associated with a given atom (1.2) 

electron donor: a group that releases electron density to 
an attached atom (11.4) 

electronegativity: the tendency of an atom to attract 
electrons, thus polarizing a covalent bond (1.2) 

electronic effect: the perturbation of molecular proper¬ 
ties by shifts in electron density due to a substituent (11.4) 

electrophile: an electron-deficient reagent that attacks 
centers of electron density; from the Greek electros, “elec¬ 
tron,” and philos, “loving” (3.7) 

electrophilic addition: a chemical reaction in which a 
C=C it bond is replaced by two cr bonds upon reaction 
with an electrophilic reagent, often a proton, followed by 
addition of a nucleophile (7.5, 10.1) 

electrophilic aromatic substitution: see electrophilic 
substitution 

electrophilic substitution: the replacement of a sub¬ 
stituent (usually hydrogen) on an aromatic ring upon 
interaction of the tt system with an active electrophile 
(11.1) 
electrophilicity: the tendency of an atom, ion, or group 
of atoms to accept electron density from a carbon center 

(3.7) 

electrophoresis: the migration of a charged molecule 
under the influence of an electric field; used to separate 
charged organic species, often proteins, nucleic acids, and 
other polyelectrolytes (4.2) 

electrostatic attraction: the favorable interaction be¬ 
tween two species of opposite charge (1.2) 

electrostatic repulsion: the unfavorable interaction be¬ 
tween two species of like charge (1.2) 

elimination: a chemical reaction in which two groups on 

adjacent atoms are lost as a double bond is formed (7.1, 
9.1) 

eluent: the mobile phase in liquid chromatography (4.2) 

elution: the motion of solute and solvent through the 
stationary phase in a chromatography column (4.2) 

elution time: the time required for a given compound to 
pass through a chromatography column (4.2) 

empirical formula: quantitative description of the rela¬ 
tive proportion of elements present in a compound in 
smallest whole numbers (1.3) 

enantiomeric excess: the predominance of one enan¬ 
tiomer over the other (5.7) 

enantiomers: stereoisomers related to each other as non- 
superimposable mirror images; stereoisomers with op¬ 
posite configuration at each center of chirality (5.5) 

enantiotopic: descriptor for identical groups that lie on 
opposite sides of the plane of symmetry of an achiral mol¬ 
ecule (22.8) 

endergonic reaction: a chemical transformation for 
which free-energy input is needed; a reaction in which 
the free-energy content of the products is higher than 
that of the reactants (see also endothermic reaction) 
(6.1) 

endorphin: a natural pentapeptide that is found in the 
brain in extraordinarily low concentration and induces 
euphoria or blocks pain; the name is derived from en¬ 
dogenous morphine (23.4) 

endothermic: requiring input of energy (3.6) 

endothermic reaction: a chemical conversion with a 
positive enthalpy change (see also endergonic reaction) 
(6.1) 

enediol: a functional group bearing two hydroxyl groups 
on the carbons of a double bond (22.10) 

energy barrier: the amount of energy required to reach 
the most unfavorable point along the path followed in the 
conversion of one species to another (5.1) 

energy diagram: a graphic representation of the change 
in free energy (or enthalpy) encountered during the 
course of a reaction (6.1) 

energy of activation: see activation energy 

enkephalin: a pentapeptide endorphin (23.4) 

enol: a functional group in which a hydroxyl group is at¬ 
tached to an alkenyl carbon (6.2) 

enolate anion: a resonance-stabilized anionic intermedi¬ 
ate obtained by removal of a proton from the a position 
of a carbonyl compound or the OH group of an enol (6.2) 

enolization: keto to enol tautomerization; conversion of 
a ketone or aldehyde to its enol form (13.1) 

entgegen: see E-isomer 

enthalpy: heat of reaction (5.1) 

enthalpy change (AH°): heat of reaction; the difference 
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between the bond energies of the reactants and those of 
the products (5.1) 

entropy: disorder; free motion (5.1) 

entropy change (A S°): the difference in disorder between 
reactants and products (5.1) 

enyne: an organic compound containing a double bond 
and a triple bond (2.4) 

enzyme: a protein that functions as a biological catalyst 
(17.4) 

enzyme catalysis: the acceleration of a chemical reaction 
by reversible association of a substrate with an enzyme 
active site (20.7) 

epoxidation: the preparation of an epoxide from an 
alkene (10.4) 

epoxide: a three-member cyclic compound containing 
oxygen (10.4) 

epoxy resin: a structurally rigid material obtained by 
cross-linking a diol with epichlorohydrin (16.6) 

equatorial: descriptor for a group lying roughly parallel 
with the pseudoplane of a chair conformation (5.4) 

equilibrium: the state in which the forward rate of an 
ideally reversible reaction is equal to the reverse rate (5.2) 

equilibrium constant: K = [C] [D]/[A] [Bj; a measure of 
the equilibrium position of the reaction A + B = C + D; 
the ratio of the forward and reverse rate constants of a 
reversible reaction at equilibrium (6.7) 

ester: RC02R; a functional group in which a carbonyl 
carbon bears an OR group (3.9) 

ester enolate anion: a resonance-stabilized anionic 
species obtained by removal of a proton from the a po¬ 
sition of an ester (13.1) 

estrogen: a female hormone (17.1) 

ethane: C2H6; the simplest saturated hydrocarbon con¬ 
taining a C—C bond (1.3) 

ethene: C2H4; the simplest unsaturated hydrocarbon 
containing a double bond between sp2-hybridized carbon 
atoms (also called ethylene) (2.1) 

ether: a functional group in which two alkyl or aryl 
groups are attached to an sp3-hybridized oxygen atom 
(3.5) 

ethyleneglycol: HOCH2CH2OH (16.4) 

ethylene oxide: C2H40; the simplest epoxide (8.4) 

ethyne: HC=CH; the simplest alkyne containing a triple 
bond (also called acetylene) (2.4) 

excited state: an electronic configuration with a higher 
energy content than the ground state; often produced by 
absorption of a photon, which promotes an electron from 
a bonding or nonbonding molecular orbital to an anti¬ 
bonding molecular orbital (4.3) 

exergonic reaction: a reaction in which free energy is re¬ 
leased, that is, in which the total free energy content of 
the products is lower than that of the reactants (6.1) 

exothermic reaction: a chemical conversion with a neg¬ 
ative enthalpy change (6.1) 

extraction: the selective partitioning of a compound be¬ 
tween two immiscible liquids, often a nonpolar organic 
phase and an aqueous or alcoholic phase (4.2) 

FAD: flavin adenine dinucleotide; a cofactor used for the 
electron-transfer oxidation of, for example, a saturated to 
an a,jS-unsaturated thiol ester in fatty acid degradation 
(21.4) 

FADH2: flavin adenine dinucleotide (reduced form); a 
cofactor used for the electron-transfer reduction of, for 
example, an a,/3-unsaturated thiol ester in fatty acid syn¬ 
thesis (21.4) 

fat: a fatty acid ester of glycerol (17.1) 

fatty acid: a long, straight-chain carboxylic acid con¬ 
taining an even number of carbon atoms (17.1) 

fatty acid biosynthesis: the biosynthetic pathway by 
which acetate (as acetyl CoA) is converted to a long-chain, 
unbranched carboxylic acid through a series of Claisen- 
like condensations and reductions (21.4) 

fatty acid degradation: the biosynthetic pathway by 
which long-chain, unbranched carboxylic acids are con¬ 
verted to acetyl CoA through a series of retro-Claisen-like 
condensations (22.7) 

feedback: a process by which a product serves to regu¬ 
late its own rate of formation; often accomplished 
through partial product inhibition of enzyme catalysis 
(20.7) 

fingerprint region: the region in an infrared spectrum 
(400 cm-1 to about 1100 cm-1) that usually exhibits a 
series of complex, low-energy bands that are characteris¬ 
tic of a specific molecule (rather than a functional group) 
(4.3) 

Fischer projection: a type of notation used to indicate 
absolute configuration, in which the intersection of two 
lines indicates the position of a chiral carbon, with hor¬ 
izontal lines indicating substituents directed toward the 
observer and vertical lines indicating substituents di¬ 
rected away from the observer (5.8) 

flagpole hydrogens: the two hydrogens that are located 
in a 1,4-relationship on a boat cyclohexane and point at 
each other (5.4) 

flame ionization detector: a gas chromatography detec¬ 
tor that senses the presence of ions that are generated as 
the effluent from the column is burned in a hydrogen 
flame (4.2) 

fluid mosaic: a term used to indicate the mobile nature 
of lipid bilayers (17.1) 

5-fluorouracil (5-FU): an antimetabolite used in cancer 
chemotherapy (23.8) 

formal charge: a construct used to describe electron dis¬ 
tribution in a molecule by comparing the number of va- 
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fence electrons in a neutral atom with the sum of the 
number of unshared electrons plus half the number of 
shared electrons available to that atom; difference be¬ 
tween the number of electrons accessed by an atom in a 
molecule and in its elemental state (1.2) 

formulation: the final preparation of a pharmaceutical 
in a form acceptable for delivery to the target organ or 
organism (23.3) 

formyl anion: HC=Oe; an anion produced by depro¬ 
tonation of formaldehyde (21.7) 

fragmentation pattern: the specific set of ion fragments 
obtained by bombarding a neutral molecule with high- 
energy electrons in a mass spectrometer (4.3) 

free energy: a state property of a system, with contribu¬ 
tions from both enthalpy (H°) and entropy (S°); a mea¬ 
sure of the potential energy of a molecule or group of 
molecules (6.1) 

free rotation: the motion attained when orbital overlap 
is unaffected by rotation about the internuclear axis of a 
(T bond (1.2) 

free-energy change (A G°): a measure of the potential en¬ 
ergy change during a chemical reaction; includes enthalpy 
(AH°) and entropy (AS°) components; AG° = AH° — 
TAS° = —RT\n K (6.1, 6.6) 

free-radical halogenation: a homolytic substitution of 
halogen for hydrogen, often in an alkane (7.6) 

Friedel-Crafts acylation: the reaction of a carboxylic 
acid chloride with an aromatic compound in the presence 
of a Lewis acid, resulting in the replacement of a hydro¬ 
gen by an acyl substituent (11.2) 

Friedel-Crafts alkylation: the reaction of an alkyl halide 
with an aromatic compound in the presence of a Lewis 
acid, resulting in the replacement of a hydrogen by an 
alkyl substituent (11.2) 

full-headed curved arrow: used to indicate the move¬ 
ment of an electron pair (3.6) 

functional group: a site at which a molecule undergoes 
characteristic and selective chemical reactions (2.1) 

functional-group compatibility: a characteristic of a 
reagent or reaction that is sufficiently chemically selective 
so that only the desired functional group (of the several 
present in the molecule) interacts with the reagent (15.7) 

functional-group transformation: a chemical reaction 
in which one functional group is changed into another 
(15.1) 

fur an: C4H4O; a five-atom cyclic heteroaromatic mole¬ 
cule containing oxygen (3.11) 

furanose: a carbohydrate containing a five-member 
cyclic hemiacetal (17.3) 

Gabriel synthesis: the synthesis of a primary amine by 
alkylation of phthalimide anion, followed by treatment of 

the resulting N-alkylphthalimide with hydrazine (8.3) 

j6-galactosidase: an enzyme that catalyzes the hydrolysis 
of the (3 linkage between galactose and another carbohy¬ 
drate (17.3) 

gas chromatography: a chromatographic technique in 
which a vaporized sample is carried by a gaseous mobile 
phase over a stationary phase (usually either a solid or a 
solid coated with a nonvolatile liquid) (4.2) 

gauche conformer: a conformational isomer in which 
two large groups on adjacent atoms are separated by a 60° 
dihedral angle (5.2) 

gel electrophoresis: a separation technique that uses an 
electric field to induce movement of polyelectrolytes 
through a gel (see also electrophoresis) (4.2) 

geminal diol: a functional group bearing two —OH sub¬ 
stituents on the same carbon atom (see also hydrate) 
(12.3) 

genetic code: a system of information storage, tran¬ 
scription, and translation based on complementary base 
pairing in DNA; the sequence of base pairings in 
DNA-RNA transcription (19.3) 

geometric isomerization: a chemical conversion in 
which geometric isomers are interconverted (7.1) 

geometric isomers: isomers with the same connectivity 
along the backbone, but different spatial disposition of 
one or more groups around a bond with restricted rota¬ 
tion; cis-trans isomers (2.1, 5.1) 

glass: a polymer based on a three-dimensional network 
of tetrahedrally arranged silicon atoms linked by oxygen 
(16.4) 

glucoside: a cyclic derivative of glucose in which the 
C-l hemiacetal hydroxyl group of glucose has been re¬ 
placed by an alkoxy group (17.3) 

D-glyceraldehyde: (2J?)-propanal-2,3-diol; a triose car¬ 
bohydrate that serves as a reference compound for stere¬ 
ochemical designation of sugars (17.3) 

glycerol: 1,2,3-propanetriol (17.1) 

glycol: a 1,2- or 1,3-diol (16.4) 

glycolysis: the breakdown of carbohydrates, in which a 
retro-aldol-like reaction is a key step (22.10) 

tr-glucosidase: an enzyme that catalyzes the cleavage of 
a-glucosidic linkages (17.3) 

glycoside: a cyclic acetal derivative of a carbohydrate in 
which the hemiacetal (or hemiketal) hydroxyl group has 
been replaced by an alkoxy group (17.3) 

Grignard reagent: a reagent in which carbon is directly 
bonded to magnesium (8.4) 

ground state: the most stable, lowest-energy electron 
configuration (4.3) 

guanine: C5H5N50; a biologically important heteroaro¬ 
matic base (3.11) 
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H2 blocker: a compound that interferes with binding to 
certain receptor sites, for example, those that stimulate 
acid production in the stomach (23.3) 

hadacidin: an antimetabolite that interferes with the 
biosynthesis of adenosine; used in cancer chemotherapy 
(23.8) 

half-chair: a high-energy conformation that represents 
the transition state in converting from a chair to a boat 
conformation and has all but one atom of the ring in the 
same plane (5.4) 

half-headed curved arrow: used to indicate the move¬ 
ment of a single electron (3.6) 

haloform reaction: the conversion of a methyl ketone to 
the corresponding carboxylic acid and haloform (CHX3) 
upon treatment with aqueous base and dihalogen (13.1) 

halogenation: the formal addition of dihalogen to an 
alkene (10.2) 

halonium ion: a three-member cyclic intermediate in 
which a halogen (usually bromine or chlorine) bears a 
formal positive charge; formed by the reaction of X® with 
an alkene (10.2) 

Hammond postulate: an assertion that a transition state 
most closely resembles the stable species that lies closest 
to it in energy (6.3) 

hard: descriptor for a charge-intensive reagent; often ap¬ 
plied to nucleophiles, electrophiles, acids, and bases (13.3) 

hatched line: in a line structure, a graphic representation 
indicating a group or atom positioned away from the ob¬ 
server (1.2) 

heat of combustion: the heat released when one mole of 
a compound is completely oxidized to C02 and H20 (1.6) 

heat of formation: a theoretical description of the en¬ 
ergy that would be released if a molecule were formed 
from its component elemental atoms in their standard 
states (1.6) 

heat of hydrogenation: the heat released when one mole 
of an unsaturated compound is completely hydrogenated 
to a saturated compound (2.1, 2.3) 

heat of reaction: the energy' difference between a reac¬ 
tant and a product (5.1) 

tt-helix: a right-handed spiraling structure imposed by 
intramolecular hydrogen bonding between groups along 
a single peptide chain (16.7) 

p-helix: a left-handed spiraling structure imposed by in¬ 
tramolecular hydrogen bonding between groups along a 
single peptide chain; not found with naturally occurring 
a-amino acids (16.7) 

Hell-Volhard-Zelinski reaction: a method for mono- 
bromination a to a carboxyl group by treatment of a car¬ 
boxylic acid bearing a hydrogen atoms with bromine in 
the presence of phosphorus tribromide (13.1) 

hematoporphyrins: porphyrins used in photochemo¬ 

therapy (23.8) 

hemiacetal: RCH(OR)(OH); a functional group having 
an alkyl group, a hydrogen atom, an alkoxy group, and a 
hydroxy group on one carbon atom; the product of the 
nucleophilic addition of an alcohol to an aldehyde (12.6) 

hemiketal: RRC(OR)(OH); a functional group having 
two alkyl groups, an alkoxy group, and a hydroxy group 
on one carbon atom; the product of the nucleophilic ad¬ 
dition of an alcohol to a ketone (12.3) 

heteroaromatic molecule: an aromatic molecule con¬ 
taining a ring heteroatom (3.12) 

heteroatom: any atom besides carbon and hydrogen 
(3.1) 

heterocycle: a cyclic molecule in which the ring contains 
one or more heteroatoms (3.11) 

heterocyclic aromatic: see heteroaromatic molecule 

heterolysis: see heterolytic cleavage 

heterolytic cleavage: the cleavage of a bond in which 
both electrons are shifted to one atom of the bond (3.6, 
7.2) 

hexose: a six-carbon sugar (17.3) 

high-energy phosphate bonds: phosphoric acid anhy¬ 
dride units critical in biological energy storage (22.4) 

high-performance liquid chromatography: see high- 
pressure liquid chromatography 

high-pressure liquid chromatography (HPLC): liquid 
chromatography in which the mobile phase is driven 
through a sealed chromatography column by a mechan¬ 
ical pump (4.2) 

Hofmann elimination: a kinetically controlled elimina¬ 
tion reaction in which the less substituted alkene is 
formed preferentially (9.3) 

Hofmann rearrangement: the conversion of an amide to 
an amine containing one fewer carbon upon treatment 
with bromine in aqueous base (14.2) 

HOMO: highest occupied molecular orbital (4.3) 

homolysis: the cleavage of a bond in which one electron 
is shifted to each of the atoms of the bond; synonymous 
with homolytic cleavage (7.2) 

homolytic cleavage: the cleavage of a bond with one 
electron shifted to each of the atoms of the bond (3.6) 

homolytic substitution: see free-radical halogenation 

hormone: a compound that controls essential biological 
functions and plays an important regulatory role in con¬ 
trolling key biochemical pathways (17.1) 

Hiickel’s rule: an empirical generalization that any pla¬ 
nar, cyclic, conjugated system containing (4n + 2) tt elec¬ 
trons (in which n is an integer) experiences unusual aro¬ 
matic stabilization, whereas those containing (4n)7r 
electrons do not (2.3) 
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Hund’s rule: when possible, electrons singly occupy or¬ 
bitals of identical energy (1.2) 

hybrid orbitals: the orbitals formed by mixing hydro- 
genic (s, p, d, etc.) atomic orbitals (1.2, 2.1, 2.4) 

hybridization effect: the influence of mixing s and p or¬ 
bitals; the greater the fraction of s character (50% in an sp 
hybrid; 33% in an s^-hybrid; 25% in an sp^hybrid) of the 
hybrid orbital, the more electronegative is the atom (6.7) 

hydrate: the product of nucleophilic addition of water 
to an aldehyde or ketone (12.3) 

hydration: the addition of water to a multiple bond (7.1, 
10.1) 
hydrazone: R2C=NNH2; a condensation product of hy¬ 
drazine (H2NNH2) with an aldehyde or ketone; often a 
highly colored solid used as a diagnostic test for the pres¬ 
ence of a carbonyl group (12.4) 

hydroboration: the addition of a carbon-boron and a 
carbon-hydrogen bond to an alkene (10.4) 

hydroboration-oxidation: a reaction sequence used to 
achieve anti-Markovnikov hydration of an alkene; initi¬ 
ated by concerted syn-addition of borane, which is fol¬ 
lowed by oxidation with basic hydroperoxide (10.4) 

hydrocarbons: compounds that contain only carbon 
and hydrogen (1.3) 

hydrogen bond: the weak association of a hydrogen 
atom attached to one electronegative heteroatom with a 
nonbonding electron pair on a second electronegative 
atom in the same or another molecule (X—H • • • Y, 
where X and Y are electronegative heteroatoms) (3.2, 3.5) 

hydrogen peroxide: H202 (10.4) 

hydrogenation: the addition of H2 (2.1, 2.3, 2.4) 

hydrogenic atomic orbitals: the atomic orbitals calcu¬ 
lated precisely for hydrogen, including spherical s orbitals, 
propeller-shaped p orbitals, dumbbell-shaped d orbitals, 
etc. (1.2) 

hydrohalogenation: the formal addition of HX (X = 
halide) to a multiple bond (10.1) 

hydrolysis: a reaction in which water displaces a leaving 
group or is added across a multiple bond (7.1, 7.5) 

hydronium ion: H3O® (10.1) 

hydrophilic: having a preference for association with an 
aqueous environment; a property of polar molecules (17.1) 

hydrophobic: having a preference for association with a 
nonaqueous environment; a property of nonpolar mole¬ 

cules (17.1) 

hyperconjugation: an orbital description of the stabiliz¬ 
ing effect derived from interaction of an aligned cr bond 
with an adjacent p orbital (2.1) 

imide: RCONHCOR'; a functional group in which two 
carbonyl carbons bearing an alkyl or aryl group are linked 
through a nitrogen atom (3.9) 

inline: a family of compounds whose members contain 
a C=N double bond (3.3, 12.4) 

imine-enamine tautomerization: the process by which 
a proton is shifted from the a carbon of an imine to the 
nitrogen or from the N—H group of an enamine to the 
adjacent alkenyl carbon; a 1,3-shift of a proton in an 
imine or enamine (12.4) 

immune system: the biological system that produces an¬ 
tibodies to a foreign substance and effects its destruction 
or excretion (20.7) 

in vitro: describing a reaction conducted in a laboratory 
environment; from the Latin for “in glass” (23.2) 

in vivo: describing a reaction conducted within a living 
organism; from the Latin for “in life” (23.2) 

index of hydrogen deficiency: half the difference be¬ 
tween the number of hydrogen atoms in a hydrocarbon 
and the number expected for a straight-chain alkane 
(2n + 2); indicative of the number of multiple bonds 
and/or rings present (2.1) 

induced dipole: the shift of electron density within a 
molecule or bond induced by the environment (19.1) 

inductive effect: polarization through a series of cr 
bonds, causing a shift of electron density from or to a 
charged or polar site (6.8) 

inert gas: an atom that does not readily enter into chem¬ 
ical bonds with other atoms because the valence electron 
shell is filled; found at the far right column of the peri¬ 
odic table (1.2) 

infrared spectroscopy: a technique that measures the 
absorption of light energies of between about 4000 and 
400 cm-1 (4.3) 

inhibitor: a species that blocks a catalyzed chemical re¬ 
action by binding to the catalyst (without itself undergo¬ 
ing reaction), thus blocking the substrate (20.7) 

initiation step: the first step of a radical chain reaction 
in which the number of radicals produced is greater than 
the number of radicals present in the reactants (7.6) 

initiator: a substance with an easily broken covalent 
bond that fragments to radicals that can induce a radical 
chain reaction (7.6) 

