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C—CH3_ -oic anhydride 

Name ending 

sulfone 
Dimethy] sulfone 

-thiol 

Methanethiol 

-al 

Ethanal 

(Acetaldehyde) 

-one 

\Propanone 

(Acetone) 

-oic acid 

Ethanoic acid 

(Acetic acid) 

-oate 

Methyl] ethanoate 
(Methyl acetate) 

-amide 

Ethanamide 

(Acetamide) 

havursonesumisnanisansisiinsiineateninuanienigiesy 

-oyl chloride 
Ethanoyl chloride 

(Acetyl chloride) 

Ethanoic anhydride 
anhydride 



SO 
ad 

Staffordshire 
UNIVERSITY 

Ml ye-le Ali’, 

information 

Service 



Organic Chemistry 
Third Edition 

John McMurry 
Cornell University 

Brooks/Cole Publishing Company CITY 

Pacific Grove, California Lit AAA Y 



02921771 

Brooks/Cole Publishing Company 
A Division of Wadsworth, Inc. 

© 1992 by Wadsworth, Inc., Belmont, California 94002. 
All rights reserved. No part of this book may be repro- 
duced, stored in a retrieval system, or transcribed, in 

any form or by any means—electronic, mechanical, 
photocopying, recording, or otherwise—without the prior 
written permission of the publisher, Brooks/Cole 
Publishing Company, Pacific Grove, California 93950, a 
division of Wadsworth, Inc. 

Printed in the United States of America 

10°99 “8.°7 ‘Go 5e4e sale 

Library of Congress Cataloging in Publication Data 

McMurry, John. 
Organic chemistry / John McMurry. — 3rd ed. 

: cm. 
Includes index. 
ISBN 0-534-16218-5 
1. Chemistry, Organic. 1. Title. 

QD251.2.M43 1992 
547—dc20 91-40322 

CIP 

Sponsoring Editor: Harvey C. Pantzis 
Editorial Assistant: Nancy Miaoulis 
Production: Joan Marsh/Mary Douglas 
Production Assistant: Scott Alkire 
Manuscript Editor: Margaret Moore 
Text Design: Nancy Benedict 
Cover Design: Michael Rogondino 
Cover Photo: MOZO Photo/ Design 
Chapter-Opener Illutrations: Pat Rogondino 
Interior Illustration: John and Jean Foster, Dave Paul 
Typesetting: Jonathan Peck Typographers, Ltd. 
Cover Printing: The Lehigh Press 
Printing and Binding: R. R. Donnelley & Sons, Inc. 
Photo, p. 1124: A. Lesk/SPL, Photo Researchers ‘' 



Preface 

of this text, I stated that my goal was to write a readable 

ing text, while providing an accurate and up-to-date view 
stry. The outstanding reception of the two previous editions 
nd faculty suggests that the goal has been met. This third 
Chemistry builds on the strengths of the first two. The 

features that made those editions successful have been improved and new 
ones have been added: 

e The writing, already lucid and accessible to students, has again been 
reworked at the sentence level. Particular attention has been paid 
to such traditionally difficult subjects as stereochemistry and nucleo- 
philic substitutions, both of which topics have been recast. 

e The artwork, already attractive, has been completely redone with 
use of full color to highlight chemical transformations, the addition 
of many computer-generated structures to aid in three-dimensional 
perception, and a greater use of graphics for data presentation. 

e The problem sets, already numerous, have been expanded even fur- 
ther. More than 100 new problems have been added, many of them 
at a challenging level. 

e Still other changes in this third edition include to addition of more 
solved practice problems, a more thorough review of fundamental 
topics from general chemistry, an expanded treatment of acid/base 
chemistry, the addition of new topics such as the Birch reduction, 
the deletion of older topics such as a discussion of tetrahydropyranyl 
protecting groups, an updating of synthetic methods such as the 
replacement of m-chloroperoxybenzoic acid by magnesium monoper- 
oxyphthalate for alkene epoxidations, an appendix giving short 
answers to most in-text problems, and a thorough updating of nucleic 
acid chemistry. 

Organization 

This book uses a dual organization that blends the traditional functional- 

group approach with reaction mechanisms. The primary organization is by 

functional group, beginning with the simple (alkenes) and progressing to 

the more complex. Within this primary organization, however, heavy 
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emphasis is placed on explaining the fundamental mechanistic similarities 
of reactions. This is particularly evident in the chapters on carbonyl-group 
chemistry (Chapters 19-23) where mechanistically related reactions like 
the aldol and Claisen condensations are treated together. 