insertion reaction: a reaction in which an atom, often a 
metal, becomes bonded to two atoms that were them¬ 
selves originally covalently bonded (8.4, 20.6) 

integration: the measurement of the relative area under 
each peak on a spectrum (4.2) 

integration curve: an indicator of the relative area un¬ 
der each peak of a spectrum or chromatogram (4.3) 

intercalation: the sandwiching of a foreign agent be¬ 
tween nucleic acid bases in DNA (23.8) 

intermediate: see reactive intermediate 

intermolecular hydrogen bond: a hydrogen bond con¬ 
necting electronegative atoms in separate molecules (3.2) 
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intermolecular proton transfer: the movement of He 
from a bonded position in one molecule to a bonded po¬ 
sition in another molecule (19.2) 

intramolecular hydrogen bond: a hydrogen bond con¬ 
necting electronegative atoms within the same molecule 
(3.2) 

intramolecular proton transfer: the movement of H® 
from a bonded position in one molecule to another po¬ 
sition in the same molecule (19.2) 

inversion of configuration: the reversal of configuration 
at a center of chirality, attained by forming a new bond 
on the opposite face from the site where a bond is bro¬ 
ken (7.4) 

invert sugar: a 1:1 mixture of glucose and fructose, ob¬ 
tained upon cleavage of sucrose (17.4) 

invertase: an enzyme that catalyzes the cleavage of su¬ 
crose to a 1:1 mixture of glucose and fructose (17.4) 

iodoform test: a chemical test for the presence of an 
R(CO)CH3 functionality by treatment with aqueous base 
and iodine; a positive result is the formation of a yellow 
precipitate of CHI3 (13.1) 

ion channels: compounds, often proteins, with hy¬ 
drophobic exteriors and hydrophilic internal regions, 
sometimes containing several charged amino acid 
residues, that dissolve readily in the interior of a phos¬ 
pholipid bilayer, thus spanning the bilayer, through which 
polar or charged molecules can move from one side of 
the membrane to the other (17.1) 

ion pairing: the electrostatic association between oppo¬ 
sitely charged ions (6.4) 

ionic bond: an attractive electrostatic association be¬ 
tween two oppositely charged ions (1.2) 

ionic polymerization: the formation of a polymer by a 
process in which the growing end is an ion (16.4) 

ionophore: molecule containing several heteroatoms 
arranged so that multiple, simultaneous contacts with a 
metal ion or other highly polar species are possible (19.2) 

irreversible reaction: an exothermic reaction in which 
the activation energy for the reverse reaction is sufficiently 
large that the reaction proceeds only in the forward di¬ 
rection under practical conditions (6.1) 

isobutyl group: —C(CH3)3; a branched four-carbon 
alkyl group attached through a tertiary carbon (1.5) 

isocyanate: RN=C=0; an intermediate in the Hof¬ 
mann rearrangement (14.2) 

isoelectronic: descriptor for two atoms with the same 
electron configuration (6.4) 

isolated diene: a diene in which the double bonds do not 
interact directly with each other because of one or more 
intervening sp3-hybridized atoms (2.2) 

isomerase: an enzyme that catalyzes isomerization 
(22.10) 

isomerization: a chemical conversion in which com¬ 
pounds with the same molecular formula, but different 
structures, are interconverted (7.1) 

isomers: different structural arrangements of the same 
atoms (1.3) 

isopentenyl pyrophosphate: a branched five-carbon 
derivative of 2-methylbutadiene that is the biochemical 
precursor of the terpenes and has the formula 
CH2=C(CH3)CH2CH20P03P03© (17.1) 

isoprene: 2-methylbutadiene (16.4) 

isoprenoids: derivatized skeletal oligomers of isoprene 
(17.1) 

isopropyl group: — CH2CH(CH3)2; a branched four- 
carbon alkyl group attached through a primary carbon 

(1.5) 

isotactic: stereochemical designator for a polymer in 
which all groups at centers of chirality along the chain 
point in the same direction (16.7) 

isotopic labeling: the replacement of an isotope of high¬ 
est natural abundance with another isotope at a specific 
position in a molecule; for example, replacement of 
by 2H (D) or of 12C by 13C (8.4) 

IUPAC rules: a set of rules for naming organic com¬ 
pounds in which a root word describes the number of 
backbone carbon atoms, a suffix defines the functional 
group, and a prefix gives the position of each substituent 
(1.5) 

Ka: the acid-dissociation equilibrium constant; Ka = 
K[H20] - [A©][H30®]/[HA] (6.7) 

Kekule structures: cyclic six-carbon structures, devised 
by August Kekule, that depict benzene as having localized 
double bonds (2.3) 

ketal: R2C(OR)2; a functional group having two alkyl 
groups and two alkoxy groups on one carbon atom, pro¬ 
duced in the acid-catalyzed alcoholysis of a ketone or a 
hemiketal (12.3) 

ketimine: an imine of a ketone (21.4) 

a-ketoacid: a carboxylic acid bearing a ketone functional 
group at the a position (21.7) 

/3-ketoacid: a carboxylic acid bearing a ketone group at 
the (3 position (13.5) 

keto-enol tautomerization: the process by which a pro¬ 
ton is shifted from the a carbon of a ketone to the car¬ 
bonyl oxygen or from the OH group of an enol to the re¬ 
mote alkenyl carbon; a 1,3-shift of a proton in an aldehyde 
or ketone (6.6) 

ketone: R2CO; a functional group in which a carbonyl 
carbon bears alkyl and/or aryl groups (3.8) 

ketose: a sugar with a ketone functional group, usually 
at 02(17.3) 
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ketyl: a radical anion obtained when an electron is added 
to the carbonyl group of a ketone (6.4) 

kinetic control: descriptor for a chemical reaction for 
which the reverse reaction takes place slowly or not at all, 
so that the relative concentration of products directly cor¬ 
relates with the relative rates of their formation rather 
than their relative stabilities (6.6) 

kinetics: the factors influencing the rate at which a re¬ 
action proceeds (6.5) 

Krebs cycle: see tricarboxylic acid cycle 

kuru: a disease found among cannibals of Papua New 
Guinea and thought to be caused by a prion (23.7) 

/: relative stereochemical designator for a molecule with 
a negative (levorotatory) specific rotation; from the Greek 
for “left-rotating” (5.8) 

l: absolute stereochemical descriptor that relates sub¬ 
stituent disposition at a given center of chirality to that 
in natural L-glyceraldehyde (5.8) 

lactam: a cyclic amide (16.5) 

lactone: a cyclic ester (14.3) 

late transition state: a transition state that is product¬ 
like (6.3) 

Le Chatelier’s principle: observation that the position of 
an equilibrium A + B C + D can be shifted to the 
right, either by increasing the concentration of A and/or 
B or by decreasing the concentration of C and/or D (7.1) 

leaving group: a group displaced from a reactant in a 
substitution or elimination reaction (7.5) 

leukoderma (vitiligo): a disease characterized by lack of 
skin pigmentation (23.7) 

levorotatory: see l 

Lewis acid: an electron-pair acceptor (3.2) 

Lewis base: an electron-pair donor (3.2) 

Lewis dot structure: a representation in which electrons 
available to a given atom are shown either as a non¬ 
bonding lone pair (by a pair of dots) or as a shared bond¬ 
ing pair (by a pair of dots between two atoms) (1.2) 

linear polymer: a macromolecule in which the mon¬ 
omer units are attached end-to-end (16.2) 

linear synthesis: a sequence of transformations in which 
the product of one reaction is the reactant in the next 
(15.6) 

lipid bilayer: see bilayer 

lipids: a group of simple, naturally occurring molecules 
that are soluble in nonpolar solvents and are composed 
mostly of carbon, hydrogen, and oxygen atoms (17.1) 

lipoic acid: a dithiol cofactor important in the oxidative 
degradation of <r-ketoacids (21.7) 

lipophilic: hydrophobic (17.1) 

liquid chromatography: a chromatographic technique 

in which a solid or liquid sample is carried by a liquid 
mobile phase over a stationary phase (usually a solid com¬ 
posed of small particles around which the liquid phase 
can flow) (4.2) 

lithium dialkylcuprate: R2Cue Li®; an alkylating agent 
for alkyl halides (8.4) 

living polymer: a macromolecule in which the ends of 
the chain are chemically reactive but will not react with 
each other (16.4) 

lock-and-key fit: the highly specific, tight association be¬ 
tween a substrate and an active site in an enzyme (20.7) 

lone pair: two nonbonding electrons of opposite spin ac¬ 
commodated in an atomic or hybrid atomic orbital (3.1) 

Lucas reagent: a mixture of Bronsted and Lewis acids 
that induces the conversion of an alcohol to the corre¬ 
sponding alkyl chloride (3.6) 

Lucas test: a chemical means for distinguishing tertiary, 
secondary, and primary alcohols by the rate of formation 
of the corresponding alkyl chloride from an alcohol upon 
treatment with the Lucas reagent (3.6) 

LUMO: lowest unoccupied molecular orbital (4.3) 

macromolecule: see polymer 

magnetic resonance imaging (MRI): the creation of a 
three-dimensional map of water concentration in an ob¬ 
ject; often used in medical applications for visualizing or¬ 
gans or anomalous growths (4.3) 

malonic ester: CH2(C02R)2; a diester in which both es¬ 
ter groups are bonded to the same carbon atom (13.5) 

malonic ester synthesis: a method for preparing mono- 
and dialkylated carboxylic acids by sequential alkylation 
of a malonic ester anion, hydrolysis of the alkylated di¬ 
ester, and decarboxylation of the resulting /3-diacid (13.5) 

Markovnikov’s rule: an empirical prediction that the re- 
giochemistry of the addition of HX to an unsymmetrical 
alkene places the proton on the less substituted carbon 
atom of the multiple bond (7.5, 10.1) 

mass spectroscopy: a technique that determines the 
mass of ions formed when molecules are bombarded with 
high-energy electrons (4.3) 

mechanism: see reaction mechanism 

mechanistic organic chemistry: the subarea of organic 
chemistry that focuses on the study of how reactions take 
place (7.3) 

membrane: a lipid bilayer, found on the outer surface of 
a cell and separating it from the external aqueous medium 

(17.1) 

mercaptan: see thiol 

meso compound: an optically inactive molecule that 
contains a mirror plane or center of symmetry interre¬ 
lating centers of chirality in the molecule (5.8) 

messenger RNA (mRNA): a transcribed strand of RNA 
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complementary to a segment of DNA; a replicated se¬ 
quence of complementary bases of a DNA strand, except 
in the substitution of uracil for thymine (19.3) 

mesylate: R0S02CH3; a methanesulfonate ester (8.3) 

meta director: a functional group that directs elec¬ 
trophilic aromatic substitution to the meta position (11.4) 

meta substitution: a reaction that results in substituents 
that are 1,3 to each other on an aromatic ring (2.3) 

methane: CH4; the simplest hydrocarbon, which consists 
of a carbon atom surrounded by four hydrogens (1.3) 

methotrexate: an antimetabolite used in cancer 
chemotherapy (23.8) 

micelle: a roughly spherical aggregation of many soap¬ 
like molecules with hydrophobic and hydrophilic por¬ 
tions, arranged with polar or ionic heads at the surface 
and surrounding a hydrocarbon-like core; see also bilayer 
(17.1) 

Michael addition: a reaction in which a resonance-sta¬ 
bilized carbanion reacts with an a,/3-enone in a conju¬ 
gate addition (13.3) 

microscopic reversibility: the principle dictating that 
the pathway followed in the forward and reverse direc¬ 
tions of a given reaction must be the same (6.5, 7.4) 

( —): levorotatory; seel {5.8) 

mirror image: a reflected projection of an object (5.5) 

mirror plane: a plane through an object such that each 
part of the object on one side of the plane is reflected by 
an identical part on the opposite side (5.5) 

mixed anhydride: an anhydride with two different car¬ 
boxylic acid subunits; often one derived from a carboxylic 
acid and a phosphoric acid (22.10) 

mobile phase: the flowing medium used in chromatog¬ 
raphy to carry a mixture through the stationary phase; 
flow can be induced by gravity, pressure, or capillary ac¬ 
tion (4.2) 

mobility: a measure of the ease with which a given com¬ 
pound can move (for example, through a chromatogra¬ 
phy column) (4.2) 

molecular formula: description of the number of each 
type of atom present in a molecule; see also empirical for¬ 
mula (1.3) 

molecular ion: in mass spectrometry, an unfragmented 
(parent) ion formed by loss of an electron from a mole¬ 
cule and having the same mass as that molecule (4.3) 

molecular orbital: a calculated probability surface 
within which an electron is likely to be found in a mole¬ 
cule; a molecular orbital can be constructed by the math¬ 
ematical combination of atomic orbitals (2.1) 

molecular recognition: selective, weak, reversible bind¬ 
ing between two reagents; the energetically favorable as¬ 
sociation of two molecules through hydrogen bonding 
and/or van der Waals interactions (19.4, 21.1) 

molozonide: a five-member ring containing three oxy¬ 
gen atoms; produced by the direct addition of 03 to an 
alkene (10.4) 

monomer: the chemical precursor of a polymer (16.1) 

monoterpene: a terpene containing ten carbons and de¬ 
rived from two isoprene units (17.1) 

multiplet: a pattern obtained by splitting the NMR sig¬ 
nal for a magnetically active nucleus into several lines 
(4.3) 

multiplicity: the number of peaks into which an NMR 
signal is split (4.3) 

mustard gas: C1CH2SCH2C1; a highly toxic DNA cross- 
linking agent (23.7) 

mutarotation: a process that produces a change in the 
optical rotation of a solution of two or more equilibrat¬ 
ing species to that of the equilibrium mixture; a change 
in optical rotation that takes place when a pure sugar 
anomer is dissolved (17.3) 

myelin sheath: the lipid bilayer that surrounds and in¬ 
sulates nerve axons (17.1) 

n,7T* transition: an electronic transition of an electron 
from one of the nonbonded, lone pairs of electrons to a 
77* (antibonding) orbital (4.3) 

NADH: see nicotinamide adenine dinucleotide 

NADPH: a phosphorylated derivative of NADH, with 
many of the same functions (21.4) 

neoprene: poly(2-chlorobutadiene) (16.4) 

Newman projection: a representation used to indicate 
stereochemical relationships between groups bonded to 
adjacent carbon atoms; conformational representation in 
which a triad juncture inscribed within a circle represents 
dihedral angles between a bonds on one carbon and those 
attached to the adjacent atom (5.2) 

nicotinamide adenine dinucleotide (NADH): a biolog¬ 
ical reducing agent that provides a hydride equivalent; a 
cofactor that effects the reduction of a-ketoacids in fatty 
acid biosynthesis (12.3, 21.4) 

nitration: the replacement of H by an N02 group (11.2) 

nitrile: RC=N; a functional group in which an sp-hy¬ 
bridized nitrogen atom is triply bonded to carbon (also 
called a cyano group) (3.4) 

nitrilium cation: R—C=N® —R; a resonance-stabi¬ 
lized alkylated nitrile cation, encountered as an interme¬ 
diate in the Beckmann rearrangement (14.2) 

nitrogen inversion: the rapid redisposition of the non¬ 
bonding lone pair of an amine to the opposite side of the 
molecule, converting the starting amine to its mirror im¬ 
age (5.10) 

nitrogen mustard: a nitrogen analog of mustard gas used 
in cancer chemotherapy (23.8) 
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nodal surface: a position in an atomic or molecular or¬ 
bital at which electron density is zero (1.2) 

nonpolar covalent bond: a chemical bond characterized 
by the absence of appreciable partial charge separation 
because of nearly equal sharing of the electrons com¬ 
prising the bond by the two bonded atoms (1.2) 

nonsaponifiable lipid: a lipid that cannot be hydrolyzed 
by aqueous base to soaps; a terpene (17.1) 

nor-: prefix describing a substance whose structure 
closely resembles that of another but is lacking some small 
feature, usually a methyl group (17.1) 

normal alkane: a straight-chain alkane (1.3) 

normal phase chromatography: a liquid chromato¬ 
graphic technique in which less polar compounds elute 
first through a polar stationary phase, often unmodified 
silica gel or alumina (4.2) 

nuclear magnetic resonance (NMR) spectroscopy: a 
spectroscopic technique for measuring the amount of en¬ 
ergy needed to bring a nucleus (most commonly XH or 
13C in organic molecules) into resonance when a mole¬ 
cule is placed in a strong magnetic field and is irradiated 
with radio-frequency waves (4.3) 

nucleic acid: a polymer that has alternating sugar (ribose 
or deoxyribose) and phosphate units along its backbone, 
with one of several heterocyclic bases joined to the sugar 
unit through a phosphate ester linkage between a C-3' 
OH group of one nucleoside and a C-5' OH group of an¬ 
other; used to store and code information that translates 
into sequences of amino acids in the peptides and en¬ 
zymes critical to living systems (18.5) 

nucleic acid base: a purine or pyrimidine base found in 
DNA or RNA; the bases are adenine, guanine, cytosine, 
uracil, and thymine (18.5) 

nucleocapsid: see virion 

nucleophile: an electron-rich reagent that attacks centers 
of positive charge; from the Greek nucleo, “nucleus,” and 
philos, “loving” (3.7) 

nucleophilic acyl substitution: see nucleophilic substi¬ 
tution 

nucleophilic addition: an addition reaction initiated by 
attack by an electron-rich reagent (a nucleophile) on a 
carbonyl compound or derivative (12.1) 

nucleophilic substitution: a chemical conversion in 
which a leaving group is displaced by an electron-rich 
(nucleophilic) reagent (7.4, 7.5, 12.5) 

nucleophilicity: the tendency of an atom, ion, or group 
of atoms to release electron density to form a bond with 
a carbon atom (3.7) 

nucleoside: a component of RNA and DNA having a 
purine or pyrimidine base attached to C-l of a ribose or 
deoxyribose sugar unit (18.5) 

nucleotide: a phosphate ester derivative of a nucleoside 

(18.5) 

nylon 6: a polyamide formed in the ring-opening poly¬ 
merization of caprolactam (16.5) 

nylon 66: a polyamide formed in the cross reaction be¬ 
tween adipic acid and 1,6-diaminohexane (16.5) 

olefin: an alkene (2.1) 

optical isomers: isomers that differ in the three-dimen¬ 
sional relationship of substituents about one or more 
atoms (5.1) 

optical purity: a measure of the excess of one enan¬ 
tiomer over the other in a mixture, as determined by com¬ 
parison of the optical rotation of the sample with that of 
a sample presumed to be a single enantiomer (5.7) 

optically active: descriptor for a sample that rotates the 
plane of polarized light and thus contains an excess of 
one of a pair of enantiomers (5.7) 

optically inactive: descriptor for a sample that does not 
rotate the plane of polarized light (5.7) 

orbital: the probability surface describing the volume in 
which an electron is likely to be found (1.2) 

orbital overlap: the spatial intersection of atomic or hy¬ 
brid atomic orbitals required for the formation of a chem ¬ 
ical bond (1.2) 

orbital phasing: the relative wave property of electrons 
in orbitals that results in either favorable or unfavorable 
interaction; like phasing results in bonding, and unlike 
phasing results in antibonding interactions (2.1) 

organic chemistry: the chemistry of carbon compounds 

(1.1) 

organic synthesis: a subarea of organic chemistry that 
focuses on the construction of new or existing molecules 
(for example, natural products) (7.3) 

organocuprate: a reagent in which carbon is directly 
bonded to copper (8.4) 

organolithium: a reagent in which carbon is directly 
bonded to lithium (8.4) 

organomagnesium compound: see Grignard reagent 

organometallic compound: a reagent in which carbon is 
directly bonded to a metal atom (8.4) 

ortho, para director: a functional group that directs elec¬ 
trophilic aromatic substitution to the ortho and para po¬ 
sitions (11.4) 

ortho substitution: a reaction that results in substituents 
at the 1 and 2 positions of an aromatic ring (2.3) 

osmosis: the migration of a gas or liquid (usually water) 
across a membrane, from the side containing the lower 
concentration of the substance to the side containing the 
higher concentration (23.5) 

oxidation: a chemical transformation resulting in the 
loss of electrons and hydrogen atoms and/or the addition 
of oxygen atoms or other electronegative heteroatoms 
(3.3) 
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oxidation-reduction reaction: a chemical transforma¬ 
tion in which the oxidation level of a reactant and its re¬ 
action partner are equivalently changed, with one sub¬ 
strate gaining electrons and the other losing them; also, a 
reaction in which a substrate undergoes both oxidation 
at one atom and reduction at another (15.1) 

oxidative decarboxylation: the conversion of a func¬ 
tionalized carboxylic acid (often an a-ketoacid or a- 
amino acid) to a carboxylic acid with one fewer carbon 
by the loss of C02 (21.7) 

oxidative degradation: the cleavage of a carbon skeleton 
(often at a C=C double bond) with the introduction of 
new carbon-oxygen bonds (10.4) 

oxidizing agent: an agent that effects an oxidation (3.3) 

oxime: R2C=NOH; a condensation product of hydrox- 
ylamine (NH2OH) with an aldehyde or ketone; often, a 
highly colored solid used to test for the presence of a car¬ 
bonyl group (12.4) 

oxirane: see epoxide 

oxonium ion: a cation produced when oxygen bears 
three cr bonds (3.6) 

oxymercuration-demercuration: a reaction sequence 
used to achieve Markovnikov hydration of an alkene with¬ 
out accompanying skeletal rearrangements; initiated by 
treating the alkene with mercuric acetate in aqueous acid, 
followed by NaBH4 (10.2) 

ozonation: the addition of 03 to an alkene (10.4) 

ozone: 03; an electrophilic allotrope of oxygen that ex¬ 
ists in a zwitterionic form in which the central oxygen 
bears formal positive charge (10.4) 

ozonide: a five-member ring containing three oxygen 
atoms; produced by rearrangement of a molozonide in 
the addition of 03 to an alkene (10.4) 

ozonolysis: a sequence in which a C—C double bond is 
oxidatively converted to two carbonyl groups through 
treatment with 03, followed by Zn in acetic acid (10.4) 

paper chromatography: a chromatographic technique 
in which a mixture of compounds is separated by pass¬ 
ing the liquid phase by capillary action through a sheet 
of chromatographic paper (4.2) 

Pauli exclusion principle: a theoretical statement that 
each electron must be unique (that is, each must have a 
distinct set of principal, secondary, azimuthal, and spin 
quantum numbers) and that no more than two electrons, 
which must have opposite spins, can occupy the same or¬ 
bital (1.2) 

pentose: a five-carbon sugar (17.3) 

peptidase: an enzyme that catalyzes the cleavage of pep¬ 
tide bonds (17.1) 

peptide: a polyamide composed of 2-10 a-amino acid 

residues (the term is sometimes used interchangeably 
with polypeptide) (16.5, 16.7) 

peptide bond: an amide linkage (16.5) 

peptide mimic: a pharmaceutical agent that is struc¬ 
turally and functionally similar to a small peptide hor¬ 
mone and that mimics the physiological function of the 
natural compound (23.3) 

peptidoglycan: a constituent of a bacterial cell wall com¬ 
posed of long chains of carbohydrates cross-linked by 
short peptides (23.5) 

peracid: RC03H; an oxygenated relative of a carboxylic 
acid (10.4) 

pericyclic reaction: a concerted chemical conversion 
taking place through a transition state that can be de¬ 
scribed as a cyclic array of interacting orbitals (14.1) 

pericyclic rearrangement: a skeletal rearrangement pro¬ 
ceeding through a concerted, pericyclic transition state 
(14.1) 

periodic table: an orderly arrangement of the elements 
grouped according to their atomic number and electron 
configuration (1.2) 

periplanar: see anfi-periplanar and syn-periplanar 

peroxide: ROOR; a functional group containing an oxy¬ 
gen-oxygen cr bond (10.3) 

pharmaceuticals: biologically active compounds that are 
sold by drug companies and may be synthetic, semi-syn¬ 
thetic, or obtained from natural sources (15.7) 

phase-transfer catalyst: a compound that provides en¬ 
hanced solubility in organic solvents to a reagent through 
reversible binding, providing for greatly increased con¬ 
centrations of the reagent in a nonaqueous phase (20.1) 

phenol: C6H5OH; an OH-substituted benzene (3.11) 

phenyl anion: an unstable anion formed by deprotona¬ 
tion of benzene (9.8) 

phenyl group: a C6H5 fragment with one fewer hydro¬ 
gen than benzene (2.3) 

phenylhydrazone: R2C=NNHPh; a condensation prod¬ 
uct of phenylhydrazine (PhNHNH2) with an aldehyde or 
ketone; often, a highly colored solid that is diagnostic for 
the presence of a carbonyl group (12.4) 

phosphate ester: (R0)3P=0; an ester of phosphoric 
acid (17.2) 

phosphine: PR3; a functional group containing trivalent 
phosphorus (8.3) 

phospholipid: a dicarboxylate, monophosphate ester of 
glycerol (17.1) 

phosphonium salt: a tetravalent phosphorus cation 
(®PR4) obtained by pro to nation or alkylation of a phos¬ 
phine (8.3) 

phosphonium ylide: R3P®-(CR2)Q ; an a-deprotonated 
phosphonium salt (8.3) 

phosphorane: see phosphonium ylide 
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phosphoric acid anhydride: the condensation product 
that is obtained by dehydration of two equivalents 
of phosphoric acid and has the formula 
—0P(0)(0H)—O—P(0)(0H)—O— (22.4) 

phosphoric acid derivatives: a family of compounds 
containing the —PO(OR)3 group (12.6) 

photochemotherapy: a cancer treatment that uses light 
to activate an otherwise nontoxic agent that localizes in 
cancer tissue (23.8) 

photoexcitation: the process by which a photon (hv) is 
absorbed by a molecule, causing the promotion of one of 
the electrons from a bonding to an antibonding orbital 
(4.3) 

photofrin: a mixture of hematoporphyrins used in pho¬ 
tochemotherapy (23.8) 

photosynthesis: the complex biological process by which 
carbon dioxide is converted to carbohydrates in a series 
of reactions initiated by the absorption of light energy 
(22.5) 

physical organic chemistry: a subarea of organic chem¬ 
istry that relates structure to reactivity and reaction mech¬ 
anisms (7.3) 

pi (77) bond: a covalent bond in which electron density 
is symmetrically arranged above and below the axis con¬ 
necting the two bonded atoms; results from the sideways 
overlap of p orbitals (2.1) 

77,77* transition: an electronic transition involving the 
promotion of an electron in a 77 (bonding) orbital to a 
77* (antibonding) orbital (4.3) 

pinacol rearrangement: the acid-catalyzed conversion of 
a 1,2-diol to a ketone with migration of a carbon-carbon 
bond (7.1) 

pKa: the negative logarithm of Kd; a larger positive value 
denotes a weaker acid (6.6) 

plane of symmetry: a plane surface that bisects a mole¬ 
cule such that half of the molecule is the mirror image of 
the other half (5.5) 

plane-polarized light: light in which the electromag¬ 
netic vectors of all photons are aligned in a single plane; 
obtained by passing ordinary light through a polarizer (5.7) 

plastics: polymers that can be heated and molded while 
relatively soft; from the Greek plastikos, “fit to be molded” 
(16.4) 

/3-pleated sheet: a folded sheet-like structure imposed by 
intermolecular hydrogen bonding between peptide chains 
(16.7) 

pleating: the deviation from a planar arrangement in the 
structure of intermolecularly associated peptide chains to 
avoid steric interaction of the alkyl groups at the a posi¬ 
tion (16.7) 

Plexiglas: —(CH2C(CH3)(C02CH3))„—; poly(methyl 
methacrylate) (16.4) 

( + ): dextrorotatory; see d 

polar covalent bond: a chemical bond characterized by 
appreciable partial charge separation because of unequal 
sharing of the electrons comprising the bond between two 
bonded atoms (1.2, 3.1) 

polar protic solvent: a solvent that has an acidic proton 
on a heteroatom (3.5) 

polarimeter: an instrument used to measure optical ro¬ 
tation (5.7) 

polarizability: a measure of the ease with which the elec¬ 
tron distribution in a molecule can shift in response to a 
change in electric field; the ability of an atom to accom¬ 
modate a change in electron density (3.12) 

polarization: a partial charge separation induced by a 
difference in electronegativity between carbon and a het¬ 
eroatom (1.2) 

polarized light: see plane-polarized light 

polyacetal: —(CHRO)„— (16.4) 

polyamide: polymer in which the repeat units are joined 
by an amide linkage (16.5) 

polycarbonate: —(ROC02)„— (16.5) 

polycyclic aromatic hydrocarbon: an aromatic com¬ 
pound containing fused rings (2.3) 

polydentate: descriptor for a compound with many li¬ 
gating heteroatoms; from the Latin meaning “many teeth” 
(19.2) 

polyelectrolyte: a high-molecular-weight molecule that 
readily ionizes to form a multiply charged species when 
dissolved in water or other polar solvents; a macromole¬ 
cule in which the repeat unit bears a positive or negative 
charge (4.2, 18.5) 

polyene: an unsaturated hydrocarbon or derivative con¬ 
taining more than two double bonds (2.2) 

polyene antibiotic: a long-chain, multiply unsaturated 
compound that functions by creating additional ion 
channels through cell membranes (23.5) 

polyester: a polymer in which the repeat units are joined 
by an ester linkage (16.1, 16.5) 

polyether: a polymer in which the repeat units are joined 
by an ether linkage (16.4) 

poly(ethylene glycol): —(CH2CH20)„—; condensation 
polymer from ethylene glycol (16.4) 

polymer: a large molecule composed of many repeating 
subunits; from the Greek polumeres, “having many parts” 

(16.1) 

polymerization: the process of linking monomer units 
into a polymeric matrix (16.1) 

polynucleic acid: see nucleic acid 

polypeptide: a polyamide derived from a-amino acids, 
specifically composed of 10-100 a-amino acids (the term 

G-19 



is sometimes used interchangeably with peptide) (16.5, 
16.7) 

polysaccharide: a polyacetal formed by condensation of 
a hemiacetal group of one sugar unit with an alcohol 
group of another sugar unit, taking place with the loss of 
water (16.5) 

polystyrene: —(CH2CH(Ph))„— (16.4) 

polyurethane: —(OCONH)„—; polymer in which the 
repeat units are joined by a urethane (carbamate) linkage 
(16.5) 

poly (vinyl alcohol): —(CH2CH(OH))„— (16.4) 

poly (vinyl chloride): —(CH2CH(C1))„— (16.4) 

positional isomerization: a chemical conversion in 
which the position of a functional group is altered (7.1) 

positional isomers: isomers in which the sequence along 
the chain differs in the position of one or more functional 
groups (2.1) 

potential energy surface: a plot of the changes in po¬ 
tential energy taking place as a reaction proceeds (6.1) 

potential energy well: an energy minimum along a po¬ 
tential energy diagram representing a molecule or inter¬ 
mediate with a real-time existence (5.2) 

prebiotic chemistry: the synthesis of critical biochemi¬ 
cals in the absence of living systems, as might have oc¬ 
curred before life was present on earth (18.7) 

primary alcohol: RCH2OH; an alcohol in which the OH 
group is attached to a primary carbon atom (3.5) 

primary amine: RNH2; an amine in which nitrogen is 
attached to one carbon substituent (3.1) 

primary carbon: a carbon atom chemically bonded to 
only one other carbon atom (1.5) 

primary structure of a peptide or protein: the sequence 
of amino acid units along a peptide or protein chain 
(16.7) 

prion (proteinaceous infectious particle): an as yet not 
well characterized protein thought to be responsible for 
scrapie, kuru, and bovine spongiform encephalopathy 
(23.7) 

prochiral: descriptor for an achiral center that can be¬ 
come a center of chirality, either by replacement of one 
of two identical groups or by addition to a 7r system (10.1) 

product inhibition: the binding of a product to a cata¬ 
lyst, inhibiting further catalytic cycles (20.7) 

propagation steps: the principal product-forming se¬ 
quence in a free-radical chain reaction in which a reac¬ 
tant radical is converted to product and a different radi¬ 
cal; the number of product radicals in a propagation step 
is equal to the number of reactant radicals (7.6) 

n-propyl group: —(CH2)2CH3; an unbranched three- 
carbon alkyl group attached through the primary carbon 

(1.5) 

protease: an enzyme that catalyzes the hydrolysis of pep¬ 

tide bonds (20.7) 

protease inhibitor: a compound that blocks the enzyme 
protease; especially important in therapy for HIV (23.6) 

protecting group: a functional group that masks the 
characteristic reactivity of another group into which it 
can later be converted (8.3, 10.2) 

protein: a poly(a-amino acid) composed of more than 
100 cc-amino acids (16.7) 

protic solvent: a solvent molecule incorporating a polar 
X—H bond (3.5) 

proton decoupling: a technique used routinely to sim¬ 
plify 13C NMR spectra by irradiating the sample with ra¬ 
dio-frequencies, either at a specific region or over the en¬ 
tire chemical shift range at which protons absorb; results 
in saturation of the populations in the high spin state and 
loss of coupling to the irradiated nuclei (4.3) 

proton transfer: the movement of H® from an acidic to 
a basic site (3.2) 

protonated alcohol: a cationic species produced upon 
association of a proton with a nonbonding lone pair of 
the oxygen atom of an alcohol (3.6) 

protonation: the covalent attachment of a proton (H®) 
to an atom either bearing a nonbonding lone pair of elec¬ 
trons or involved in a rr bond (7.5) 

psoralen: a naturally occurring compound used in pho¬ 
totherapy for leukoderma (23.8) 

psychoactive drugs: pharmaceutical agents used to 
achieve a state of euphoria or to block intense pain (23.4) 

puckered: descriptor for a nonplanar cycloalkane that 
has fewer eclipsing C—H interactions and lower torsional 
strain than its planar analog (5.3) 

purines: a family of bicyclic heteroaromatic molecules 
having a five-member ring fused to a six-member ring 
and containing two nitrogens in a 1,3 relationship in each 
ring; two members of the family (adenine and guanine) 
are nucleic acid bases (18.5) 

pyramidal: descriptor for a spatial arrangement in which 
a central atom and three attached groups are located at 
the corners of a pyramid (3.1) 

pyranose: a carbohydrate containing a six-member 
cyclic hemiacetal (17.3) 

pyridine: C5H5N; a six-member cyclic, nitrogen-con¬ 
taining, heteroaromatic molecule (3.11) 

pyridoxamine phosphate: the product of reductive ani¬ 
mation of pyridoxal phosphate; a cofactor that serves as 
both a reducing agent and a source of nitrogen for the 
production of a-amino acids (21.4) 

pyrimidines: a family of monocyclic heteroaromatic 
molecules having a six-member ring containing two ni¬ 
trogens in a 1,3 relationship; three members of the fam- 
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ily (cytosine, uracil, and thymine) are nucleic acid bases 
(18.6) 

pyrophosphate group: the monoanhydride of phos¬ 
phoric acid (17.2) 

pyrrole: C4H4NH; a five-member, cyclic, nitrogen-con¬ 
taining, heteroaromatic molecule (3.11) 

quartet: a four-line multiplet on an NMR spectrum (4.3) 

quaternary ammonium ion: a positively charged ion in 
which nitrogen is attached to four carbon substituents 
(3.1) 

quaternary structure of a peptide or protein: clusters 
formed as several large polypeptide or protein units join 
together to form a functional object (16.7) 

quinoid form: a six-member ring resembling quinone, 
with one or more exocyclic double bonds (21.4) 

R: absolute stereochemical designator employed in the 
Cahn-Ingold-Prelog rules to describe the stereoisomer 
for which a clockwise rotation is required to move from 
the highest-priority to the next-to-lowest-priority group 
attached to a chiral tetravalent atom when the substituent 
of lowest priority is directed away from the observer (5.8) 

racemate: see racemic mixture 

racemic mixture: an optically inactive mixture com¬ 
posed of equal amounts of enantiomers (5.7) 

racemic modification: see racemic mixture 

racemization: the loss of optical activity when one enan¬ 
tiomer is converted to a 50:50 mixture of enantiomers 
(7.5) 

radical: a chemical species bearing a single unpaired 
electron on one atom; a chemical species with an odd 
number of electrons (2.1) 

radical anion: a reactive intermediate with one more 
electron than needed to achieve the electron configura¬ 
tion of a stable neutral molecule (6.4) 

radical cation: a reactive intermediate lacking one elec¬ 
tron from the complement needed for a stable neutral 
molecule (6.4) 

radical chain reaction: a chain reaction in which a free 
radical is produced in the initiation and propagation steps 
and consumed in the termination steps (7.7) 

radical hydrobromination: an anti-Markovnikov hy- 
drobromination of an alkene initiated by peroxide de¬ 
composition and taking place through the radical addi¬ 
tion of a bromine atom (10.3) 

radical polymerization: polymerization initiated by a 
radical and in which the chain-carrying step is a radical 

(16.4) 

radical stability: 3° > 2° > 1° (3.6) 

rate-determining step: the slowest step in a multistep re¬ 

action; the step whose transition state lies at the highest 
energy (6.3, 7.5) 

rate-limiting step: see rate-determining step 

reaction coordinate: the variation of a specific structural 
feature (such as bond length or angle) that measures how 
far a reaction has proceeded (6.1) 

reaction mechanism: the sequence of bond-making and 
bond-breaking by which a reactant is converted to a prod¬ 
uct; a detailed description of the electron flow, including 
the identity of any intermediate(s) formed, that takes 
place during a chemical reaction (7.1, 7.3) 

reaction profile: see energy diagram 

reactive intermediate: a metastable species with a high 
energy relative to a reactant and a product; encountered 
at an energy minimum (in a potential energy well) along 
a reaction coordinate (6.1, 6.4) 

rearrangement reaction: a chemical conversion in which 
the molecular skeleton is altered so that the sequence in 
which atoms are attached is changed (7.1) 

recycling of biological reagents: a natural process 
whereby cofactors are reused (21.2) 

redox reaction: a reaction involving oxidation or reduc¬ 
tion (7.1) 

redox reagent: a reagent that can induce oxidation or re¬ 
duction (3.3) 

reducing agent: an agent that effects a reduction (3.3) 

reduction: a chemical transformation induced by the ad¬ 
dition of electrons or hydrogen atoms and/or the removal 
of oxygen or other electronegative atoms (3.3) 

reductive animation: a process by which a C=0 group 
is converted to a CH(NR2) group through reduction of 
an intermediate imine (12.4, 18.1) 

Reformatsky reaction: a Claisen-like condensation of a 
preformed zinc ester enolate with a ketone or an aldehyde 
(13.4) 

refractive index: the ratio of the speed of light in a vac¬ 
uum to that in a material; the path of light is bent upon 
passing from one medium to another of different refrac¬ 
tive index (4.2) 

refractive index detector: a device that produces an elec¬ 
trical signal in response to the difference in refractive in¬ 
dex of a solvent with and without a solute; often used in 
conjunction with high-pressure liquid chromatography 
(HPLC) (4.2) 

regiochemistry: the orientation of a chemical reaction 
on an unsymmetrical substrate (7.6) 

regiocontrol: the formation of one regioisomer to a 
greater extent than others in a chemical reaction (7.6) 

regioselective: descriptor for a reaction in which there is 
a clear preference for one of two or more possible re- 
gioisomers (7.6) 
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relative stereochemistry: the specification of the stereo¬ 
chemical relationship between two molecules (5.6) 

repeat unit: a segment that is encountered again and 
again along a polymer chain (16.1) 

resin: a highly viscous polymeric glass (16.6) 

resolution: the separation of a racemic mixture into two 
pure enantiomers; often accomplished by forming and 
then separating diastereomers, followed by regeneration 
of the original reactant (5.8) 

resonance: in NMR, the condition in which the applied 
radio-frequency energy matches the energy difference be¬ 
tween the parallel and antiparallel spin states of a nucleus, 
so that the energy is absorbed, causing the spin to “flip” 
from the lower-energy parallel state to the higher-energy 
antiparallel state (4.3) 

resonance contributors: see resonance structures 

resonance effect: stabilization by delocalization of 7T 
electrons; the donation or withdrawal of electron density 
by overlap with a neighboring 7r system (6.8) 

resonance hybrid: an energetically weighted composite 
of contributing resonance structures (2.3) 

resonance structures: valence bond representations of 
possible distributions of electrons in a molecule, differ¬ 
ing only in positions of electrons and not in positions of 
atoms (2.3) 

respiration: the biological oxidation of glucose to car¬ 
bon dioxide (22.5) 

restricted rotation: the inhibition of rotation about a a 
bond (3.3) 

retention time: the interval required for a compound to 
elute from a chromatography column; influenced by the 
magnitude of noncovalent interactions between the com¬ 
pounds being separated and the stationary phase (4.2) 

retro-aldol reaction: the reverse of an aldol reaction, by 
which a [3-hydroxycarbonyl compound is cleaved to two 
carbonyl derivatives (22.10) 

retro-Diels-Alder reaction: the concerted fragmenta¬ 
tion of cyclohexene (or a derivative) to butadiene (or a 
derivative) and an alkene (or a derivative); the reverse of 
a Diels-Alder reaction (6.6) 

retrosynthetic analysis: a method for planning an or¬ 
ganic synthesis by working backward, step-by-step, from 
the product to the possible starting materials (7.3, 15.1, 
15.2) 

retrovirus: a virus in which viral RNA is accompanied 
by an enzyme, reverse transcriptase, that translates the ge¬ 
netic code of the RNA into a strand of DNA (23.6) 

reverse polarity reagent: a reagent with a functional 
group that has greater reactivity (as a nucleophile or elec¬ 
trophile) than that of another functional group from 
which it is derived (21.8) 

reverse transcriptase: an enzyme that translates RNA 
into DNA (23.6) 

reverse-phase chromatography: a liquid chromato¬ 
graphic technique in which more polar compounds elute 
first through a nonpolar stationary phase, often silica gel 
coated with a long-chain alkylsilane (4.2) 

reversible reaction: a reaction that can proceed back¬ 
ward or forward with similar ease (6.1) 

Rf value: the ratio of the distance migrated by a substance 
compared with the solvent front (4.2) 

ribonucleic acid: see RNA 

ribose: a sugar unit found in the backbone of RNA (17.3) 

ribosome: a body in the cell cytoplasm containing all bi¬ 
ological reagents needed to synthesize peptides (19.3) 

rigidity: stiffness (19.2) 

ring annulation: see annulation 

ring flip: conformational interconversion of one ring 
conformation to another of the same type; often used to 
describe chair-to-chair or boat-to-boat interconversions 
(5.4) 

ring strain: the destabilization caused by angle strain and 
eclipsing interactions in a cyclic compound (1.4) 

ring-opening polymerization: a polymerization reac¬ 
tion in which the driving force for bond formation be¬ 
tween repeat units is supplied by relief of ring strain in a 
monomer (16.4) 

RNA: ribonucleic acid; a biopolymer found in cell nuclei 
and composed of ribonucleotide units linked through a 
sugar-phosphate backbone; RNA transcribes the genetic 
information stored in DNA and directs protein synthesis 
(17.3) 

Robinson ring annulation: the use of an intramolecular 
aldol reaction to construct a six-member ring fused to an¬ 
other ring (13.3) 

rubber: naturally occurring poly(2-methylbutadiene) 
(16.4) 

S: absolute stereochemical designator employed in the 
Cahn-Ingold-Prelog rules to describe the stereoisomer 
for which a counterclockwise rotation is required to move 
from the highest-priority to the next-to-lowest-priority 
group attached to a chiral tetravalent atom when the sub¬ 
stituent of lowest priority is directed away from the ob¬ 
server (5.8) 

saccharide: see carbohydrate 

saponifiable lipid: a lipid that can be hydrolyzed by 
aqueous base to fatty acids; a fat or wax (17.1) 

saponification: the making of soaps by hydrolysis of 
fatty acid esters with aqueous hydroxide; one of the old¬ 
est known chemical reactions (17.1) 

saturation: the condition of a compound that contains 
only sp3-hybridized atoms; consequently, a description of 
a molecule lacking multiple bonds (1.3, 2.1) 
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sawhorse representation: a graphic method of repre¬ 
senting three-dimensional structures using solid wedges 
and hatched lines (1.2) 

Schiff base: R2C=NR; an N-alkylated imine (12.4) 

scrapie: a disease, possibly caused by a prion, that causes 
goats and sheep to scrape off their wool (23.6) 

secondary alcohol: R2CHOH; an alcohol in which the 
OH group is attached to a secondary carbon atom (3.5) 

secondary amine: R2NH; an amine in which nitrogen is 
attached to two carbon substituents (3.1) 

secondary carbon: a carbon atom chemically bonded to 
only two other carbon atoms (1.5) 

secondary structure of a peptide or protein: a complex 
three-dimensional structure describing local organization 
of chain segments such as cr-helices and /3-pleated sheets 
(16.7) 

selectivity: preference for reaction with one reagent over 
another at one site rather than another; the formation of 
one product in preference to other possible products (7.6, 
8.2) 

self-exchange reaction: a substitution reaction in which 
the incoming group and leaving group are identical (7.4) 

semicarbazone: R2C=NNHC(0)NH2; condensation 
product of an aldehyde or ketone with semicarbazide 
(H2NNHC(0)NH2); often a highly colored solid that is 
diagnostic for the presence of a carbonyl group (12.4) 

semisynthetic: descriptor for a naturally occurring (or 
cultured) material that is chemically altered, sometimes 
in a relatively minor way, in the laboratory (15.7) 

sesquiterpene: a terpene containing 15 carbons and de¬ 
rived from three isoprene units (17.1) 

sesterterpene: terpene containing 25 carbon atoms and 
derived from five isoprene units (17.1) 

sex hormones: steroids that determine sexual character¬ 
istics and regulate sexual functions (17.1) 

shielding: the shift of a nuclear magnetic resonance 
(NMR) signal from that expected from the applied field, 
caused by donation of electron density to the nucleus of 
interest (4.3) 

side-chain oxidation: the conversion of an alkyl or acyl 
side chain on an aromatic ring to a —CO?H group upon 
treatment with hot aqueous KMn04 (11.3) 

sigma (o) bond: a covalent chemical bond in which elec¬ 
tron density is arranged symmetrically along the axis con¬ 
necting the two bonding atoms; results from direct over¬ 
lap of hybrid orbitals having some s character (1.2) 

sigmatropic rearrangement: a skeletal rearrangement 
accomplished through the shift of a a bond to the oppo¬ 
site end of a 7T system, for example, as in the Cope re¬ 
arrangement; involves the migration of a group from one 
end of a 77 system to the other (14.1) 

sigmatropic shift: a pericyclic reaction in which a cr- 

bonded substituent migrates from one end of a 77 system 
to the other (14.1) 

silk: a protein containing high fractions of glycine and 
alanine (16.5) 