Insofar as possible, topics have been arranged in a modular way. The 
chapters on simple hydrocarbons are grouped together (Chapters 3-8), the 
chapters on spectroscopy are grouped together (Chapters 12-14), and the 
chapters on carbonyl-group chemistry are grouped together (Chapters 19-— 
23). This organization brings to these subjects a cohesiveness not found in 
other texts and allows the instructor the flexibility to teach in an order 
different from that presented in this book. 

The Lead-Off Reaction: Addition of HBr to Alkenes 

Many students attach great importance to a text’s lead-off reaction, because 
it is the first reaction they see and is discussed in such detail. This book 
uses a simple polar reaction, the addition of HBr to an alkene, as the lead- 
off to illustrate the general principles of organic reactions. This choice has 
the advantage of relative simplicity (no prior knowledge of chirality or 
kinetics is required) yet it is an important polar reaction on a common 
functional group. As such, I believe that this choice is a much more use- 
ful introduction to functional-group chemistry than a lead-off such as free- 
radical alkane chlorination. 

Coverage 

The coverage in this book is up-to-date, reflecting the important advances 
of the last decade. For example, °C NMR is introduced as a routine spec- 
troscopic tool; the use of lithium diisopropylamide as a base for carbonyl- 
group alkylations is discussed; selenoxide elimination as a method of intro- 
ducing double bonds is covered; silyl ether protecting groups are discussed; 
the chemistry of DNA sequencing and synthesis is treated in detail; and 
entire chapters are devoted to polymer chemistry and to pericyclic reactions. 

Organic Synthesis 

Organic synthesis is emphasized as a teaching device to help students learn 

to organize and work with the large body of factual information that makes 
up organic chemistry. Two sections, the first in Chapter 8 (Alkynes) and the 
second in Chapter 16 (Aromatics), clearly explain the thought processes 
involved in working synthesis problems. The value of starting from what 
is known and logically working backwards one step at a time is emphasized. 
Also important in this respect are several summaries included in the accom- 
panying Study Guide and Solutions Manual. A summary of functional-group 
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reactions, another on functional group preparations, and a third on reagents 
used in organic synthesis are enormously useful when working problems. 

Pedagogy 

Every effort has been made to make this third edition as effective, clear, 

and readable as possible—to make it easy to learn from. In addition to features 
already mentioned, a wide assortment of additional pedagogical devices are 
used: 

Paragraphs start with summary sentences. 

Transitions between paragraphs and between topics are smooth. 

New concepts are introduced only as needed and are immediately illus- 
trated with concrete examples. 

Extensive use is made of computer-generated three-dimensional art and 
carefully rendered stereochemical formulas. 

Extensive cross-referencing to earlier material is used. 

Numerous summaries are included, both within chapters and at the 
ends of chapters. 

More than 1500 problems of varying difficulty are included within the 
text and at the ends of chapters. 

Use of an innovative vertical format to explain reaction mechanisms, 
introduced so successfully in the first edition, is expanded. Mechanisms 
are printed vertically, while explanations of the changes taking place 
in each step are printed next to the reaction arrow. This format allows 
the reader to see easily what is occurring at each step in a reaction 
without having to jump back and forth between the text and structures. 

Appendixes 

The back of this book contains a wealth of material helpful for learning 
organic chemistry. Included are a large glossary of more than 250 terms, 
an explanation of how to name polyfunctional organic compounds, and 
answers to most in-text problems. 

Study Guide and Solutions Manual 

A carefully prepared Study Guide and Solutions Manual accompanies this 

text. Written by Susan McMurry, this companion volume answers all in- 

text and end-of-chapter problems and explains in detail how answers are 

obtained. In addition, the following supplemental materials are included: a 

list of study goals for each chapter, a list of suggested readings, a summary 

of name reactions, a summary of methods for preparing functional groups, 

a summary of functional-group reactions, a summary of the uses of impor- 

tant reagents, and tables of spectroscopic information. 
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A Note for 
Students 

oals: Yours is to learn organic chemistry, and mine is to 
sible to help you learn. It’s going to require some work on 
following hints should prove helpful: 

2 text immediately. As you begin each new chapter, look 
ad the introductory paragraphs, find out what topics will 

und then turn to the end of the chapter and read the sum- 
lary. You'll be in a much better position to understand new material 

if you first have a general idea of where you're going. 