Simmons-Smith reaction: formation of a cyclopropane 
through stereospecific carbene addition to an alkene by 
treatment of a vicinal dihalide with a zinc-copper couple 
in the presence of an alkene (10.4) 

single-electron transfer: a chemical reaction in which 
the key step consists of the transfer of one electron (21.4) 

singlet: a molecule in which all electrons are paired, gen¬ 
erally with two electrons of opposite spin paired in each 
molecular orbital (6.4) 

S^l reaction: a stepwise, unimolecular, nucleophilic sub¬ 
stitution that proceeds through an intermediate carbo- 
cation (7.5) 

Sn2 reaction: a concerted, bimolecular, nucleophilic sub¬ 
stitution that takes place via back-side attack by a nucle¬ 
ophile and leads to a substitution product with inverted 
configuration at the substituted carbon (7.4) 

soap: a mixture of salts of long-chain fatty acids, ob¬ 
tained by base hydrolysis of fats (17.1) 

soft: descriptor for a charge-diffuse reagent; often ap¬ 
plied to nucleophiles, electrophiles, acids, and bases (13.3) 

solid wedges: in a line structure, a graphic representa¬ 
tion indicating a group or atom positioned nearer to the 
observer (1.2) 

solvation: the association of solvent molecules about a 
solute (3.2, 3.13) 

solvent front: the furthest point reached by the solvent 
in chromatography (4.2) 

solvolysis reaction: a reaction in which the solvent dis¬ 
places a leaving group or is added across a multiple bond 
(7.5) 

sp-hybrid orbitals: a pair of hybrid orbitals that are 
formed by mathematically mixing one s and one p atomic 
orbital and are dispersed in a linear array separated by 
180° (2.4) 

sp^hybrid orbitals: a set of three hybrid orbitals that are 
formed by mathematically mixing one s and two p atomic 
orbitals and are dispersed in a plane and separated by 120° 

(2.1) 

sp3-hybrid orbitals: a set of four hybrid orbitals that are 
formed by mathematically mixing one 5 and three p 
atomic orbitals and are tetrahedrally dispersed (separated 
by 109.5°) around the atom’s nucleus (1.2) 

space-filling model: a three-dimensional representation 
indicating van der Waals radii of all component atoms 
oriented in space (1.2) 

specific rotation [a]: the extent to which a given mole¬ 
cule (on a weight basis) rotates a plane of polarized light; 
the observed rotation is the product of the specific rota- 
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tion, the concentration in the sample compartment, and 
the path length of the sample cell; a = [a] X / X c, where 
l = path length (in dm) and c = concentration (in g/mL) 

(5.7) 

spectroscopy: a set of techniques that measure the re¬ 
sponse of a molecule to the input of energy (4.1) 

spectrum: a display of peak intensity detected for a given 
spectroscopic method as a function of incident energy 
(4.3) 

staggered conformation: a spatial arrangement in which 
each cr bond on one carbon atom is fixed at a 60° dihe¬ 
dral angle from a a bond on an adjacent atom; when 
viewed end-on in a Newman projection, the conforma¬ 
tion in which the bonds on one atom exactly bisect those 
on the adjacent atom (5.2) 

starch: a water-soluble biopolymer containing as many 
as 4000 glucose units connected by a linkages (16.5) 

stationary phase: an immobile medium (usually a solid 
or highly viscous liquid) through which a mixture passes 
in chromatography (4.2) 

stereoelectronic control: a requirement for precise or¬ 
bital alignment for a proposed reaction (9.3) 

stereoisomers: isomers that differ only in the position of 
atoms in space (2.1, 5.1) 

stereorandom: descriptor for a reaction that occurs 
without any stereochemical preference (10.1) 

steric effect: the destabilization resulting from van der 
Waals repulsion between groups that are too close to each 
other (5.2) 

steric strain: see steric effect 

steroid: a member of a group of naturally occurring, of¬ 
ten oxygenated, tetracyclic compounds that have a fused- 
ring system of three six-member rings and one five-mem¬ 
ber ring; as a class, steroids often have important 
hormonal functions (17.1) 

structural isomers: isomers in which the carbon back¬ 
bones differ (1.3) 

substituent effect: the altered reactivity induced by the 
presence of a substituent group on a reactant, often af¬ 
fecting rate, stereochemistry, or regiochemistry (or all 
three) of a reaction (11.4) 

substitution reaction: a chemical conversion in which 
one atom or group of atoms in a molecule is replaced by 
another (3.6, 7.1) 

substrate: a molecule undergoing reaction under the in¬ 
fluence of one or more external reagents (20.7) 

sugar: see carbohydrate 

suicide inhibition: an irreversible transformation in 
which the catalytic function of an enzyme is blocked by 
irreversible covalent bond formation (23.5) 

sulfate ester: (RO)2S02; an ester of sulfuric acid (17.2) 

sulfonamide: RS02NR2; a family of compounds con¬ 
taining the —S02NR2 group (3.10, 12.6) 

sulfonate ester: ROS02R; an alkylated derivative of a sul¬ 
fonic acid (8.3) 

sulfonation: the replacement of H by an —SO3H group 

(11.2) 
sulfonic acid: RSO3H; a functional group in which an 
—SO3H group is attached to an alkyl or aryl group (3.10, 
12.6) 

sulfanilamide: a p-aminobenzenesulfonamide antibi¬ 
otic; a sulfonamide derivative of aniline (23.5) 

superimposable: descriptor for the relationship of two 
molecules for which a conformation exists such that each 
of the four substituents at a center of chirality can be su¬ 
perimposed (5.5) 

syn addition: the formation of product by delivery of an 
electrophile and a nucleophile to the same face of a mul¬ 
tiple bond (10.4) 

syn eclipsed conformer: a conformational isomer in 
which two large groups on adjacent carbons are at a di¬ 
hedral angle of 0° (5.2) 

syndiotactic: stereochemical designator for a polymer in 
which the alkyl groups at centers of asymmetry along the 
chain point alternately in one direction and in the oppo¬ 
site direction (16.7) 

syn-periplanar: descriptor for the geometric relation¬ 
ship in which the bonds to substituents on adjacent atoms 
of a a bond are coplanar, with a dihedral angle of 180°; 
a possible geometry for an E2 elimination, although it is 
less preferred than the anfi-periplanar alignment (9.3) 

synthetic: prepared in the laboratory (15.7) 

synthetic efficiency: the evaluation of the utility of a 
proposed synthesis, depending on the number of steps, 
the yield of each step, the ease and safety of the reaction 
conditions, the ease of purification of intermediates, and 
the cost of starting materials, reagents, and personnel time 
(15.6) 

tautomerization: a transformation from one structure 
to another in which the only changes are the position of 
attachment of a hydrogen atom and the position of 7r 
bond(s); typically, a 1,3 (or 1,5) shift of a proton to or 
from a heteroatom in a three-atom system containing a 
double bond; catalyzed by acid or base (6.2) 

tautomers: constitutional isomers that differ only in the 
position of an acidic hydrogen along a three-atom seg¬ 
ment containing a heteroatom and a double bond (6.2) 

Teflon: —(CF2)„— (16.4) 

termination step: a reaction that stops a chain reaction 
by consuming a reactive intermediate without producing 
another or by converting two reactive intermediates into 
one stable product (7.6) 
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termolecular reaction: a rare type of reaction that re¬ 
quires a collision between three reactants in the rate-de¬ 
termining step (6.9) 

terpene biosynthesis: the condensation of isopentenyl 
pyrophosphate (17.2) 

terpenes: a family of relatively nonpolar natural prod¬ 
ucts (lipids) derived biochemically from isopentenyl py¬ 
rophosphate and thus containing 5n (n — integer) car¬ 
bon atoms (17.1) 

tertiary alcohol: R3COH; an alcohol in which the OH 
group is attached to a tertiary carbon atom (3.5) 

tertiary amine: R3N; an amine in which nitrogen is at¬ 
tached to three carbon substituents (3.1) 

tertiary carbon: a carbon atom chemically bonded to 
only three other carbon atoms (1.5) 

tertiary structure of a peptide or protein: the three-di¬ 
mensional spatial dispersal of /3-pleated sheets and u-he- 
lices; describes protein folding (16.7) 

tetrahedral carbon: an sp3-hybridized carbon atom 
bearing four substituents directed at 109.5° from each 
other (1.2) 

tetrahedral intermediate: an intermediate in nucle¬ 
ophilic addition and nucleophilic acyl substitution ob¬ 
tained upon covalent bond formation between an at¬ 
tacking nucleophile and a carbonyl carbon (12.5) 

tetrahydrofolic acid: a cofactor that effects the methyla- 
tion of nucleic acids by transferring one carbon from ser¬ 
ine (21.6) 

tetraterpene: a terpene containing 40 carbon atoms and 
derived from eight isoprene units (17.1) 

tetravalent intermediate: see tetrahedral intermediate 

tetrose: a four-carbon sugar (17.3) 

thermal conductivity detector: a gas chromatography 
detector that measures the difference in thermal conduc¬ 
tivity between the carrier gas alone and that observed as 
a sample elutes from the column (4.2) 

thermodynamic control: descriptor for a chemical reac¬ 
tion for which the relative stabilities of the possible prod¬ 
ucts, rather than the activation energies for their forma¬ 
tion, define the course, so that the reaction preferentially 
forms the most stable product (6.8) 

thermodynamics: a description of the relative energies 
of the reactants and products and the equilibrium estab¬ 
lished between them (6.5) 

thermoneutral reaction: a conversion in which the re¬ 
actants and products have the same energy content (6.1) 

thiamine pyrophosphate: a cofactor important in the 
degradation of amino acids (21.7) 

thin-layer chromatography (TLC): chromatographic 
technique in which a mixture of compounds is separated 
by elution of the liquid phase by capillary action through 
a flat solid support such as a sheet of glass, plastic, or alu¬ 

minum foil coated with a thin layer of silica gel or alu¬ 
mina (4.2) 

thioacetal: see dithioacetal 

thioether: a functional group in which two alkyl or aryl 
groups are attached to an sp3-hybridized sulfur atom 
(3.10) 

thioketal: see dithioketal 

thiol: a compound having the SH functional group 
(3.10) 

thiol ester: RCOSR; a functional group in which a car¬ 
bonyl carbon bears an alkyl or aryl group and an SR group 
(3.10) 

thionyl chloride: SOCI2; an effective reagent for the con¬ 
version of alcohols to alkyl chlorides or carboxylic acids 
to acid chlorides (8.3) 

thiophene: C4H4S; a five-member cyclic, sulfur-contain¬ 
ing, heteroaromatic molecule (3.11) 

three-point contact: an association between pairs of 
molecules in which three of four groups are in close con¬ 
tact (19.4) 

thymine: C5H6N202; a biologically important het¬ 
eroaromatic base (3.11) 

torsional strain: destabilization of an eclipsed confor¬ 
mation relative to a staggered conformation (5.2) 

tosylate: R0S02-p-C6H4(CH3); a p-toluenesulfonate es¬ 
ter (8.3) 

trans isomer: a geometric isomer in which the largest 
groups are on opposite sides of a double bond or ring 
(1.5, 2.1) 

transcription: the reading of the encoded information 
stored in DNA during RNA synthesis (19.3) 

transesterification: the interconversion of one car¬ 
boxylic acid ester into another (12.5) 

transfer RNA (tRNA): a small nucleic acid containing 70 
to 80 nucleotides with two unique regions, one contain¬ 
ing an anticodon and another providing a site for the at¬ 
tachment of a specific amino acid (19.3) 

transition metal: a metallic element with an incomplete 
inner electron shell; broadly found in the center of the 
third, fourth, and fifth rows of the periodic table and ex¬ 
isting in multiple stable valence states (20.6) 

transition state: the highest-energy arrangement of 
atoms along a reaction pathway (5.1) 

transition-state analog: a stable species that closely 
mimics the geometry and charge distribution of the tran¬ 
sition state of a reaction (20.7) 

transition-state stabilization: a decrease in the energy of 
the highest-energy arrangement along a reaction coordi¬ 
nate; attained by altering the environment or the identity 
of the interacting reagents (20.1) 

transition-state theory: a theory that asserts that the rate 
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of a reaction varies exponentially with the energy required 
to reach the transition state (6.9) 

transmetallation: an exchange of metals between an 
organometallic compound and either a metal or a differ¬ 
ent organometallic compound (8.4) 

tricarboxylic acid (TCA) cycle: a sequence of reactions 
by which acetate units in the form of acetyl CoA are de¬ 
graded to carbon dioxide; some of the energy released 
during this oxidation is stored as chemical reduction po¬ 
tential in the cofactors FADH2, NADH, and NADPH 
(22.8) 

tridentate: descriptor for a molecule having three ligat¬ 
ing heteroatoms; from the Latin, meaning “three teeth” 
(19.2) 

triglyceride: see fat 

trigonal: descriptor for an atom with three a bonds (6.4) 

trimer: a compound containing most or all of the atoms 
of three molecules of a starting material (10.3) 

triose: a three-carbon sugar (17.3) 

triple bond: a cr and two tt bonds between adjacent sp- 

hybridized atoms (2.4) 

triplet: a molecule in which not all electrons are spin- 
paired, with two electrons of the same spin being ac¬ 
commodated in two different orbitals; a three-line mul- 
tiplet in an NMR spectrum (4.3, 6.4) 

triterpenes: terpenes containing 30 carbons and derived 
from six isoprene units (17.1) 

twist-boat conformation: a distorted boat conforma¬ 
tion in which the steric interaction of the flagpole hy¬ 
drogens has been relieved by conformational twisting 
(5.4) 

ultraviolet (UV) spectroscopy: a technique that mea¬ 
sures a molecule’s tendency to absorb light of wavelengths 
of 200-400 nm (a region of energy just higher than that 
detectable by the human eye) (4.3) 

Umpolung. descriptor for a reagent with reversed polar¬ 
ity (18.7) 

unimolecular reaction: a reaction involving only a sin¬ 
gle species in the rate-determining step (6.9) 

unsaturated fatty acid: a long, straight-chain carboxylic 
acid containing at least one double bond along the chain 
(17.1) 

unsaturation: the condition of a molecule that has some 
non-5p3-hybridized atoms, consequently, containing one 
or more multiple bonds (2.1) 

upfield: the chemical shift of a nucleus that resonates at 
a lower 8 value than a reference nucleus; that is, for most 
uncharged molecules, at a higher frequency and thus 
closer to that of tetramethylsilane; the right-hand portion 
of an NMR spectrum (4.3) 

uracil: C4H4N2O2; a biologically important heteroaro¬ 
matic base (3.11) 

urethane: a carbonyl group bonded on one side to the 
nitrogen of an amine and on the other side to the oxy¬ 
gen of an alcohol; a protecting group for an amine (15.8, 
16.5) 

valence electrons: electrons occupying an incompletely 
filled quantum level (1.2) 

valence shell: the outermost atomic shell that typically 
contains electrons (1.2) 

van der Waals attraction: the energetically favorable 
force resulting from the interaction of the bonded elec¬ 
trons of one molecule and the nuclei of another (1.2) 

van der Waals radius: the effective size of an atom (1.2) 

van der Waals repulsion: the energetically unfavorable 
force resulting from the interaction of the bonded elec¬ 
trons of one molecule and those of another or the inter¬ 
action of the nuclei of one molecule with those of an¬ 
other; repulsive intermolecular dipole-dipole interaction 
(1.2) 

variable region: portion of an antibody that is unique 
for a particular foreign invader and is responsible for an¬ 
tibody specificity (20.7) 

vesicle: a bilayer extended to form a closed surface (17.1) 

vinyl group: an alkene fragment lacking one substituent 
from the double bond (2.3) 

vinyl halide: a functional group in which a halogen is at¬ 
tached to an alkenyl carbon (9.7) 

virion: an intact virus consisting of a core of genetic ma¬ 
terial surrounded by coat proteins (23.6) 

viscosity: resistance to flow; “stiffness” (17.1) 

visible spectroscopy: a technique that measures a mol¬ 
ecule’s tendency to absorb light of wavelengths of about 
400-800 nm (the region of energy detectable by the hu¬ 
man eye) (4.3) 

vitamin: a molecule that is required to sustain life but 
cannot be synthesized by a host animal and must there¬ 
fore be obtained via the diet (21.6) 

vitiligo: see leukoderma 

vulcanization: the cross-linking of a polymer by heating 
it with sulfur (16.4) 

Wagner-Meerwein rearrangement: cationic rearrange¬ 
ment in which a carbon substituent participates in a 1,2- 
shift (14.1) 

water: H20; the simplest compound containing sp3-hy- 
bridized oxygen (3.5) 

wavelength: the distance from peak to peak of a wave 
(4.3) 
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wax: a mixture of fatty acid esters of long, straight-chain 
alcohols (17.1) 

wedge: in a line structure, a graphic representation indi¬ 
cating a group or atom positioned nearer to the observer 
(1.2) 

Williamson ether synthesis: the reaction of an alkoxide 
ion with an alkyl halide or tosylate to produce an ether 
(8.3) 

Wolff-Kishner reduction: the reduction of a ketone to 
a methylene group by treatment with basic hydrazine 
NH2NH2 (11.2) 

wool: a structurally complex, naturally occurring protein 
heavily cross-linked by sulfur-sulfur bonds (16.5) 

Zaitsev’s rule: an empirical prediction of preferential 
formation of the thermodynamically more stable, more 
highly substituted regioisomer in an elimination reaction 
(9.3) 

Ziegler-Natta catalyst: an organometallic polymeriza¬ 
tion initiator that produces isotactic polypropylene (16.7) 

Z-isomer: a geometric isomer in which the groups of 
highest priority are on the same side of a double bond; 
from the German zusammen, “together” (2.1) 

zusammen: see Z-isomer 

zwitterions: neutral species that contain equal numbers 
of local charge (plus and minus) centers (2.3) 

ylide: a zwitterion bearing opposite charges on adjacent 
atoms (8.3) 
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Index 

Absolute configuration, 254-257, 261 
Absolute stereochemistry, 254 
Absorption bands, 191 
Absorption maxima, for UV-absorbing compounds, 206 
Absorption spectroscopy, 203 

conjugation effects in, 206-208 
Acetal, 611 

as protecting group, 613 
Acetal formation, 609, 612, 643 

acid catalysis of, 609-610 
Acetaldehyde, 523, 670, 671, 803 

definition of, 125 
Acetanilide, 566 
Acetic acid, 405, 625 
Acetoacetic ester synthesis, 689 

for formation of carbocyclic rings, 690 
Acetone, 125, 672, 674, 675, 685 

as solvent, 140 
Acetonitrile, 107 
Acetophenone, 138, 551, 664 
Acetylacetone, 684, 685 
Acetylene, 77 
Acetylide anions 

preparation of, 414 
reactions of, 415 
substitution versus elimination with, 415-416 

Acetylsalicylic acid, 558 
Achiral molecule, 250 
Acid anhydrides, 128 

reactions of, 629-630 
Acid catalysis 

of acetal formation, 609-610 
of alcohol dehydration, 454 
of aldehyde hydration, 605-606 
in alkene hydration, 492-494 
in amide hydrolysis, 625 
of hemiacetal formation, 609-610 
in nitrile hydrolysis, 504, 630 
in thiol ester hydrolysis, 622 

in transesterification, 624 
Acid chlorides 

energetics of preparation, 628-629 
preparation of, 627-628, 643 
substitution reactions of, 626-627 

Acid-base equilibria, 303-304 
Acidity, 305-317 

of alcohols, 309 
effect of aromaticity on, 315-317 
effect of bond energies on, 308 
effect of electronegativity on, 308 
effect of enolate anion stability on, 313-314 
effect of hybridization on, 311 
effect of inductive effect on, 307, 308-309 
effect of resonance on, 311-312 
effect of steric effect on, 310 
thermodynamic feasibility of a reaction and, 316-317 
and winemaking, 310 

Acrylonitrile, 797 
Activating substituents, 559 
Activation energy, 227, 282 

rate of reaction and, 318 
Activation energy barrier, 281, 282, 297, 299 
Acyclic systems, El elimination in, 457 
Acylium ion, 551 
Addition polymer, 794 
Addition polymerization, 794-804 
Addition reactions, 58, 332-333, 505-507 
Adenine, 136 
Adipic acid, in formation of nylon 66, 808 
Agent Orange, 546 
Albuterol, 764, 765 
Alcohols, 108, 109-111 

acid-catalyzed dehydration of, 454 
acidity of, 309 
addition of 

across carbonyl bond, 609-613 
manipulating point of equilibrium in, 611-612 

(continued) 
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Alcohols (continued) 
boiling points of, 110 
bond-dissociation energies in, 116 
classification of, 109 
dehydration of, 119, 333, 443-445 
formation by SN1 substitution of alkyl halides, 394- 

396 
formation by Sn2 substitution of alkyl halides, 392- 

394 
nomenclature for, 109 
oxidation of, 125, 146 

with chromium reagents, 467-468 
preparation 

by acid-catalyzed hydration of an alkene, 494-494, 
532 

by Cannizarro disproportionation, 607-608, 643 
by complex metal hydride reduction, 597-600, 643 
by hydration of alkenes, 332-333, 377, 493 
by hydroboration-oxidation addition reaction, 532 
by hydrolysis of alkyl halides, 377, 422 
by oxymercuration-demercuration, 532 
using Grignard reagents, 422, 636-637 

protection of, 770 
protonated, 119 
reactivity of, 120-121 
substitution of, 120, 121, 146 

to form alkyl halides, 399-402 
Aldehydes, 125 

acid-catalyzed hydration of, 605-606 
base-catalyzed hydration of, 604-605 
nomenclature for, 126 
preparation 

by Cannizzaro reaction, 607-608, 643 
by ozonolysis of alkenes, 523, 532 

protection of, 768-769 
reduction by complex metal hydride reactions, 597- 

599 
Aldol 

definition of, 671 
naturally occurring, 673 

Aldol condensation reaction, 334-335, 671 
of ketones, 672 

Aldol reaction, 670-671 
crossed, 673-676 
intramolecular, 672-673, 679 
of ketones, 672 

Alkaloids, 98 
Alkanes, 23-24 

free-radical halogenation of, 366-376 
heats of combustion of, 37 
nomenclature of, 33 
physical properties of, 23 
preparation 

by catalytic hydrogenation of alkenes, 527, 532 
by catalytic reduction of an alkyne, 532 
by protonation of Grignard reagents, 422 

sigma bonds in, 24 
stability of, 36-38 
structural isomers of, 24-26 
structure and bonding in, 2-38 
substitution reaction of, 334 
three-dimensional character of, 21-22 

Alkenes, 44-61 
addition of bromine to, 505 
catalytic hydrogenation of, 58, 59, 332, 527-528 
conversion to epoxides, 515-517 
cycloaddition reactions of, 513-526 
degree of unsaturation in, 52-53 
electrophilic addition of HC1 to, 355-359 
electrophilic addition to, 487-489 
geometry of, 225 
heat of combustion of, 56-57 
heat of formation of, 61 
heat of hydrogenation of, 57, 58-59 
higher, 51-52 
hybridization in, 44-46 
hydration of, 332 

by oxymercuration-demercuration, 501-502 
infrared absorption of, 198-199 
isomerism in, 53 
light-induced isomerization of, 227-229 
nomenclature for, 33, 53-55 
oxidation by osmium tetroxide or potassium per¬ 

manganate, 520-522, 533 
ozonolysis of, 523 
preparation 

by Cope rearrangement reaction, 709-712, 723 
by dehydration of an alcohol, 333, 377 
by dehydrohalogenation of an alkyl halide, 333, 

377, 445-454, 474 
by dissolving-metal reduction of an alkyne (trans), 

530-531, 532 
by partial hydrogenation of an alkyne (ds), 532 
by Wittig reaction, 644 

protected, 508 
radical addition to, 509-513 
reaction with peracids, 515-517 
stability, 56-61 
as starting materials for Friedel-Crafts alkylation, 

549 
structures of, 50-53 

Alkoxide ions, 377, 396, 591, 604, 609, 623 
Alkyl aluminate, 598 
Alkyl aromatics, preparation of 

by Clemmensen reduction, 552, 578 
by Friedel-Crafts alkylation, 547-549, 578 
by Wolff-Kishner reduction, 552, 578 

Alkyl azides, preparation of, 354, 377 
Alkyl bromides 

dehydrobromination of, 333 
hydrolysis of, 359-362 
preparation 
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by reaction of an alcohol with HBr, 401, 422 
by reaction of an alcohol with PBr3, 402, 422 

Alkyl chlorides, preparation of 
by reaction of an alcohol with HC1, 401, 422 
by reaction of an alcohol with thionyl chloride, 401, 

422 
Alkyl groups, 33, 34 

as activating ortho, para directors, 560-564 
common names of, 34 
migration of, 703 

Alkyl halides, 138-140 

conversion into alcohols by SN1 mechanism, 394-396 
conversion into alcohols by SN2 substitution, 392- 394 
dehydrohalogenation of, 333, 337, 445-454 
displacement reactions of, 354 
exchange in, 334, 346, 354, 377 
mustard gas as toxic example of, 395 
nucleophilic displacement by amines, 405-408 
preparation 

from alcohols via sulfonate esters, 400 
from alcohols by the action of thionyl chloride, 

400 
from alcohols by treatment with concentrated 

halogen acids, 401 
from alcohols by treatment with phosphorus 

trihalides, 402 
by electrophilic hydrohalogenation, 532 
by free-radical halogenation, 366-370, 373-376, 

392 
by peroxide-initiated radical hydrobromination, 

532 
by substitution of alcohols, 399-402 
of thiols from, 402, 404-405 

reaction with enolate anions, 669 
reduction of, 420 
synthetic applications of, 376 
in Williamson ether synthesis, 396-398 

Alkyl shifts, 365 
Alkyl sulfide, 131 
Alkylamines, formation by substitution of halogen, 

405-410 
Alkylation, 

of /3-dicarbonyl compounds, 684-691 
of /3-ketoesters, 686 
of ketones and esters, 669-670 
of malonic acid diesters, 687 
of ct,/3-unsaturated carbonyl compounds, 678 

Alkylbenzenes, 557, 578 
Alkyllithium, 676 
Alkynes, 76-80 

catalytic hydrogenation of, 528 
as contraceptive agents, 640 
dissolving-metal reductions of, 530-531 
electrophilic addition of HX to, 499-501 
heat of combustion of, 78 
heat of hydrogenation of, 78 

higher, 77-78 
hydration of, by electrophilic addition, 503-504 
infrared absorption of, 199-200 
nomenclature for, 33, 79 
ozonolysis of, 523 
physiologically active, 79 
preparation 

by acetylide ion alkylation, 422 
by dehydrohalogenation of a geminal dihalide, 463, 

474 
by elimination of HX from vinyl halides, 461-463 
vicinal dihalides and, 508 

Allenes, 80 
optical activity in, 266-267 

Allicin, 75 
Alliin, 75 
Allyl anion, 311 
Allyl cation, 311 
Allyl group, 75 
Allyl phenyl ether, 722 
Allyl radical, 311 
Allyl vinyl ether, 721-722 
o-Allylphenol, 722 
Alpha (a) ratio, 159 
Alumina, 159, 162 
Ambiphilicity, 100 
Amide bond, properties of, 818-819 
Amides, 128 

hydrogen bonding in, 819, 820-822 
hydrolysis of, 625 
preparation 

by acid-catalyzed hydration of a nitrile, 504 
by Beckmann rearrangement, 714-716, 723 
by hydrolysis of a nitrile, 644 
by reaction of an acid chloride with an amine, 644 
by reaction of an ester with an amine, 644 

reduction of, by lithium aluminum hydride, 600-602, 
644 

Amines, 88, 89-93 
acidity and basicity of, 97-100 
boiling points of, 94, 95 
formal charge calculation for, 91 
hydrogen bonding in, 94-95 
naturally occurring, 92 
as nucleophiles, 614-616 
polar covalent bonding in, 92-100 
preparation 

from alkyl halides, 405-408 
by alkylation of ammonia or an amine, 405-408, 

422 
from carboxylic acids, 718 
by Gabriel synthesis, 409-410, 423 
by Hofmann rearrangement, 717-718, 723 
by lithium aluminum hydride reduction of an 

amide, 601-602, 644 
(continued) 
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Amines (continued) 
primary, synthesis of, 408-409 

protection of, 771-772 

protonation of, 146 

structure of, 89-90 

a-Amino acids, 810-811, 818 

Amino group, 90 

1- Aminohexane, 90 

2- Aminohexane, 90 

3- Aminohexane, 90 

a-Aminonitrile, 635 

Ammonia, 406 

hybridization and geometry of, 88-89 

industrial synthesis of, 89 

intermolecular hydrogen bonding in, 95 

Ammonium cyanate, 5 

Ammonium ion, quarternary, 90, 268 

Amoxicillin, 764, 765 

Amoxil, 764, 765 

Amygdalin, 635 

Amylopectin, structure of, 807 

Amylose, 807 

Anesthetics, ethers as, 397 

Angle strain, 238 

Angular momentum quantum number (/), 8 

Aniline, 73, 137, 553, 554, 576, 718 

preparation 

from benzyne, 465, 466 

by reduction of aryl nitro compounds, 553, 

578 

Anionic polymerization, 796 

Anionic rearrangements, 707-708 

Anions 

allyl, 311 

as nucleophiles, 594-596 

radical, 295-296 

vinyl, 461, 462 

Anisole, 73, 138 

10-Annulene, 85 

Anthracene, structure of, 72 

Anti conformer, 234, 236-237 

Anti isomer of polypeptide, 819 

Antiaromatic structures, 71 

Antibonding molecular orbitals, 48 

Anti-Markovnikov addition, 510-512 

Anti-Markovnikov hydrobromination, 510 

Anti-Markovnikov orientation, 511, 518 

Anh-periplanar relationship, 445-446, 452 

Applied field (Ho), 169 

Aprotic solvents, 112 

boiling points of, 390 

and Sn2 reactions, 388 

Arenes, 71-72 

heteroatom-substituted, 136-138 

Arenium ion, 543, 545 

Aromatic compounds 

catalytic hydrogenation of, 528 

heteroatom-containing, 133-138 

infrared absorption of, 200-201 

reactions of substituents and side chains of, 553-558 

Aromatic hydrocarbons, 64-75 

nomenclature for, 72-75 

Aromaticity, 68 

acidity and, 315-317 

Hiickel’s rule and, 69-71 

Arrhenius equation, 318, 320 

Arrow notation, 338 

Aryl group, 75 

Aryl halides 

elimination of HX from, 464-466 

preparation 

by diazo substitution, 556 

by halogenation of aromatic hydrocarbons, 545, 

578 

Aryl ketones, preparation by Friedel-Crafts acylation, 

551,579 

Aryl nitriles, preparation by Sandmeyer reaction, 555, 

579 

Aryl nitro compounds, preparation by nitration of aro¬ 

matic hydrocarbons, 546, 579 

Aryl side chains, reaction of, 557-558 

Aryl sulfonic acids, preparation of, 547, 579 

Ascorbic acid, 271 

Aspartic acid, 271 

Aspirin, 558 

Assisted homolysis, 339 

Atactic stereochemistry, 816 

Atomic orbital, shapes and dimensions of, 8-9 

Atomic scale resolution, 19 

Atomic structure, 7-11 

Atomic theory, 5 

Atropine, 4 

Aufbau principle, 10 

Axial methycyclohexane, 245 

Axial substituent, 244 

Azo compounds, 554-555, 579 

Azo dyes, 554, 555 

Azulene, 83 

Back-side attack, 386 

Back-side displacement, 347 

Baeyer-Villiger oxidation, 719-721, 725 

Bakelite, structure of, 813 

Ball-and-stick models, 20, 24 

Barbiturates, 691 

Barbituric acid, 691 

Base, definition of, 304 

Base hydrolysis, 623 

Base peak, 212 

Base-catalyzed hydration, 604-605 

Base-induced reactions, 621 

Baseline separation, 162 
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Basicity, 448 
correlation with nucleophilicity, 595 
effect of charge density on, 449 

Beckmann rearrangement, 335-336, 714-716, 725 
Benzaldehyde, 138, 639, 675 

mass spectrum of, 212 
Benzamide, 718 
Benzene, 64-68, 69, 70, 542, 548 

bromination of, 545 
chlorination of, 545 
disubstituted, constitutional isomers of, 73-74 
heat of hydrogenation of, 67, 68 
nitration of, 546 
preparation by dehydrohalogenation of an aryl 

halide, 464-465, 475 
resonance structures of, 64-67 
stability of, 67 
three-dimensional representation of, 43 

Benzenediazonium chloride, 554, 555 
Benzenesulfonic acid, 547 
Benzenesulfonyl chloride, 631, 632 
Benzenoid, 575 
Benzenoid ring, 576 
Benzil, 707 
Benzilic acid, 707 
Benzilic acid rearrangement, 707-708, 725 
Benzoate ester, 683 
Benzodiazepines, 776-779 
Benzoic acid, 138, 718 
Benzonitrile, 555 
Benzophenone, 716 
Benzo [a]pyrene, 73 

structure of, 72 
Benzyl alcohol, 395 
Benzyl bromide, 415 
Benzyl chloride, 395 
Benzyl ethers, hydrolysis of, 770, 780 
Benzyl mercaptan, 402 
Benzyne, 464, 466 

addition of ammonia or water to, 465 
reactions of, 465 
structure of, 465 

Berzelius, Johns Jakob, 790 
Betaine, 641 
Bimolecular nucleophilic displacement, 344-355 
Bimolecular nucleophilic substitution, 346 
Bimolecular reaction, 317, 321-322 
Biological oxidations, 470 
Biological reductions, 531 
Biradical, 51 
Biradical intermediate, 514 
Biradical structure, 66 
Bis-epoxide, 815 
Bis-phenol, 815 
Bisphenol A, 805-806, 813, 814, 815 

Bitrex, 408 

Boat conformation, 241, 242-243, 245 
Boiling points 

of alcohols, 110 
of aprotic and protic solvents, 390 
of hydrocarbons and heteroatom-containing com¬ 

pounds, 94, 95 
Boltzmann, Ludwig, 319 
Boltzmann energy distributions, 319-321 
Bombardier beetle, 372 
Bond angles, 12-13, 25 

of alkenes, 50 
in representative hydrocarbons, 78 

Bond cleavage, 112-123 
heterolytic, 113-114, 118-120 
homyolytic, 112, 114-116 

Bond energies 
average, 102 
bond length and, 113 
effect on acidity, 308 

Bond formation, 124-125 
Bond lengths, 11-12 

of alkenes, 51 
bond energies and, 113 
in representative hydrocarbons, 78 

Bond strengths, 101-103 
Bond-dissociation energy, 112 

of ethers, 111 
homolytic cleavage and, 114-116 
for methyl halides, 139 

Bonding, 11-13 
covalent, 9, 13—18 
hydrogen, 94-95. See also Hydrogen bonds 
ionic, 18-19 
nonpolar, 16 
pi, 46 
polar colvalent, 17, 92-100 
sigma, 46 

Bonding molecular orbitals, 48 
Borate, 598 
Branched polymer, 792-793 
Breathalyzer test, 469 
Bridged bicyclic amine, 431 
Bridgehead positions, 248 
Bromination, selectivity of free-radical, 373-376 
Bromine 

addition of, 505-507 
test for unsaturation, 505 

a-Bromoacids, preparation by Hell-Volhard-Zelinski 
reaction, 667, 692 

Bromobenzene 
elimination of HBr from, 464, 466 
methylation of, 573 

p-Bromobenzoic acid, 572, 573 
1- Bromobutane, 375 
2- Bromobutane, 255-256, 375, 450 

dehydrohalogenation of, 442 



(R) -2-Bromobutane, 256, 393 
(S) -2-Bromobutane, 256 
a-Bromocyclohexanone, 666 
2- Bromocyclohexanone, 660 
3- Bromocyclohexanone, 440 
1- Bromo-2,2-dimethylpropane, solvolysis of, 703, 704 
(Z)-l-Bromo-l,2-diphenylethene, 337 
a-Bromoketone, 660, 666 
2- Bromo-2-methylbutane, 364, 704 
2-Bromo-3-methylbutane, 364 
a-Bromonaphthalene, 577 
m-Bromophenol, 565 
p-Bromophenol, 564, 565 
2-Bromopropane, 755 
Bromonium ion, 505 
p-Bromotoluene, 560 
Bronsted, Johannes, 97 
Bronsted acid, 97, 99 
Bronsted base, 97, 99 
Brown, Herbert C., 519 
Butadiene, 287, 525, 801 

molecular orbitals of, 205 
structure of, 62 

Butadiene polymers, 798-800 
Butanal, 523, 597 
Butane, 25 

bromination of, 375 
conformational analysis of, 233-237 
structure of, 26 

n-Butanol, 597 
t-Butanol, 124, 388 
1- Butanol, 357 
2- Butanol, 357 
(R) -2-Butanol, 398, 399, 599 
(S) -2-Butanol, 393, 399, 599 
2- Butanone, 599, 668, 674 

synthesis of, from 2-propanol, 744, 745, 752 
1-Butene 

isomeric, 53 
stability of, 56 

ds-2-Butene, 225, 226, 489, 508, 514 
isomeric, 53 
stability of, 56 

trans-2-Butene, 225, 226, 515, 520 
isomeric, 53 
isomerization of, 336 
stability of, 56 

3- Buten-2-one, absorption band of, 210 
t-Butoxide ion, 397 
f-Butyl alcohol, 772 
t-Butyl bromide, 394, 397, 398 

hydrolysis of, 359, 360 
reaction profile for SN1 hydrolysis of, 361 

7i-Butyl chloride, 414 
f-Butyl chloride, 388 
f-Butyl chloroformate, 771, 772 

f-Butyl methyl ketone, deprotonation of, 663 
Butylated hydroxytoluene (BHT), 473 
f-Butylbenzene, 548, 561 
f-Butylester, 770 

formation of, 780 
cleavage of, 780 

f-Butylethyl ether, preparation via Williamson ether 
synthesis, 397 

Butyllithium, 639 
7i-Butyllithium, 414, 640, 668 
(R)-2-Butylmethane sulfonate, 398, 399 
2-Butyne, 508 
Butyramide, infrared spectrum of, 196 
By-products, in syntheses, 761 

13C NMR spectroscopy, 170-173, 577, 580 
of aldol condensation products, 694 
chemical shifts and, 171, 172 
of latex rubber, 800 

Caffeine, 137, 138 
Cahn-Ingold-Prelog rules, 254 
Calciferol, 710 
Calorimeter, 36 
Camphor, 253 
Cannizzaro disproportionation, 608, 643 
Cannizzaro reaction, 607-608 
Caprolactam, 715, 808, 809 
Capsaicin, 550 
Carbamate, 771, 772 
Carbamic acid, 771, 772 
Carbanions, 291-293 

as intermediates in ElcB reactions, 440 
Carbenes, 293-294 

singlet, 293, 513-514 
triplet, 294, 514 

Carbenoids, 515 
Carbinol carbon, 109 
Carbocation formation, 118-120, 360-362 

in Friedel-Crafts alkylation, 548 
Carbocation rearrangement, 498-499 
Carbocation stability, in elecrophilic addition reactions, 

494 
Carbocations, 120 

in El reactions, 437-439 
as electrophiles, 509 
in electrophilic addition, 487 
elimination versus substitution for, 438-439 
hypervalent, 489 
order of stability of, 291, 357 
reaction of, 362 

Carbohydrates, 806 
Carbon, 2 

electron configuration of, 11 
Carbon black, 802 
Carbon nucleophiles, 634-642 

preparation and use of, 412-421 
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sp-hybridized, 414-416 

sp2- and sp3-hybridized, 416-419 

Carbon-carbon bond-forming reactions, 746 

Carbon-carbon double-bond formation, 48-50, 728- 
729 

by aldol condensation, 729 

by catalytic hydrogenation of an alkyne, 728 

by dehydration, 728 

by dehydrohalogenation, 728 

by dissolving-metal reduction of an alkyne, 728 

by Hofmann elimination, 728 

by reductive elimination of a vicinal dihalide, 728 

by Wittig reaction, 728 

Carbon-carbon rearrangements, 702-714 

Carbon-carbon single-bond formation, 727-728 

by acetoacetate ester synthesis, 727 

by aldol reaction, 727 

by alkylation of ketone enolate anion, 727 

by Claisen condensation, 728 

by Claisen rearrangement, 728 

by conjugate addition to an a,/3-unsaturated carbonyl 

group, 727 

by Cope rearrangement, 728 

by Diels-Alder reaction, 727 

by Friedel-Crafts acylation, 727 

by Friedel-Crafts alkylation, 727 

by Grignard addition, 726 

by malonic ester synthesis, 727 

by SN2 displacement by acetylide anion, 726 

by Sn2 displacement by cyanide, 726 

Carbon-carbon triple-bond formation, 729 

by dehydrohalogenation, 729 

by Sn2 displacement by acetylide anion, 729 

Carbon-halogen bond formation, 729-730 

by addition of HX, 729 

by addition of X2, 729 

by bromination of an alkene, 730 

by chlorination of an alkene, 729 

by conversion of an alcohol to an alkyl halide, 729 

by electrophilic aromatic substitution, 729 

by a-halogenation of a ketone, 729 

by Hell-Volhard-Zelinski reaction, 729 

Carbon—hydroxyl group bond formation, 730-731 

by aldol reaction, 730 

by Cannizzaro reaction, 730 

by cyanohydrin formation, 731 

by Grignard reaction of an aldehyde or ketone, 730 

by Grignard reaction of an ester, 730 

by hydration of an alkene, 730 

by hydroboration-oxidation, 730 

by hydrolysis of an alkyl halide, 730 

by as-hydroxylation, 731 

by metal hydride reduction of an aldehyde, an ester, 

or a ketone, 730 

by nucleophilic opening of an epoxide, 731 

by oxymercuration-demercuration, 730 

Carbon-nitrogen rearrangements, 714-719 

Carbon-nitrogen single-bond formation, 731-732 

by aminolysis of an alkyl halide, 731 

by Gabriel synthesis, 731 

by Hofmann rearrangement, 732 

by lithium aluminum hydride reduction of an amide, 
731 

by reduction of an aromatic nitro compound, 731 

by reductive amination of a ketone, 731 

Carbon-oxygen rearrangements, 719-722 

Carbonate ester, 683 

Carbonium ion, 120 

Carbonyl carbon, 125 

Carbonyl compounds, 125-127 

preparation by oxidation of alcohols, 125 

relative reactivity toward hydride reducing reagents, 

602-603 

Carbonyl groups, 125 

absorption spectra of, 208-210 

addition to, via Grignard reagents, 636-637 

in aldol reaction, 670-671 

infrared absorptions of, 194-196 

kinetic versus thermodynamic deprotonation of, 667- 

669 

nucleophilic addition to, 592-596 

reactions of nucleophiles with, 593-594 

reduction of, 530 

a,/3-unsaturated, 676-680 

Carbonyl-alcohol adducts, structure and nonmencla- 

ture of, 610-611 

Carboxylate anion, 621, 623 

Carboxylate ion, 620 

Carboxylates, protection of, 770 

Carboxylic acids, 127-128, 523 

hydrolysis of nitriles to, 630 

nomenclature for, 127 

nucleophilic acyl substitution of, 619-630 

preparation 

by chromate oxidation, 467-470, 475 

by hot KMn04 oxidation of alkenes, 532 

using Grignard reagents, 637 

Carboxylic acid chlorides, 626-629 

Carboxylic acid derivatives, 128-130 

hydrolysis of, 621-623 

interconversion of, 621-626 

reactivity toward nucleophiles, 129-130 

reduction of, 599-602 

relative stability of, 620-621 

Carcinogens, 72, 73, 506, 575 

epoxides as, 517 

Cardizem, 764, 765 

Carminic acid, 3 

/3-Carotene, 207 

Carrier gas, 158 

Carvone, 253 

Catalyst poisons, 528, 529 

1-7 



Catalysts, 58, 333, 526, 606 

Ziegler-Natta, 816, 817 

Catalytic hydrogenation, 58, 59, 81, 332, 526-529, 552 

of alkenes, 527-528 

of alkynes, 528 

of aromatic compounds, 528 

of heteroatom functional groups, 528-529 

of imines, 146 

selective, 529 

Cation stabilization, 120 

Cationic polymerization, 796 

Cationic rearrangements, 702-707 

Cations 

allyl, 311 

conjugation in, 121-123 

radical, 294-295 

vinyl, 461, 499 

Ceftriaxone, 274 

Cellulose, structure of, 808, 826-827 

Center of chirality, 250, 255, 256, 293 

multiple, 261 

single, 260 

Chair conformations, 240, 242-243, 244-245, 247 

Charge density, effect on basicity, 449 

Chemical equilibria, 302-304 

Chemical shifts, 190 

in 13C NMR spectra, 171, 172 

delta (<5) scale for describing, 169 

downfield, 169 

in 1H NMR spectra, 174-175 

symmetry and, 182 

upheld, 170 

Chirality, 249-251 

Chitin, 292 

Chloral, 605 

Chloral hydrate, 605 

Chlorinated aromatics, toxicity of, 546 

Chlorination 

of ethane, 366-370 

selectivity of free-radical, 373-376 

stereochemistry of, 507 

Chlorine, addition of, 507 

Chlorobenzene, 417, 545 

m-Chlorobenzoic acid, 572 

2-Chlorobutadiene, 798 

2- Chlorobutane, 489 

1- Chloro-2-butene, 496 

3- Chloro-l-butene, 496 

Chlorocyclohexane, 355 

2- Chloro-2,3-dimethylbutane, 365 

Chloroethylene, 796 

Chlorohuorocarbons, 374 

Chloroform, 513 

1-Chlorohexane, 548, 549 

Chloroisopropylbenzene, 568 

1 -Chloro- 1-methylcyclohexane, 357 

3-Chloro-4-methylnitrobenzene, 74 

2-Chloro-2-methylpropane, 494 

1- Chloropentane, 372 

2- Chloropentane, 372 

3- Chloropentane, 372 

m-Chloroperbenzoic acid, 516, 720 

1 -Chloro- 1-phenylethane, 494 

Chlorophyll, 209 

Chlorophyll a, 135, 209 

synthesis of, 751 

Chloroprene, 798 

2-Chloropropanoic acid, 262 

Chlorosulfite esters, 400, 627 

Chlorotrifluoroethylene, 797 

Chlorsulfuron, 633 

Cholesterol, structure of, 273 

Chromate oxidation, mechanism of, 467-468 

Chromatogram, 161 

Chromatographic separation, 161 

Chromatography, 157, 158-166 

column, 159, 160 

gas, 158, 165-166 

high-performance liquid, 160 

liquid, 158, 159-161 

normal-phase, 164 

paper, 162-163 

reverse-phase, 163-164 

thin-layer, 162-163 

Chromium oxidations, 468-470 

Chromium reagents, oxidation of alcohols with, 467- 

468 

Cimetidine, 762 

Cis isomer, 35, 53 

Claisen condensation, 680-681, 688 

crossed, 682-683 

Claisen rearrangement, 709, 721-722, 725 

Clemmensen reduction, 552 

Cockroaches, 495 

Codeine, 625 

Coenzyme Q, 403, 473 

Column chromatography, 159, 160 

Complex metal hydride reductions, 597-602 

Concerted reactions, 282, 343, 344-355 

Condensation polymers, 793-794, 805-812 

Condensation reaction, 334-335 

Configuration 

absolute, 254-257, 261 

designation of, 260-266 

inversion of, 348-349 

relative, 260 

Configurational isomers, 224 

Conformation 

boat, 241, 242-243, 245 

chair, 240, 242-243, 244-245, 247 

eclipsed, 230 

envelope, 238 
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half-chair, 238 