Work the problems. There are no shortcuts here; working problems is 
the only way to learn organic chemistry. The practice problems show 
you how to approach the material, the in-text problems at the ends of 
most sections provide immediate practice, and the end-of-chapter prob- 
lems provide both additional drill as well as some real challenges. Full 
answers and explanations for all problems are given in the accompa- 
nying Study Guide and Solutions Manual. 

Use the Study Guide. The Study Guide and Solutions Manual that 
accompanies this text gives complete solutions to all problems, an out- 
line and list of study goals for each chapter, tables of supplementary 
material, and additional unsolved problems. 

Use the Appendixes. The back of this book and the back of the Study 
Guide contain a wealth of supplementary material, including a large 
glossary of terms, an explanation of how to name polyfunctional organic 
compounds, and extensive lists summarizing the reagents commonly 
used in organic chemistry, the ways in which different functional groups 
are prepared, and the reactions that functional groups undergo. This 
material can be extremely useful when youre studying for an exam 
and for getting an overview of organic chemistry. Find out what’s there 
now, so you'll know where to find it when you need help. 

Ask questions. Faculty members and teaching assistants are there to 
help you. Most of them will turn out to be genuinely nice people with 
a sincere interest in helping you learn. 

Use molecular models. Organic chemistry is a three-dimensional sci- 
ence. Although this book uses many careful drawings to help you visu- 
alize molecules, there’s no substitute for building a molecular model 
and turning it around in your hands. 

Good luck. I sincerely hope you enjoy learning organic chemistry and come 
to see the beauty and logic of its structure. I heard from many students who 
used the first two editions of this book and would be glad to receive more 
comments and suggestions from those who use this new edition. 

vii 
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Chapter 1 

Structure and 
Bonding 

What is organic chemistry, and why should you study it? The answers are 
all around you. Every living organism is made of organic chemicals. The 
proteins that make up our hair, skin, and muscles; the DNA that controls 

our genetic heritage; the foods we eat; the clothes we wear; and the medicines 
we take are all organic chemicals. Anyone with a curiosity about life and 
living things must have a fundamental understanding of organic chemistry. 

The foundations of organic chemistry were built in the mid-eighteenth 
century when chemistry was evolving from an alchemist’s art into a modern 
science. At that time, unexplainable differences were noted between sub- 
stances obtained from living sources and those from minerals. Compounds 
from plants and animals were often difficult to isolate and purity. Even when 
pure, they were often difficult to work with and tended to decompose more 
easily than compounds from minerals. The Swedish chemist Torbern Berg- 
man was the first to express this difference between “organic” and “inor- 
ganic” substances in 1770, and the term organic chemistry soon came to 
mean the chemistry of compounds from living organisms. 

To many chemists at the time, the only explanation for the difference 
in behavior between organic and inorganic compounds was that organic 
compounds contained a peculiar “vital force” as a result of their origin in 
living organisms. One consequence of this vital force, chemists believed, 
was that organic compounds couldn’t be prepared and manipulated in the 
laboratory as could inorganic compounds. 

Although the vitalistic theory was believed by many influential chem- 
ists, its acceptance was by no means universal, and it’s doubtful that the 
development of organic chemistry was much delayed. As early as 1816, the 
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theory received a heavy blow when Michel Chevreul! found that soap, pre- 
pared by the reaction of alkali with animal fat, could be separated into 
several pure organic compounds, which he termed “fatty acids.” Thus, for 
the first time, one organic substance (fat) had been converted into others 
(fatty acids plus glycerin) without the intervention of an outside vital force.” 

Animal fat a Soap + Glycerin 
2 

Soap oa cae “Fatty acids” 

A little more than a decade later, the vitalistic theory suffered still 
further when Friedrich Wohler? discovered in 1828 that it was possible to 
convert the “inorganic” salt, ammonium cyanate, into the previously known 

“organic” substance, urea. 

Heat ! 
> NH,* ~OCN 4 H.N~ XN 

NH, 

Ammonium cyanate Urea 

By the mid-nineteenth century, the weight of evidence was clearly against 
the vitalistic theory, and William Brande* wrote in 1848 that “no definite 
line can be drawn between organic and inorganic chemistry. ... Any dis- 
tinctions ... must for the present be merely considered as matters of prac- 
tical convenience calculated to further the progress of students.” 

Chemistry today is unified. The same principles that explain the sim- 
plest inorganic compounds also explain the most complex organic ones. The 
only distinguishing characteristic of organic chemicals is that all contain 
the element carbon. Nevertheless, the division between organic and inor- 
ganic chemistry, which began for historical reasons, maintains its “practical 
convenience ... to further the progress of students.” 