planar, 238 

puckered, 238 

staggered, 230 

twist-boat, 242-243 

Conformational analysis, 230 

Newman projections and, 230-231, 233 

torsional strain and, 231-232 

Conformational anchors, 246 

Conformational equilibrium ratios, energy differences 
and, 237 

Conformational isomers, 24, 224, 229-237 

Conformers 

anti, 234, 236-237 

gauche, 234, 236-237 

syn, 234 

Conglomerate, 263 

Coniine, 3 

Conjugate acid, 99 

Conjugate addition, 496, 676-680 

Conjugate base, 303 

Conjugated diene, 62 

electrophilic addition to, 495-496 

Conjugated estrogen, 764, 765 

Conjugation 

in cations and radicals, 121-123 

extended, 206-208 

Connectivity of a molecule, 22 

Constitutional isomers, 53, 224 

of disubstituted benzene, 73-74 

Convergent synthesis, 760-761 

Cope, Arthur, 709 

Cope rearrangement, 701, 709-712 

energetics and geometry of, 711-712 

Copper iodide, 418 

Coupled reactions, 642 

Coupling, 176 

Coupling constant, 177, 179 

Covalent bonding, 9, 13-18 

Cracking, 341 / 

Crafts, James, 547 

Cram, Donald J., 389 

Creatine, 155, 190 
Cross-linking, in polymers, 792-793, 800-802, 813-815 

Crossed aldol reaction, 673-676 

Crossed Claisen condensation, 682-683 

Crotonaldehyde, 671 

Crown ethers, 389 
18-Crown-6-ether-potassium complex, 385, 389 

Cumulated diene, 62, 80 

Cyanide anions 

preparation of, 414 

reactions of, 415 
substitution versus elimination with, 415-416 

Cyanide ion, 107, 634-636 

Cyanidine, 1, 208 

Cyano group, 107 

Cyanohydrin, 634, 635 

formation of, 594 

Cyclic alkenes, ozonolysis of, 524 

Cycloaddition reactions, 513-526, 709 

Cycloalkanes, 27-31 

conformations of, 238-240 

heat of combustion in, 239 

ring strain in, 29-31 

strain energy in, 29, 31 

structures and formulas of, 27-29 

Cyclobutadiene, 294 

Cyclobutane 

conformations of, 29 

puckering in, 30 

Cyclobutanecarboxylic acid, 690 

Cyclobutylmethanol, 704 

Cycloheptatriene, deprotonation of, 315 

Cyclohexadiene, 528 

1.3- Cyclohexadiene, 712 

heat of hydrogenation of, 68 

Cyclohexane, 30, 549 

conformations of, 240-244 

disubstituted, 246-248 

El elimination in, 455-457 

E2 elimination in, 451-454 

free-radical halogenation of, 471 

monosubstituted, 244-246 

stability of, 67, 68 

1.4- Cyclohexanedione, 646 

Cyclohexanol, 597 

Cyclohexanone, 597, 660, 666, 669, 715 

Cyclohexanone oxime, 809 

Cyclohexene, 287, 506, 508, 520, 525 

addition of HC1 to, 355 

heat of hydrogenation of, 67 

preparation 

by dehydrohalogenation, 471 

by Diels-Alder reaction, 532 

stability of, 67 

Cyclohexene oxide, 515 

2-Cyclohexenone, 440 

Cycloheximide, 673 

Cyclohexyl methyl ketone, 716 

N-Cyclohexylacetamide, 716 

Cyclohexylbenzene, 549 

Cyclooctane, 253 

Cyclooctatetraene, 69 

Cyclopentadiene, 288-289, 298-299, 315, 801 

Cyclopentadienyl anion, 70, 71 

Cyclopentyl methyl sulfide, 403 

Cyclopentylbromide, 704 

Cyclopropane, 27 

preparation by carbene addition to alkenes, 533 

structure of, 27 

synthesis of, 513-515 
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Cyclopropenyl cation, 70, 71 
Cycloreversion, 709 
p-Cymene, 577 
Cytosine, 136, 153 

Dacron, 805 
Dalton, John, 5 
Davy, Humphry, 397 
Deactivating substituents, 559 
Decalins, 248-249 
czs-Decalin, 248 
trans-Decalin, 248 
1,3,5,7,9-Decapentaene, 85 
Degenerate rearrangement, 711 
Degree of unsaturation, 52-53 
Dehydration, 119, 333 

of alcohols, 333, 377, 443-445, 454 
Dehydrobromination, 333, 452 
Dehydrogenation, 470-473 

direct, 470-471 
laboratory-scale, 471-473 

Dehydrohalogenation, 442, 445-454 
of alkyl halides, 333, 377, 454 

Demercuration, 501-502 
Democritus, 5 
Deprotonation, 292 

quantitative, 667-668 
Derosne, C. L., 6 
Detectors, 161-162 

flame ionization, 165 
refractive index, 161 
thermal conductivity, 165 
universal, 161 

Dextrorotatory (d) enantiomer, 260-261 
1,6-Diaminohexane, in nylon 66 formation, 808 
Diamond lattice, structure of, 2, 792 
Dianion, in dissolving-metal reductions, 530 
Diastereomers, 261, 262 
1.3- Diaxial interactions, 244 
Diazo coupling, 554-555 
Diazo substitution, 555-557 
Diazonium salt, 554 
Diazotization, 554-557 
Diborane, 518 
2.3- Dibromobutane, 263-264 
trans- 1,2-Dibromocyclohexane, 506 
1,2-Dibromo-1,2-diphenylethane, 337 
/3-Dicarbonyl compounds, 684-685 

alkylation of, 684-691 
Dichlorocarbene, 513, 514 
Dichlorodicyanoquinone, 471 
1,1 -Dichloro-ds-2,3-dimethylcylopropane, 514 
2.4- Dichloroisopropylbenzene, 568 
Dichloromethane, as solvent, 140 
Dicyclopentodiene, 288-289 
Dieckmann condensation, 681-682, 688 

Diels-Alder reaction, 279, 287-289, 298, 299, 345, 513, 
524-526, 708, 709 

to produce 5-vinylnorbornene, 801 
Dienes, 62-63, 524, 525 

conjugated, 62 
electrophilic addition to, 495-496 

cumulated, 62, 80 
heats of hydrogenation of, 62-63 
isolated, 62 

Dienophile, 524, 525 
p-Diethylbenzene, 557 
Diepoxide, 815 
Digitalis, 4 
Digonal geometry, 293 
Digoxin, 4, 764, 765 
Dihalide 

geminal, 463, 500-501 
preparation by hydrohalogenation of an alkyne, 

533 
vicinal, 463 

preparation by electrophilic bromination or chlori¬ 
nation, 533 

synthetic utility of, 508 
Dihedral angle, 225 
Dihydrofolic acid, 274 
Diiodoacetophenone, 665 
Diiodoketone, 664 
Diketone, 524 
a-Diketone, 708 
/3-Diketone, 660 
Diltiazem, 764, 765 
Dimer, 509 

definition of, 790 
1.1- Dimethoxyethane, 611 
2.2- Dimethoxypropane, 611 
Dimethyl formamide (DMF), 388 
Dimethyl malonate, 679, 684, 687, 689, 690, 691 
Dimethyl methylpropyl malonate, 689 
Dimethyl sulfoxide (DMSO), 133, 388, 391 
Dimethyl terephthalate, 805 
Dimethylamine, 406, 407 
p-(Dimethylamino)azobenzene, 554 
Dimethylammonium bromide, 406 
N,N-Dimethylaniline, 554 
N,N-Dimethylbenzenesulfonamide, 632 
2.2- Dimethylbutane, structure of, 33 
2.3- Dimethylbutane, structure of, 33 
3,3,-Dimethyl-2-butanol, 502 

treatment with acid, 458 
treatment with HC1, 365 

2.3- Dimethyl-2-butene, 59, 458 
3.3- Dimethyl-1-butene, 458, 499, 502 
Dimethylcyclohexane, conformational analysis of, 246- 

247, 248 
cz's-l,2-Dimethylcyclohexane, 248 
trans- 1,2-Dimethylcyclohexane, 248 
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cis-1,3-Dimethylcyclohexane, 247 
trans- 1,3-Dimethylcyclohexane, 247 
cis-1,4-Dimethylcyclohexane, 247 
trans-1,4-Dimethylcyclohexane, 247 
2.4- Dimethylcyclohexanone, 673 
1.2- Dimethylcyclohexene, 524 
1.4- Dimethylcyclohexene, 497 
trans-Dimethylcyclopropane, 515 
3.4- Dimethylphenol, 74 
Dinitrobenzene, 569 
2.4- Dinitrophenylhydrazine, 617, 618 
2.4- Dinitrophenylhydrazone, 617 
1.2- Diol, 705, 706 
Dioxins, 546 

1,1-Diphenyl-2,3-dimethyl-cyclopropane, 514 
Dipole moments, 92-93 
Dirac, Paul, 7 
Direct dehydrogenation, 470-471 
Disproportionation, 608 
Dissolving-metal reductions, 530-531 
Distillation, 157 
Divinylbenzene, 801 
DMF. See Dimethyl formamide 
DMSO. See Dimethyl sulfoxide 
DNA, 7, 87 
Doering, William von Eggers, 98 
Double bond, 44 
Dynemicin A, 86 
Dynemicins, 79 

E isomer, 54-55, 819 
El mechanism, 437-439, 454-457 

competing rearrangements in, 458-460 
dehydration via, 443 
for elimination of HX from vinyl halides, 462 
factors affecting regioselectivity of, 455-457 
stereochemistry of, 454-455 

ElcB mechanism, 440 
dehydration via, 444 

E2 mechanism, 439-440 
dehydration via, 444 
dehydrohalogenation of alkyl halides, 445-454 
effect of substrate structure on regiochemistry in cy¬ 

clohexane rings, 451-454 
Eclipsed conformation, 230 
Effective field (Heff), 169 
Electrocyclic reactions, 709, 712-713 
Electromagnetic radiation, 166 
Electromagnetic spectrum, 167 
Electron configuration, 10-11 
Electron pushing, 66-67, 343 
Electronegativity, 16 

effect on acidity, 308 
Electrons 

spin-paired, 9 

valence, 9 
wave nature of, 46-47 

Electrophiles, 124, 356, 486 
carbocations as, 509 

Electrophilic addition, 355-359, 501-509 
carbocation rearrangement in, 498-499 
to conjugated dienes, 495-496 
definition of, 486 
effect of phase on, 490-492 
in ether, 510-512 
of halogens, 505-509 
of HC1, 489-493 
in hydration of alkynes, 503-504 
mechanism of, 487-489 
in preparation of various functional groups, 532-533 
reaction profile for, 356, 358 
regiochemistry of, 493-495 
stereochemistry of, 496-497 

Electrophilic aromatic substitution, 542, 544-553 
activation by heteroatom substituents, 564-566 
common reagents for, 544 
deactivation by halogens, 566-568 
effects of multiple substituents, 571 
Friedel-Crafts alkylation, 547-550 
halogenation, 545 
mechanism of, 542-544 
nitration as, 546 
ortho, para direction by alkyl groups, 562-563 
regiochemical preference in, 559, 560-562, 570 

of polycyclic aromatics, 575-577 
substituent effects in, 570, 572-574 
sulfonation as, 547 

Electrophilicity, 125 
Electrophoresis, gel, 164 
Electrostatic attractions, in polymers, 792 
Elimination reactions, 333. See also El mechanism; 

ElcB mechanism; E2 mechanism 
color-producing, 441 
El versus E2 mechanisms, 459 
ElcB and E2 eliminations of HX from vinyl halides, 

462-463 
effect of base structure on, 448-449 
Hofmann orientation and, 450 
of HX from aryl halides, 464-466 
leaving groups and, 459-460 
regiochemistry of E2 reactions, 447-448 
stereochemistry of E2 reactions, 446-447 
substrate structure and, 459 
transition states and reaction profiles for, 442 
of X2, 460-461 
Zaitsev orientation in, 451, 703 

Eluent, 159 
Elution, 159 
Elution time, 159 
Enalapril, 764, 765 
Enamines, 615-616 
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Enanthotoxin, 799 
Enantiomeric excess (e.e.), 259 
Enantiomers, 251-254, 261 

optically inactive, 259 
resolution of, 262-263 
separation of, 258 

Endergonic reaction, 281 
Endocyclic, definition of, 456 
Endothermic cleavage, 112 
Endothermic reaction, 281 
Energy barrier, 227 
Energy diagram. See Reaction profile 
Energy of activation, 227 
Enol, 285, 299-301 
Enolate anions, 285, 299-301, 312 

in aldol reaction, 670-671 
of /3-dicarbonyl compounds, 685 
formation of, 312, 323 
halogenation of, 663 
kinetic, 668 
molecular orbitals of, 661 
protonation of, 662-663 
in Robinson ring annulation, 679 
stability and acidity of, 313-314 
structure of, 662 

Enone, 679 
nucleophilic addition at /3 carbon of, 677-678 

y,<5-Enone, 722 
Enthalpy, 280, 284-287, 438, 439 
Enthalpy of activation, 282 
Entropy, 280, 287-289, 320, 438, 439 
Envelope conformation, 238 
Epichlorohydrin, 814, 815 
Epoxidation, 515-517 
Epoxides, 515 

preparation by peracid oxidation of an alkene, 
515-516,533 

reaction of Grignard reagents with, 517 
Epoxy glues, 814, 815 
Epoxy resins, 814 
Equatorial methylcyclohexane, 244 
Equatorial substituent, 244 
Equilibrium, 

acid-base, 303-304 
definition of, 302 

Equilibrium constant (K), 236, 237 
and free energy, 302-303 

Ergosterol, 710 
Eschenmoser, Albert, 751 
Ester enolate Claisen rearrangement, 722 
Esters, 128 

alkylation of, 669-670, 692 
interconversion with carboxylic acids, 623 
preparation by Baeyer-Villiger oxidation, 720, 723 
reduction with lithium aluminum hydride, 600, 645 
sulfonate, 398-399, 631-632, 645 

Ethanal, 125 
Ethane, 24 

chlorination of, 366 
conformational analysis of, 230-232 
hydrogen abstraction from, 371 
three-dimensional structure of, 21 

Ethanol 
13C NMR spectrum of, 170 

NMR spectrum of, 171 
as solvent, 140 

Ethene, 50 
molecular orbitals of, 205 

Ethers, 108, 111-112 
as anesthetics, 397 
boiling points of, 111 
crown, 389 
preparation 

by Sn2 displacement of an alkyl halide with an 
alkoxide, 354, 377 

by Williamson ether synthesis, 396-398, 423, 770, 
773 

as solvents, 111 
Ethoxide ion, 397, 398 
Ethyl acetate, 669 

as solvent, 140 
Ethyl acetoacetate, 684, 685, 689 
Ethyl bromide, 397 

JH NMR spectrum of, 177 
Ethyl ether, 397 

as solvent, 140 
Ethyl 3-phenylpropanoate, 669 
p-Ethylaniline, 74 
Ethylene, 50, 287, 525 

anionic polymerization of, 796 
molecular orbitals in, 49 

Ethylene glycol, 517, 805 
Ethylene monomer units, 792 
Ethylene oxide, 517 
Ethylmethyl ether, 397 
Ethylmethylamine, 267-268, 601 
o-Ethyltoluene, 74 
Ethyne, 77 
Exergonic reaction, 281 
Exhaustive hydrogenation, 60 
Exocyclic, definition of, 456 
Exothermic reaction, 281 
Extraction, 159 

Fermentation, 310 
Fingerprint region, 201 
Firestone, Charles, 802 
Fischer projections, 265-266 
Fish, amines as cause of smell of, 410 
Flagpole hydrogens, 242 
Flame ionization detector, 165 
Fluorine, reactivity of, 508 
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Fluorobenzene, 556 

1- Fluorobutane, 139 

2- Fluorobutane, 139 

2-Fluoro-2-methylpropane, 139 

Fluoxetine, 764, 765 

Formal charge (FC), 18 

calculation in amines, 91 

Formaldehyde, 125 

in preparation of Bakelite, 813 

Formate ester, 683 

Fourier, Jean Baptiste Joseph, 186 

Fourier transform, 186 

Foxglove, 4, 6 

Fragmentation pattern, 210, 211-213 

Free energy, 280 

equilibrium constant and, 302-303 

Free energy difference (AG°), 226 

Free induction decay (FID) signal, 185, 186 

Free-radical chlorination, 366 

Free-radical chlorination and bromination, selectivity 

in, 373-376 

Free-radical polymerization, 512 

Free-radical substitution reaction, reaction profile of, 

369 

Frequency (v), 166, 167 

Friedel, Charles, 547 

Friedel-Crafts acylation, 774, 775 

mechanism of, 551 

synthetic utility of, 552-553 

Friedel-Crafts alkylation, 547-550, 563, 572, 

carbocation formation and rearrangement in, 548 

comparison with Friedel-Crafts acylation, 551-552 

starting materials for, 549 

Full-headed curved arrow, 114 

Fuming sulfuric acid, 547 

Functional groups, 44 

characteristic IR absorptions of, 194-202 

nomenclature for, 141-144 

preparation of, 377 

by elimination reactions, 473-475 

by nucleophilic additions and substitutions, 

643-645 

synthetic methods for conversion of, 421-424 

Functional-group compatibility, 764, 766-767 

Functional-group transformations, 748 

by diazo substitution, 555-557 

using chromium oxidations, 468-470 

skeletal construction and, 751-753 

through SnI and Sn2 reactions, 392-412 

Furan, 133, 298-299 

Gabriel synthesis, 409-410, 423 

Gas chromatography, 158, 165-166 

Gas-phase reactivity, 490 

Gates, 5 

Gauche conformer, 234, 236-237 

Gel electrophoresis, 164 

Geminal dihalides, 463, 500-501, 533 

Geometric isomers, 53, 54-55, 224, 225-229, 336 

in polypeptides, 819 

Glean (chlorosulfuron), 633 

a-D-Glucose, 271 

Glucose, 806 

1,2-Glycols, 520 

preparation of, 533 

Gramicidin A, structure of, 275 

Graphite, structure of, 2, 792-793 

Grignard, Francis Auguste Victor, 417 

Grignard reagents, 417, 577, 676, 746, 752, 754, 755 

for nucleophilic addition to carbonyl groups, 

636-637 

for nucleophilic addition to C02, 637 

protonation of, 420, 422 

reaction with epoxides, 517 

synthetic utility of, 637-639 

Guanine, 136 

'FI NMR spectra 

characteristic ranges of, 175 

integration curve for, 175 

multiplicity of signal in, 178 

spin-spin splitting in, 176-179 

'H NMR spectroscopy, 173-191, 577, 580 

with aldol products, 694 

chemical shifts and, 174-175 

H2 blockers, 762 

Haber-Bosch process, 89 

Half-chair conformation, 238 

Half-headed curved arrow, 112 

Haloform test, 665 

Halogenation, electrophilic aromatic, 545 

a-Halogenation, of ketones, 663-667 

Halogens 

as deactivating substituents in electrophilic aromatic 

substitution, 566-568 

electrophilic addition of, 505-509 

relative reactivity of, 370-372 

substitution of 

to form amines, 405-410 

to form ethers, 396-398 

by phosphines, 411-412 

to form thiols and thioethers, 402-405 

1- Halopropane, 373 

2- Halopropane, 373 

Hammond postulate, 290, 296 

Heat of combustion, 36 

of alkenes, 56-57 

of alkynes, 78 

of cycloalkanes, 239 

Heat of formation, 37-38 

of alkenes, 61 
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Heat of hydrogenation, 68 