Organic chemistry, then, is the study of carbon compounds. Carbon, 
atomic number 6, is a second-row element whose position in the periodic 
table is shown in Figure 1.1. Although carbon is the principal element in 
organic compounds, most also contain hydrogen, and many contain nitrogen, 
oxygen, phosphorus, sulfur, chlorine, and other elements. 

Why is carbon special? What is it that sets carbon apart from all other 
elements in the periodic table? The answers to these questions derive from 

1Michel Eugéne Chevreul (1786-1889); b. Angers, France; educated at Paris, Muséum d’His- 
toire Naturelle; professor of physics, Lycée Charlemagne (1813); professor of chemistry (1830). 

In the equations that follow, a single arrow, —, is used to indicate an actual reaction. Later 
in this book you'll also see forward and backward arrows, =, indicating equilibrium, and a 
double arrow, =, indicating a multistep transformation whose individual steps aren’t specified. 

3Friedrich Wohler (1800-1882); b. Eschersheim; studied at Heidelberg (Gmelin); professor, 
Gottingen (1836-1882). 

4William Thomas Brande (1788-1866); b. London; (ieperye in chemistry, London (1808); Royal 
Institution (1813-1854). 
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Figure 1.1. The position of carbon in the periodic table. Elements 
commonly found in organic compounds are shown in green. 

the unique ability of carbon atoms to bond together, forming long chains 
and rings. Carbon, alone of all elements, is able to form an immense diversity 

of compounds, from the simple to the staggeringly complex: from methane 
with one carbon, to DNA with up to tens of billions. 

Nor are all carbon compounds derived from living organisms. Modern 
chemists have become highly sophisticated in their ability to synthesize 
new organic compounds in the laboratory. Medicines, dyes, polymers, plas- 
tics, food additives, pesticides, and a host of other substances—all are pre- 

pared in the laboratory, and all are organic chemicals. Organic chemistry 
is a science that touches the lives of all; its study can be a fascinating 
undertaking. 

1.1. The Structure of Atoms 
aE ee ee ee Se Se 

Before beginning a study of organic chemistry, it’s best to review some 
general ideas about atoms and bonds. Atoms consist of a dense, positively 
charged nucleus surrounded at a relatively large distance by negatively 
charged electrons (Figure 1.2). The nucleus consists of subatomic particles 
called neutrons, which are electrically neutral, and protons, which are pos- 
itively charged. Though extremely small—about 1071/4 to 1071° meters (m) 
in diameter—the nucleus nevertheless contains essentially all the mass of 

the atom. Electrons have negligible mass and circulate around the nucleus 

at a distance of approximately 10~!° m. Thus, the diameter of a typical atom 

is about 2 x 10-19 m, often expressed as 2 angstroms (A), where 1 A = 
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Nucleus (protons + neutrons) 

Volume around nucleus 

occupied by orbiting electrons 

ae ee ee 

Figure 1.2 A schematic view of an atom. The dense, positively 

charged nucleus contains most of the atom’s mass and is 

surrounded by negatively charged electrons. 

10-!° m.° To give you an idea of how small thisiis, a thin pencil line is about 
3 million carbon atoms across. 

A specific atom is described by its atomic number, which is the number 
of protons in the atom’s nucleus, and its mass number, which is the total 
of protons plus neutrons. All the atoms of a given element have the same 
atomic number—1 for hydrogen, 6 for carbon, 17 for chlorine, and so on— 

but they can have different mass numbers depending on how many neutrons 
they contain. The average mass number of a great many atoms of an element 
is called the element’s atomic weight. Because it’s an average, it’s usually 
not an integer (1.008 for hydrogen, 35.453 for chlorine, and so on). 

1.2 The Structure of Atoms: Orbitals 

How are the electrons distributed in an atom? A major breakthrough in our 
understanding of atomic structure occurred in 1926 when the theory of 
quantum mechanics was proposed independently by Paul Dirac, Werner 
Heisenberg, and Erwin Schrédinger.® All three formulations are mathe- 
matical expressions for describing the electronic structure of atoms, but 
Schroédinger’s is the one most commonly used by chemists. 