of alkenes, 57, 58-59 

of alkynes, 78 

of dienes, 62-63 

Heat of reaction (AH°), 226 
Heisenberg, Werner, 7 

Helical polyalanine, 789 

a-Helix, 822-823 

Hell-Volhard-Zelinski reaction, 666-667, 684 

Hemiacetal, 610-611 

formation of, 609-610 

Hemiketal, 611 

formation of, 612-613 

Hemlock, as poison, 3 

2,6-Heptanedione, 672 

2-Heptanone, 595, 689 

Heroin, 625 

Hertz (Hz), 166 

Heteroaromatics, 133 

biologically important, 134-136 

Heteroatoms, 88 

addition polymers containing, 802-804 

catalytic hydrogenation of functional groups contain¬ 

ing, 528-529 

infrared absorptions of, 196-198 

stereoisomerism at, 267-268 

as substituents 

activation of electrophilic aromatic substitution by, 

564-566 

nucleophilic addition of, 594, 645 

nucleophilic substitution by, 594, 645 

Heteroatom-substituted arenes, 136-138 

Heterocyclic aromatics, 133 

Heterolytic cleavage, 113-114, 118-120, 338, 343 

of alkyl halides, 140 

energy changes in, 340-342 

mechanism of multistep, 355-365 

Hexachloroethane, 253 

Hexachlorophene, 546 

1.5- Hexadiene, 701, 709, 711 

?7-Hexane, mass spectrum of, 211 

2.5- Hexanedione, 672 

Hexanes, isomeric, 33 

1- Hexanol, 109 

2- Hexanol, 109 

Hexatriene, 712, 713 

molecular orbitals of, 205 

1-Hexene, 59 

infrared spectrum of, 198 

trans-2-Hexene, 59, 523, 524 

trans-3-Hexene, 524 

Highest occupied molecular orbital (HOMO), 204 

High-performance liquid chromatography, 160 

High-pressure liquid chromatography (HPLC), 160 

Hindered rotation 

in alkenes, 51 

carboxylic acid derivatives and, 128-129 

Hoffmann, Roald, 709 

Hofmann, August Wilhelm, 450 

Hofmann elimination, 450 

Hofmann elimination product, 703 

Hofmann orientation, 450 

Hofmann rearrangement, 717-718 

Homolysis 

assisted, 339 

simple, 339 

Homolytic cleavage, 112, 114-116, 338, 343 

energy changes in, 338-339 

mechanism of multistep, 366-376 

Homolytic substitution, 366 

regiocontrol in, 372-376 

Hiickel aromatics, 134 

Hiickel’s rule, 70, 576 

Hund’s rules, 11 

Hybrid orbitals, characteristics of, 15-16 

Hybridization, 14-15 

in alkenes, 44-46 

effect on acidity, 311 

spy 76-77, 107-108 

sp2, 44-46, 100-107 

sp3, 14-15, 88-92, 108-112 

Hydrate 

definition of, 604 

formation of, 594, 604-607, 645 

Hydration, 332, 492-493 

acid-catalyzed, 605-606 

of alkynes by electrophilic addition, 503-504 

base-catalyzed, 604-605 

definition of, 492 

of nitriles by electrophilic addition, 504-505 

Hydrazine, 617 

Hydrazone, 617, 645 

Hydride reducing reagents, relative reactivity of car¬ 

bonyl compounds to, 602-603 

Hydride transfer, under biological conditions, 608 

Hydroboration, mechanism of, 518-519 

Hydroboration-oxidation, 518-520 

regiochemistry of, 519-520 

Hydrocarbons 

aromatic, 64-75 

branched, nomenclature for, 33-34 

degree of branching of, 36 

oxidation of, 470-473 

polycyclic aromatic, 72 

properties of, 22-23 

saturated, 23-24 

simple, 22-23 

bond-dissociation energies for, 115 

nomenclature for, 32 

straight-chain, nomenclature for, 33 
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unsaturated, 44 

physical properties of, 45 

Hydrogen bonds, 94-95 

alcohols and, 110 

in amides, 819, 820-822 

in amines, 94-95 

intermolecular, 94-95, 819 

intramolecular, 95 

Hydrogen peroxide, 367 

Hydrogen shifts, 364 

Hydrogenation 

catalytic, 58, 59 

exhaustive, 60 

Hydrohalogenation, 493 

Hydrolysis, 362 

Hydronium ion, 67 

Hydroperoxide, 510 

Hydroquinones, 471 

in photography, 472 

Hydroxide ion, addition of, 607-608 

jS-Hydroxyalcohols, 674 

/3-Hydroxyaldehyde, 670 

2-Hydroxy-2,3-dimethylbutane, 502 
/3-Hydroxyester, 684 

/3-Hydroxyketone, dehydration of, 444 

Hydroxylamine, 617, 618 

czs-Hydroxylations, 520 

2-Hydroxypyran, 271 

Hyperconjugation, 60 

Hypervalent carbocation, 489 

Ibuprofen, 743, 773-776 

Imidazole, 134 

Imine, 101, 615 

catalytic hydrogenation of, 146 

definition of, 614 

formation of, 594, 614, 645 

reduction of, 529 

Imine-enamine tautomerization, 616 

Iminium ion, 600, 601, 614, 615 

In phase, definition of, 46 

In resonance, definition of, 168 

Index of hydrogen deficiency, 53 

Inductive effect, 308-309 

Infrared absorption bands, 191 

for specific functional groups, 194-201 

Infrared spectrometer, 193 

Infrared (IR) spectroscopy, 191-202, 424-425, 

646-647 

with aldol reaction and aldol condensation, 

691-692 

of molecules in interstellar space, 202 

of polymeric materials, 789 

Infrared spectrum, fingerprint region of, 201 

Initiation step of radical chain reaction, 367-368 

Inner solvation shell, 97 

“Instant Glue,” 797 

Integration curve, 175 

Intermolecular hydrogen bonds, 94-95, 96, 97 

International Union of Pure and Applied Chemistry. See 
IUPAC 

Intramolecular aldol reaction, 672-673, 679 

Intramolecular hydrogen bonds, 95 

Inversion of configuration, 348-349 

Iodine, reactivity of, 507-508 

a-Iodoacetophenone, 664 

Iodoenolate anion, 664 

Iodoform reaction, 664, 667, 692 

Iodoform test, 665 

Ionic bonding, 18-19 

Ionic polymerization, 796-800 

Isobutane, 93 

Isobutylbenzene, in preparation of ibuprofen, 774 

Isobutyrate, infrared spectrum of, 195 

Isobutyronitrile, infrared spectrum of, 199 

Isocyanate, 718, 812 

Isoelectric, 292 

Isolated diene, 62 

Isomerism 

in alkenes, 53 

positional, 358 

Isomerization, 702 

geometric, 336 

light-induced, 227-229 

positional, 336 

Isomerization reactions, 336 

Isomers 

( + ), 260 

(-), 260 
cis, 35, 53 

configurational, 224 

conformational, 24, 224, 229-237 

constitutional, 53, 73-74, 224 

E, 54-55 

geometric, 53, 54-55, 224, 225-229, 336, 819 

meta, 73 

optical, 224 

ortho, 73 

para, 73 

stereochemical, 224 

structural, 24-27 

trans, 35, 53 

Z, 54-55 

Isonitrile, structure of, 108 

Isoprene, 798 

Isopropyl bromide, hydrolysis of, 359, 360 

Isopropylbenzene, 553, 568 

p-Isopropylmethylbenzene, 577, 580 

Isotactic polypropylene, 817-818 

Isotactic stereochemistry, 816 
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Isotopic labeling 

for demonstration of degenerate rearrangement, 711 

elucidation of reaction mechanism by, 453-454 

using organometallic reagents, 420-421 

IUPAC, 31,72 

IUPAC rules, 31-33, 54, 79, 141 

Jackson, Charles, 397 

Juvenile hormone, 292 

Kekule, August, 64 

Kekule structures, 65, 66 

Kel-F, 797 

Kelsey, Frances, 264 

Ketals, 611,672 

formation of, 612-613, 645, 769 

naturally occurring, 673 

as protecting groups, 613 

Ketoaldehyde, 524 

Ketoalkenes, preparation by Claisen rearrangements, 

722 

3-Ketocyclohexanone, 660 

9-Ketodecenoic acid, 595 

Keto-enol tautomerization, 284-287 

/3-Ketoesters 

alkylation of, 686 

in Dieckmann condensation, 682, 688, 693 

formation in Claisen condensation, 680, 688, 693 

hydrolysis and decarboxylation of, 687-688 

Ketones, 299-301, 312 

aldol reaction and aldol condensation of, 334-335, 

672, 693 

alkylation of, 669-670, 693 

in Baeyer-Villiger oxidation, 720 

definition of, 125 

halogenation 

under acetic conditions, 665-666 

under basic conditions, 663-664 

nomenclature for, 126 

orbital representation of, 126 

preparation 

by acid-catalyzed hydration of an alkyne, 533 

by chromate oxidation, 468, 475 

by Claisen rearrangement, 721-722, 723 

by hot KMn04 oxidation of an alkene, 533 

by ozonolysis of an alkene, 523, 533 

by pinacol rearrangement, 705-707, 723 

protection of, 768-769 

reduction by complex metal hydride reactions, 

597-599 

Ketoprofen, 743, 773-776 

Ketyl, 296 

Kevlar, 809 

Kinetic control, 298, 299, 301 

Kinetic deprotonation, 668 

Kinetic enolate anions, 668 

Kinetics, 280, 282, 317-322 

of electrophilic addition, 488-489 

relative rates from reaction profiles and, 296-297 

Lactic acid, 310 

as monomer in poly(lactic acid), 790 

Lactic acid dimer, structure of, 791 

Lactone, 721 

Laetrile, 635 

Lanoxin, 764, 765 

Latex rubber, 798 

NMR spectrum of, 800 

Le Chatelier’s principle, 289, 335, 612, 623, 624 

Leaving groups, 353, 386 

in elimination reactions, 459-460 

Lehn, Jean-Marie, 389 

Levorotatory (/) enantiomer, 261 

Levothyroxine, 764, 765 

Lewis acid and base, 98, 99 

Lewis dot structures, 17-18, 20, 24 

Linalool, 187 

Linear polymer, 792-793 

Linear synthesis, 759-760 

Liquid chromatography, 158 

on stationary columns, 159-161 

Lithium acetylide, 639 

Lithium aluminum hydride, 597, 598, 600 

Lithium dialkylamide, 640, 757 

Lithium dialkylcuprates, 418-419 

Lithium diisopropylamide (LDA), 667, 668 

Lithium dimethylcuprate, 418 

Lithium enolate, crystal structure of, 663 

Lithium iodide, 418 

Living polymer, 796 

Local magnetic field {H\oc), 169 

Locks, 246 

Lone pair, 88 

Lowest unoccupied molecular orbital (LUMO), 204 

Lucas test, 120, 121, 146 

Lucite, 797 

Lufenuron, 292 

Magnetic quantum number (m), 8 

Magnetic resonance imaging (MRI), 189, 190 

Maleic anhydride, 289, 525 

Malic acid, 310 

Malolactic fermentation, 310 

Malonic acid diesters 

alkylation of, 687 

hydrolysis and decarboxylation of, 687-688 

Malonic ester synthesis, 689 

formation of carbocyclic rings using, 690 

Manganate ester, 521 

Markovnikov’s rule, 357-359, 494, 496, 501, 503 

Mass spectrometer, 210 
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Mass spectroscopy, 210-213 

molecular weight determination by, 210-211 
Mass spectrum, fragmentation patterns in, 210, 211-213 
Mean energy, definition of, 319 
Mechanistic organic chemistry, 343 
Mercaptans, 402 
Mercuronium ion, 501 
Meso compounds, 263-265, 266 
Mesylate ester, 398 

of ethanol, 415 
Meta directors, 568, 570 
Meta isomer, 73 
Methanal, 125 
Methane 

Lewds dot structure of, 17 
representations of, 20 

Methane disulfide, 403 
Methanesulfonyl chloride, 398 
Methanethiol, 403, 405 
Methanol, 398 

dehydration of, 119 
as solvent, 140 

(S)-Methoprene, 292 
Methyl acetate, 82, 623, 803 
Methyl acetate enolate anion, 682 
Methyl acrylate, 525 
Methyl bromide, 331, 407, 417 
Methyl cyanoacrylate, 797 
Methyl ester, structure of, 132 
Methyl ether, structure of, 111 
Methyl formate, 682 
Methyl iodide, 640 
Methyl ketones, halogenation under basic conditions, 

664 
Methyl methacrylate, 797 
Methyl pyruvate, 683 
Methyl sulfide, as reduction product of DMSO, 133 
Methyl thioether, structure of, 132 
Methyl thiol ester, 621 
Methyl thiolacetate, 405 
Methyl vinyl ketone, 679 
N-Methylacetamide, 601, 625 
Methylamine, 89, 105, 406, 625 

hydrogen bonding and, 96 
solvation shells for, 97 

2- Methyl-1 -aminopropane, infrared spectrum of, 197 
Methylammonium bromide, 406 

formation of, 105 
Methylammonium ion, 625 
Methylaniline, 576 
m-Methylanisole, 74 
o-Methylanisole, 571 
3- Methylbenzophenone, in preparation of ketoprofen, 

774 
frans-2-Methylbromocyclohexane, debromination of, 

452 

2- Methylbutadiene, polymer formed from, 798 
3- Methyl-2-butanol 

reaction of HBr with, 364 

in preparation of 3-methyl-2-butanone, 754, 756 
3-Methyl-2-butanone, preparation from 2-propanol, 

753, 754, 755, 756, 758 
2-Methyl-2-butene, 55 
Methyl copper, 418 
Methylcyclohexane 

axial, 245 
conformational analysis of, 244-246 
equatorial, 244 

cis-1 -Methylcyclohexanol, 518 
trans-2-Methylcydohexanol, 518 
Methylcyclohexanone, 668, 669 
2- Methylcyclohexanone, 660 
1 -Methylcyclohexene, 452, 511, 518 

addition of HC1 to, 357 
3- Methylcyclohexene, 452 
3-Methyl-2-cyclohexenone, 672 
1 -Methylcyclooctene, 524 
3-Methyl-2-cyclopentenone, 672 
Methylene, 294 
Methylenetriphenyi phosphorane, 411 
2-Methylhexane, 419 
Mcthylmagnesium bromide, 417 
2- Methylpentane, structure of, 33 
3- Methylpentane, structure of, 33 
2-Methylpentanoic acid, preparation of, 689 
2- Methyl- 2-pentanol, 109 
3- Methyl-2 pentene, 59 
(£)-3-Methyl-2-pentene, 55 
(Z)-3-Methyl-2-pentene, 55 
2-Methylpropanal, 755, 757 
2-Methyl-1-propanol, 702 
2-Methyl-2~propanol, 357, 702 
2-Methylpropene, 494, 771 
Methyl-p-toluenesulfonate, 398, 631 
Methyltriphenylphosphonium iodide, 411, 640 
Methyltriphenylphosphorane, 640 
Michael addition, 678-679 
Mirror plane, 250 
Mobile phase, 158 
Models 

ball-and-stick, 20 
sawhorse, 21-22, 231 
space-filling, 20 

Molecular ion, 210 
Molecular orbitals, 46-50 

antibonding, 48 
bonding, 48 
highest occupied, 204-206 
lowest unoccupied, 204-206 
phasing of, 46-47 
pi, 49-50 
sigma, 47 
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Molecular shape, 12-13 

Molecular sieves, 612 

Molecular weight, determination of, 210-211 

Molecules 

formation of, 7-22 

representing, 19-21 

Molozonide, 523 

Monomer, definition of, 790 

Monophenol-monoepoxide (epoxyphenol), 815 

Morphine, 5, 6, 625 

Morton, William, 397 

Multifunctional compounds, 764 

Multiplet, in *H NMR spectra, 176 

Multiplicity of a signal, 178 

Multistep syntheses, 743-779 

practical examples of, 773-779 

yields in, 760 

Mustard gas, 395 

Mylar, 805 

n,7T* transition, 208-210 

Naphthalene, 575, 576 

structure of, 72 

a-Naphthoic acid, 577 

a-Naphthyl amine, 577 

Natta, Giulio, 817 

Neopentyl bromide, 351 

Neoprene, 798, 799 

Newman projections, 230-231, 233 

Nicotinamide adenine dinucleotide (NADH), 608 

Nifedipine, 764, 765 

Nightshade, 4 

Nitriles, 107-108 

hydration, by electrophilic addition, 504-505 

hydrolysis to carboxylic acids, 630 

infrared absorption of, 199 

preparation 

by diazo substitution, 556 

by reaction of alkyl halide with cyanide ion, 415, 

423 

Nitrilium ion, 715 

Nitrobenzene, 542, 553, 569 

Nitrogen nucleophiles, 613-619 

formation of derivatives of, 616-617 

variations in nucleophilicity of, 617-619 

a-Nitronaphthalene, 577 

1-Nitronaphthalene, 576 

Nitrous oxide, 397 

NMR spectrometer, 184-188 

NMR spectroscopy, 167-170, 424-425 

of living organisms, 190 

medical applications of, 188-191 

NMR spectrum, 169 

effect of field strength on, 186-188 

effect of symmetry on, 181-182 

interpretation of, 170 

Noble metal, 526, 529 

Nodal surface, 15 

Nomenclature 

for aldehydes, 126 

for alkenes, 53-55 

for alkynes, 79 

for aromatic hydrocarbons, 72-75 

for carboxylic acids, 127 

for functional groups, 141-144 

IUPAC, 31-35, 54, 79, 141 

for ketones, 126 

Nonaldehyde, infrared spectrum of, 194 

Nonanoic acid, infrared spectrum of, 195 

2-Nonanone, infrared spectrum of, 195 

Nonequivalent nuclei, 180 

Nonpolar bonds, 16 

Norethindrone, 640 

Norethynodrel, 640 

Normal-phase chromatography, 164 

Nuclear magnetic resonance (NMR) spectroscopy. See 
NMR spectroscopy 

Nucleophiles, 124 

anions as, 594-596 

carbon,634-642 

nitrogen, 613-619 

order of reactivity of carbonyl compounds with, 603 

oxygen, 604-613 

reactions with carbonyl group, 593-594 

Nucleophilic acyl substitution, of carboxylic acids and 

derivatives, 619-630 

Nucleophilic addition 

to carbonyl groups, definition of, 592-596 

of enolate anions to carbonyl groups, 670-676 

to cc,/3-unsaturated carbonyl groups, 676-680 

Nucleophilic substitution, 345. See also SnI reactions; 

Sn2 reactions 

mechanisms of, 386-390 

multistep, 359-362 

Nucleophilicity, 124, 353, 448 

correlation with basicity, 595 

effect of steric hindrance on, 449 

Nylon 6, 715, 808, 809 

Nylon 66, 808, 809 

Octane rating, alkenes and, 59 

1-Octanol, infrared spectrum of, 197 

frans-4-Octene, infrared spectrum of, 198 

Olah, George, 489, 580 

Opium, 5 

Opsin, 228 

Optical activity, 258-259 

in allenes, 266 

Optical isomers, 224 

Optical purity, 259-260 

Orbital 

atomic, 8 
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definition of, 7 
hybrid, 14, 15-16 
molecular, 14, 46-50, 204-206 

Orbital phasing, 46-47 
Organic chemistry 

development and study of, 2-7 
mechanistic, 343 
physical, 343 

Organic synthesis, 343. See also Synthesis 
Organoboranes, oxidation of, 519 
Organocuprates, 423 
Organolithium compounds, reactions with epoxides, 

417-418, 423 
Organolithium reagents, 639 
Organomagnesium compounds, reactions with epox¬ 

ides, 417-418 
Organometallic compounds, 413 

formation of, 416-417 
in isotopic labeling, 420-421 
reactions as bases, 419-421 

Orion, 797 
Ortho isomer, 73 
Ortho, para directors, 562-563, 565, 570 

halogens as, 567 
Osmate ester, 521 
Osmium tetroxide, 520, 521, 533 
Out of phase, definition of, 47 
Overtones, 192 
Oxa-Cope rearrangement, 721 
Oxalate ester, 683 
Oxaphosphetane, 641 
Oxidation, 103, 466-470 

of alcohols, 146 
biological, 470 
chromate, 467-468, 468-470 
of hydrocarbons, 470-473 
of organoboranes, 519 
by osmium tetroxide and potassium permanganate, 

520-522 
Oxidation level, 103 

calculating, 103-107 
of carbon in oxygen-containing compounds, 

130-131 
Oxidation reactions, 747 
Oxidation-reduction reactions, 336, 747 
Oxidative degradation, 523 
Oxidizing agents, common, 106 
Oxime, 617, 645 

conversion to an amide, 714 
Oxiranes, 515 
Oxonium ion, 119, 360, 361 
Oxygen nucleophiles, 604-613 
Oxymercuration, 501-502 
Oxymercuration-demercuration, 501-502 

Ozonide, 523 
Ozonolysis, 522-524 

Paper chromatography, 162-163 
Para isomer, 73 
Paracelsus, Philippus, 5 
Paraformaldehyde, 804 
Parent ion, 210 
Partitioning, 157, 159 
Pascal’s triangle, 179 
Pasteur, Louis, 258 
Pauli exclusion principle, 9 
Pauling Linus, 825 
Pedersen, Charles J., 389 
Penicillin V, structure of, 149, 766 
1.3- Pentadiene, 62, 63, 312, 315 
1.4- Pentadiene, structure of, 62, 63 
2,3-Pentadiene, 62, 266-267 
Pentadienyl anion, 312 
Pentalene, 83 
Pentane, chlorination of, 372 
2-Pentanone, 674 
Pentobarbital, 691 
Pentodienyl cation, 543 
1- Pentyne, infrared spectrum of, 199 
2- Pentyne, 415 
Peptide bond, 810, 823 
Peracetic acid, 516, 517, 720 
Peracids, 515-517 
Pericyclic processes, 708 
Pericyclic reactions, in pharmaceutical industry, 710 
Pericyclic rearrangements, 708-713, 722 
Periplanar transition state, 453 
Perkin, William, 576 
Perkin’s mauve, 576 
Permanganate oxidation, of an alkene, 533 
Permanganate test, for oxidizable functional groups, 522 
Peroxides, 510 
Phase of a wave, 46 
Phenobarbital, 691 
Phenols, 73, 148 

bromination of, 564 
in foods and plastics, 473 
in preparation of Bakelite, 813 
preparation 

from benzyne, 465, 475 
by diazo substitution, 556 

2-Phenoxyethanol, 766 
Phenyl acetate, 566 
Phenyl anion, 464 
Phenyl cation, 464 
Phenyl group, 75 
Phenylacetaldehyde, 635 
iV-Phenylacetamide, 566 
Phenylacetonitrile, 415 
Phenylalanine, 635 
AT-Phenylbenzamide, 716 
4-Phenylbut-3-en-2-one, 676 
frans-4-Phenylbut-3-en-2-one, 675 
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p-Phenylenediamine, 809 

p-Phenyleneterephthalamide, 809 

a-Phenylethyl alcohol, 496, 497 

a-Phenethylamine, 262 

2- Phenylhexane, 548, 549 

Phenylhydrazines, 617 

Phenylhydrazones, 617 

Phenyllithium, 417 

3- Phenyl-1-propene, 498 

Phenylpropionic acid analogs, 773-776 

Pheromones, 595 

Phosphate (P,), 155, 190 

Phosphines, substitution of halogen by, 411-412 

Phosphite ester, 402 

Phosphocreatine, 155, 190 

Phosphonium salt, 411, 412, 423 

Phosphonium ylide, 411 

Phosphorane, 411, 412, 423, 640 

Phosphoric acid derivatives, 633-634 

Phosphorus trihalides, in formation of alkyl halides 

from alcohols, 402 

Photochemical trans-cis isomerization, 227-229, 270 

Photoexcitation, 203 

Phthalimide, 409 

Physical organic chemistry, 343 

Physical properties, using to establish structure, 156-158 

Pi {it) bonds, 46 

energetics of rotation about, 225 

Pi {it) molecular orbitals, 49-50 

Pinacol, 705, 706 

Pinacol rearrangement, 335-336, 705-707, 724 

Pinacolone, 705, 706 

a-Pinene, 704 

P*a 
definition of, 304 

values of, 99, 305-306 

Planar conformation, 29, 238 

Plastics, 795 

/3-Pleated sheet, 821-822 

Plexiglas, properties of, 797, 798 

Plunkett, R. J., 798 

Polar covalent bonding, 17 

in amines, 92-100 

Polarimetry, 257-258 

Polyacetals, 804 

formation reaction, 829 

Polyacrylamide, 164 

Polyalanine, 789 

Polyamides, 808-810 

Polycarbonates, 805-806 

Polycyclic aromatic hydrocarbons, 72 

Polycyclic aromatic compounds, electrophilic attack on 

575-577 

Polyelectrolytes, 164 

Polyenes, 63, 204 

natural, 799 

Polyesters, 790, 805-806 

Polyethers, 803-804 

Polyethylene, 792, 794-795, 796 

Poly(ethylene glycol) (PEG), 803-804 

Poly(lactic acid), 790 

Polymerization 

addition, 794-804 

anionic, 796, 829 

cationic, 533, 796, 829 

definition of, 790 

free-radical, 512-513, 533, 794-795, 829 

ionic, 796-800 

types of, 793-794 

Ziegler-Natta, 817-818 

Polymers, 509 

addition, 794 

branched, 792-793 

condensation, 793-794, 805-812 

cross-linked, 792-793, 800-802 

definition of, 790 

extensively cross-linked, 813-815 

heteroatom-containing, 802-804 

linear, 792-793 

medical applications of, 811 

stereochemical designations for, 816-817 

sulfur bridges in, 802 

three-dimensional structure of, 816-827 

Poly(methyl methacrylate), 811 

Polyols, 802-803 

Polypeptides, 810-811 

definition of, 823 

geometric isomers of, 819 

a-helix in, 822-823 

naturally occurring, 818-825 

/J-pleated sheet in, 821-822 

Polypropylene, 816-818 

Polysaccharides, 806-808 

Polystyrene, 509, 512, 513, 797 

large-scale production of, 758 

Polyurethanes, 812 

Poly(vinyl acetate), 803 

Poly(vinyl alcohol) (PVA), 802-803 

Poly(vinyl)chloride (PVC), 796, 797 

Positional isomerism, 336, 358 

Potassium permanganate, 520, 521 

Potassium f-butoxide, 449, 450 

PPTA , 809 

Precalciferol, 710 

Precor, 292 

Premarin, 764, 765 

Priestley, Joseph, 397 

, Primary alcohols, 109 

Primary amines, 90 

Primary carbon, 34 

Primary structure of polypeptide, 823 

Principal quantum number (n), 8 
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Principle of microscopic reversibility, 348 

Procardia XL, 764, 765 

Prochiral, definition of, 496 

Product-determining step, 454 

Progesterone, 640 

Propagation step of radical chain reaction, 368 
Propanal, 524 

Propane, 24 

energy change in,25 

free-radical halogenation of, 373 

2-Propanethiol, 402 

Propanoic acid, 774 

n-Propanol, 399 

2-Propanol, 598, 755, 757, 758 

2- Propanone, 125 

Propene, models of, 52 

3- Propenyl bromide, 351 

1-Propyl bromide, 351 

1-Propyl chloride, 553 

n-Propyl ether, 399 

n-Propylbenzene, 553 

Propyne anion,415 

Protected alkene, 508 

Protecting groups, 405, 508, 768-773 

acetals and ketals as, 613 

requirements for use of, 769 

use of, 772-773 

Proteins, 810-811, 823-825 

Protic solvents 

boiling points of, 390 

and SN1 reactions, 388 

Proton tautomerization, 285-286 

Proton transfer reactions, 99 

Protonated alcohol, 119 

Protonation of amines, 146 

Proventil, 764, 765 

Prozac, 764, 765 

Pteridine, 136 

derivatives of, 136 

Puckered conformation, 29, 30, 238 

Purification of compounds, 157 

Purine, 136 

Putrescine, 92 

Pyramidal arrangement, 89 

Pyrazine, 134 

Pyrene, structure of, 72 

Pyrethrins, 28 

Pyridazine, 134 

Pyridine, 134, 528 

Pyrimidine, 134, 153 

Pyrrole, 133 

Quantitative deprotonation, 667-668 

of unsymmetrical ketones, 668 

Quantum numbers, 8 

Quarter-wavelength interferometer, 135 

Quaternary ammonium ions, 90, 268 

Quaternary ammonium salt, 408 

Quaternary structure of protein, 823 

Quinine, 98, 576 

structure of, 149 

Quinoline, 136, 528, 529 

Quinones, 471, 473 

reduction of, 471 

Quinuclidine, 521 

R configuration, 255 

Rf value, 163 

Racemate, 259 

Racemic acid, 258 

Racemic mixture, 259, 260 

resolving of, 262-263 

Racemic modification, 259 

Radical addition 

to alkenes, 509-513 

of HBr, 510-512 

Radical anion, 295-296 

Radical cation, 294-295 

Radical chain reaction, 367-369 

Radical ions, 294-296 

Radical polymerization, 512-513, 794-795 

to form poly(vinyl acetate), 803 

to form rubbers, 799-800 

Radical stability, 116 

order of, 122 

Radical stabilization, 116-118 

Radicals, 291 

conjugation in, 121-123 

definition of, 51 

Ranitidine, 762, 764, 765 

Rate-determining step, 296, 356 

in multistep nucleophilic substitution, 360 

Rate-limiting step, 296 

Reaction coordinate, 280 

Reaction mechanism, 332, 337, 343 

Reaction profile, 280-284, 299 

Reaction rates, 317-322 

Reactions. See also specific types 

classification of, 332-337 

methods of studying, 342-344 

Reactive intermediates, 283-284 

carbanion, 291-293 

carbenes, 293-294 

radical ions, 294-296 

trapping of, 294 

types of, 291-296 

Rearrangement reaction, 335-336 

Rearrangements, 363-365 

carbocation, 498-499 

carbon-carbon, 702-714 

carbon-nitrogen, 714-719 

(continued) 
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Rearrangements (continued) 
carbon-oxygen, 719-722 

Claisen, 721-722 

competing, in El reactions, 458-460 

Recrystallization, 157 

Red No. 2, 555 

Redox reactions. See Oxidation-reduction reactions 

Redox reagents, 103 

Reducing agents, common, 106 

Reduction reactions, 747 

Reductions, 103 

biological, 531 

of multiple bonds, 526-531 

Reductive amination, 614-615 

Reformatsky reaction, 683-684 

Refractive index detector, 161 

Regiochemistry, 358-359 

of anti-Markovnikov addition, 511 

of E2 elimination reactions, 447-448 

in cyclohexane rings, 451-454 

effect of reaction conditions on, 448 

of electrophilic addition, 493-495 

of hydroboration-oxidation, 519-520 

stereoelectronic control of, 453 

Regiocontrol, 373 

in homolytic substitution, 372-376 

Regioselective, 373, 450 

Regioselective deprotonation, 668 

Regioselectivity, in El elimination reactions, 455-457 

Regiospecificity, 357-359 

Relative configuration, 260 

Relative stereochemistry, 254 

Resolution, 160 

spontaneous, 263 

of enantiomers, 262-263 

Resonance contributors, 65, 123 

Resonance effects, 128-129, 311-312 

Resonance structures, 64-67 

of benzene, 64-67 

of carbonyl compounds, 126 

of carboxylic acids, 127 

Retention times, 165 

11-CZ5-Retinal, 228 

Retrosynthetic analysis, 343, 749-751 

of complex molecules, 753-756 

rationale for, 749-750 

for selecting the best synthetic route, 756-758 

Reverse-phase chromatography, 163-164 

Rhodopsin, light-induced geometric isomerism in, 228 

Ribonuclease, 824 

Ring expansion, cation rearrangements and, 704 

Ring flipping, 246 

Ring strain, 29-31 

RNA, 87 

Robinson ring annulation, 679 

Rubbers, 798-800 

Rule of 90, 374 

S configuration, 255 

Saccharides, 806 

Salicin, 558 

Salicylic acid, 558 

Sandmeyer reaction, 555, 556 

Saturated, definition of, 52 

Sawhorse representation, 21-22, 231 

Schiff base, 614 

Schrodinger, Erwin, 7 

Schrodinger wave equation, 8, 12 

Seconal, 691 

Secondary alcohols, 109 

Secondary amines, 90 

Secondary carbon, 34 

Secondary structure of a polypeptide, 823 

Seguin, 6 

Seldane, structure of, 149 

Self-exchange reaction, 345 

reaction profile of, 347 

Semicarbazide, 617, 618 

Semicarbazone, 617, 645 

Separation factor (a), 159 

Separation of products, in syntheses, 761 

Sertiirner, F. W. A., 6 

Shielding, 169 

Sigma (o) bond, 14 

in alkanes, 24 

in alkenes, 46 

rotation about, 229-237 

Sigma (tr) molecular orbitals, 47 

for a carbon-carbon bond, 48-49 

for hydrogen, 47-48 

Sigmatropic rearrangement, 709, 711 

Sigmatropic shift, 711 

Silica gel, 159, 162, 163 

Silk, 810 

Simmons-Smith reaction, 515 

Simple homolysis, 339 

Singlet carbenes, 293, 513-514 

Skeletal construction, functional-group transformation 

and, 751-753 

Skeletal-rearrangement reactions, 702-734 

SnI reactions, 355-365 

competition with Sn2 reactions, 390-391 

factors affecting rate of, 363 

mechanism of, 387-388 

preparation of functional groups by, 377 

protic solvents and, 388 

for substitution of halogen to form alcohols, 

394-96 

versus El elimination, 438 
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Sn2 reactions, 344-355, 386-387 

aprotic solvents and, 388 

back-side attack in, 351, 386 

back-side displacement in, 347 

competition with S^l reactions, 390-391 

effect of solvent on rate of, 354 

electronic effects in substrate and, 351-352 

factors affecting rate of, 350-354 

inversion of configuration and, 348-349 

leaving group and, 353 

mechanism of, 386-387 

nonsymmetrical transition states of, 349-350 

preparation of functional groups by, 377 

relative reactivity in, 353 

steric hindrance and, 350-351 

for substitution of halogen to form alcohols, 392-31 

synthetic utility of, 354-355 

transition state of, 346-348 

versus E2 elimination, 440 

Williamson ether synthesis as, 396-398 

Sodium borohydride, 597 

Sodium chloride, crystal structure of, 19 

Sodium cyanoborohydride, 615 

Solid wedge, 20 

Solution-phase reactivity, 490-491 

Solvate, definition of, 388 

Solvation, 96-97 

Solvent front, 163 

Solvents, 140-141 

boiling points of, 390 

dimethyl sulfoxide as, 133 

effect on rate of Sn2 reaction, 354 

ethers as, 111 

functions of, 388 

for organic reactions, 388-390 

protic, 388 

temperature of a reaction and, 389-390 

Solvolysis reactions, 362, 388 

and rearrangement, 704 

sp hybridization, 76-77, 107-108 

sp2 hybridization, 44-46, 100-107 

sp3 hybridization, 14-15, 88-92, 108-112 

Space-filling model, 20 

Specific rotation, 258-259 

Spectroscopy, 157-158, 166-213 

absorption, 203, 206-208 

13C NMR, 170-173, 580, 693-694 

lH NMR, 577, 693-694 

infrared (IR), 191-202, 424-425, 646-647, 691-693 

of polymeric materials, 789 

mass, 210-213 

NMR, 424-425 

visible and ultraviolet, 202-210 

Spermine, 92 

Spin quantum number, 8 

Spin-paired electrons, 9 

Spin-spin decoupling, 180 

Spin-spin splitting, 176-179 

Splitting, 179 

Spontaneous resolution, 263 

Staggered conformation, 230 

Starch, 806 

structure of, 826-827 

Stationary phase, 158 

Stereochemical isomers, 224 

Stereochemistry 

absolute, 254 

of anti-Markovnikov addition, 511-512 

of bromine addition, 506-507 

of chlorination, 507 

of E2 elimination reactions, 446-447 

of electrophilic addition, 496-497 

and odor recognition, 253 

in polymers, 816-817 

relative, 254 

syndiotactic, 816 

Stereoelectronic control of regiochemistry, 453 

Stereoisomerism, at heteroatom centers, 267-268 

Stereoisomers, 224, 252 

Steric effect, 233, 310 

Steric hindrance, effect on nucleophilicity, 449 

Steric interactions, energy costs for, 235 

Steric strain, 226, 233 

czs-Stilbene, 229 

trans-Stilbene, 337 

Strain energy, 29 

of cyclic hydrocarbons, 31 

Strecker synthesis, 635 

Structural isomers, 24-27 

Structure 

determination of, 156-158 

three-dimensional representation of, 21-22 

Styrene, 73, 495, 496, 497, 509, 512, 801 

polymerization of, 797 

preparation of large quantities of, 758 

Styrofoam, 797 

Substitution reactions, 121, 334. See also SnI reactions; 

Sn2 reactions 

controlling, 404-405 

effect of reagent concentration on, 404 

sulfonate esters as leaving groups for, 398-399 

using to make functional groups, 422-423 

Sugars, 806 

Sulfa drugs, 132 

Sulfonamides, 132, 632-633, 645 

Sulfonate esters, 631-632, 645 

alkyl halides from alcohols via, 400 

as leaving groups for substitution reactions, 398-399 

Sulfonation, electrophilic aromatic, 547, 579 

Sulfonic acid derivatives, 631-633 
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Sulfonic acids, 132 

Sulfonyl chlorides, 631 

Sulforaphane, 268 

Sulfur-containing compounds, 131-133 

Sulfur-sulfur bonds, 403, 810 

Super acids, 489 

Superimposable molecules, 251 

Syn addition, 518-519, 527 

Syn conformer, 234 

Syn isomer of polypeptides, 819 

Syn-periplanar relationship, 446 

Syndiotactic stereochemistry, 816 

Synthesis 

acetoacetic ester, 689, 690 

convergent, 760-761 

of large quantities of materials, 758 

linear, 759-760 

logistical factors in, 761-763 

malonic ester, 689, 690 

order of transformations in, 754-756 

separations of products in, 761 

using substituent effects in, 572-574 

Synthetic applications, 578-579, 643-645 

Synthetic efficiency, criteria for evaluating, 759-763 

Synthetic methods, 531-533. See also Retrosynthetic 

analysis 

elimination reactions and, 473-475 

for functional-group conversion, 421-424 

summary of, 726-734 

Synthetic objectives, 764-767 

functional-group compatibility, 764-767 

multifunctional compounds, 764 

Synthetic rubber, 798 

Synthoid, 764, 765 

2,4,5-T, 546 

Tagamet, 762 

Tautomerization 

imine-enamine, 616 

keto-enol, 284-287 

proton, 285-286 

Tautomers, 285 

2,3,7,8-TCDD, 546 

Teflon, 139, 797, 798 

Terephthalic acid, 557, 809 

Terfenadine, structure of, 149, 783 

Termination step of radical chain reaction, 368-369 

Tertiary alcohols, 109 

Tertiary amines, 90 

Tertiary carbon, 34 

Tertiary structure of a polypeptide, 823, 824, 825 

Tetra-alkyl aluminate, 598 

Tetracyanoquinone, 471 

Tetrafluoroethylene, 797, 798 

Tetrahydrofuran (THF), 389, 598 

as solvent, 140 

Tetramethylammonium bromide, 407 

Tetramethylammonium ion, 91 

Tetramethylsilane, 169 

Thalidomide, 264 

Theobromine, 137, 327 

Thermal conductivity detector, 165 

Thermodynamic control, 298-301 

Thermodynamic equilibria, 305-307 

Thermodynamics, 280-281, 284-289 

of electrophilic addition, 487-488 

of net reaction in radical chain reaction, 371-372 

Thermoneutral reaction, 281, 345 

THE See Tetrahydrofuran 

Thin-layer chromatography, 162-163 

Thioacetic acid, 405 

Thioether, 131 

preparation 

by reaction of sulfonate ester with thiolate anion, 

402 

by substitution of halogen, 354, 377, 402-403 

Thiol ester, 131, 132 

acid hydrolysis of, 622-623 

base hydrolysis of, 621 

Thiolate anion, 402 

Thiols, 131 

formation by substitution of halogen, 402, 404-405 

Thionyl chloride, 627 

alkyl chlorides from alcohols by action of, 400 

Thiophene, 133, 153 

Thymine, 136 

Toluene, 73 

bromination of, 560, 573 

infrared spectrum of, 200 

p-Toluenesulfonyl chloride, 398, 631, 632 

Torsional strain, 231-232, 238 

Tosyl chloride, 631, 632 

Tosylate ester, 398, 631 

Trans isomer, 35, 53 

Transesterification, 624-625, 805 

Transition state, 227, 282, 290 

for E2 elimination, 445-446 

for elimination reactions, 442 

for free-radical halogenation of alkanes, 370-371 

Hammond postulate and, 290 

nonsymmetrical SN2, 349-350 

of Sn2 reaction, 346-348 

Transition-state theory, 318 

Transmetallation, 414, 418-419 

2,4,6-Tribromoaniline, 566 

1.3.5- Tribromobenzene, 557 

2.4.5- Trichlorophenol, 546 

2.4.5- Trichlorophenoxyacetic acid, 546 

Triethylamine, 91 

Triethylammonium bromide, 407 

Trigonal bipyramidal phosphorus intermediate, 633, 
634 
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Trihaloacetones, 665 

Triiodoacetophenone, 665 

Triiodoketone, 664 

Trimer, definition of, 509, 790 

Trimethylamine, 93, 407 

Triphenylphosphine, 411, 640 

Triplet carbene, 294, 514 

Triplet electronic state, 204 

True racemate, 263 

Tschudi, 5 

Tswett, Mikhail, 158 

Twist-boat conformation, 242-243 

Tyrian purple, 3 

Ultraviolet (UV) spectroscopy, 202-210 

Unimolecular reactions, 317-318 

Universal detector, 161 

Unsaturated, definition of, 52 

a,/3-Unsaturated carbonyl compounds 

1,2- versus 1,4-addition of nucleophiles to, 676-677 

alkylation of, 678 

conjugation in, 676 

nucleophilic addition to, 676-680 

Unsaturated hydrocarbons. See Hydrocarbons, unsatu¬ 

rated 

Unsaturation, bromine test for, 505 

Uracil, 136, 153 

Urea, 5, 691 

Urethane, 771, 772, 812 

formation of, 781 

hydrolysis of, 781 

UV absorption, molecular-orbital interpretation of, 

204-206 

Valence electrons, 9 

Valence shell, 9 

Valium, 776-779 

van der Waals attractions, 23 

ethers and, 111 

in polymers, 792 

in polypropylene, 817 

van der Waals radius, 10 

van der Waals repulsion, 233 

van’t Hoff, Jacobus Henricus, 790 

Vasotec, 764, 765 

Vibrational states, 192 

Vicinal dibromide, 505 

as protecting group, 508 

Vicinal dihalide, 463 

production of, 505, 533 

synthetic utility of, 508 

Vinyl acetate, 803 

Vinyl alcohol, 803 

Vinyl anion, 461, 462 

Vinyl cation, 461, 499 

Vinyl chloride, 796 

Vinyl group, 75 

Vinyl halides 

elimination of HX from, 461-463 

formation of, 499-500 

preparation and use of, 463 

5-Vinylnorbornene, as cross-linking agent, 801, 802 

Visible spectroscopy, 202-210 

Vitamin A, 63, 403, 799 

Vitamin Bi2, synthesis of, 751 

Vitamin C, 403 

Vitamin D, 710 

Vitamin E, 403 

von Leeuwenhoek, Anton, 92 

Vulcanization, 802 

Wagner-Meerwein rearrangement, 703-705 

Water, 108-109 

Wavelength (A), 166, 167 

Wells, Horace, 397 

Williamson ether synthesis, 396-398, 423, 770, 773 

Wittig, Georg, 642 

Wittig reaction, 594, 639-642, 644, 728 

Wohler, Friedrich, 5 

Wolff-Kishner reduction, 552 

Woodward, Robert B., 98, 709, 751 

Woodward-Hoffmann rules, 709 

Wool, 810 

Working backward, 749 

Xanthopterin, 135 

Xylenes, 73 

Xylomollin, 595 

Yields, in multistep syntheses, 760 

Z isomers, 54-55, 819 

Zaitsev, A. N., 451 

Zaitsev elimination product, 703 

Zaitsev orientation, 451 

Zantac, 762, 764, 765 

Zeolites, 612 

Ziegler, Karl, 817 

Ziegler-Natta catalysts, 816, 817 

Ziegler-Natta polymerization, 817-818 

Zwitterion, 66, 164, 522 
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Average Bond Energies (kcal/mole) 

Example: CH4 -> C + 4 H; AH'3/4 = 99 kcal/mole 

C—H C—C C=C C=C 

99 83 146 200 

N—H C—N C=N C=N 
93 73 147 213 

0—H C—O c=o 
O

 
II u
 II o
 o
 

u
 

111 86 179 257 225 (each) 

H—H N—N N=N N=N 

104 39 100 226 

0—0 3(0=0) 

35 119 

H—F C—F F—F 

136 108 38 

H—Cl C—Cl Cl—Cl 

103 81 58 

H—Br C—Br Br—Br 

87 68 46 

H—I C—I I—I 

71 51 36 

Bond-Dissociation Energies (kcal/mole) 

x 

Bond H F Cl Br I OH nh2 ch3 

Ph—X 111 126 96 81 65 111 102 101 

X
 C

O
 

X
 

u
 105 108 85 70 57 92 85 90 

CH3CH2—X 100 108 80 68 53 94 84 88 

(CH3)2CH -X 96 107 81 68 54 94 84 86 

(CH3)3C-X 93 — 82 68 51 93 82 84 

PhCH2—X 88 — 72 58 48 81 — 75 

H2C=CHCH2 -X 86 — 68 54 41 78 — 74 

H—X 104 136 103 87 71 119 107 105 

X—X 104 38 59 46 36 51 66 90 
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