The Schrédinger equation says that the motion of an electron around 
the nucleus can be described mathematically by what is known as a wave 
equation—the same kind of expression that’s used to describe the motion 
of waves in a fluid. The solution to a wave equation is called a wave func- 
tion. If we could determine the wave function for every electron in an atom, 

5The angstrom is still used by most organic chemists, even though it has been replaced in 
SI (Systéme International) units by the picometer (pm), where 1 pm = 107!2 m and 1 A = 
100 pm. Because of the easy decimal conversion, only angstrom measurements will be given 
in this book. 

®Erwin Schrédinger (1887-1961); b. Vienna, Austria; University of Vienna (1910); assistant, 
University of Vienna (1910); assistant to Max Wein, University of Stuttgart, Germany (1920); 
professor of physics, the universities of Zurich, Berlin, Graz, and Dublin; Nobel Prize in physics 
(1933). 
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we would have a complete electronic description of that atom. In practice, 
wave equations are mathematically so complex that only approximate solu- 
tions can be obtained, even with the fastest computers now available. These 
approximate solutions agree so well with experimental facts, though, that 

quantum mechanics is a universally accepted theory for understanding 
atomic structure. 

How can we interpret quantum mechanical wave functions in terms of 
physical reality? A good way of viewing a wave function is to think of it 
as an expression that predicts the volume of space around a nucleus where 
an electron can be found. Though we can never know the exact position of an 
electron at a given moment, the wave function tells us where we would be 
most likely to find it. 

According to quantum mechanics, electrons can be thought of as belong- 
ing to different layers, or shells, at various distances from the nucleus. The 
farther a shell is from the nucleus, the more electrons it can hold and the 
greater the energies of those electrons. Thus, an atom’s lowest-energy elec- 
trons occupy the first shell, which is nearest the nucleus and has a capacity 
of only two electrons. The second shell is farther from the nucleus and can 
hold eight electrons; the third shell is still farther from the nucleus and can 
hold eighteen electrons; and so on, as shown in Table 1.1. 

TABLE 1.1 Distribution of Electrons into Shells 

Number of shell Electron capacity of shell 

Higher energy 

Fourth 32 

Third 18 

Second 8 

First 2 

Lower energy 

Within each shell, electrons are further grouped by pairs into specific 

regions of space called orbitals. It’s helpful to think of an orbital as a kind 

of time-lapse photograph of an electron’s movement around the nucleus. 

Such a photograph would show the orbital as a blurry cloud indicating where 

the electron has been. This electron cloud doesn’t have a sharp boundary, 

but for practical purposes we can set the limits by saying that an orbital 

represents the space where an electron spends most (90-95%) of its time. 

What do orbitals look like? The exact shape and size of an electron’s 

orbital depend on its energy level and are described mathematically by its 

quantum mechanical wave function. There are four kinds of orbitals, denoted 

s, p, d, and f. Of the four, we'll be concerned primarily with s and p orbitals 

since these play the most important role in organic chemistry. The s orbitals 

have a spherical shape with the nucleus at the center, the p orbitals have 

_ a dumbbell shape, and four of the five d orbitals have a cloverleaf shape, 

as shown in Figure 1.3. 
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Figure 1.3 Computer-generated shapes of s, p, and d orbitals. 

The s orbitals are spherical, the p orbitals are dumbbell shaped, and 

most d orbitals are cloverleaf shaped. 

Different shells have different numbers and kinds of orbitals, as indi- 

cated in Figure 1.4. The lowest-energy electrons occupy the 1s orbital. Next 
in energy after the 1s electrons are the 2s electrons. Because they’re higher 
in energy, 2s electrons are farther from the positively charged nucleus on 
average, and their spherical orbital is somewhat larger than that of 1s 
electrons. 

ad th HH te Hh 
3rd shell y ‘ ’ 

(capacity—18 electrons) 3p + E ) 

Say oh a . 

2nd shell Bp te er 
(capacity—8 electrons) 2s “+L 

1st shell " +, 

(capacity—2 electrons) 

jee 

ere ee eee eee 

Figure 1.4 The distribution of electrons in an atom. The first shell 

holds a maximum of two electrons in one 1s orbital; the second 

shell holds a maximum of eight electrons in one 2s and three 2p 

orbitals; the third shell holds a maximum of eighteen electrons in ~ 

one 3s, three 3p, and five 3d orbitals; and so on. The two electrons 

in each orbital are represented by up and down arrows 1). 

The 2p electrons are next higher in energy. As Figure 1.5-indicates, 
there are three 2p orbitals that are equal in energy and are oriented in 
space such that each is perpendicular to the other two. They’re denoted 2p,, 
2py, and 2p, to show on which axis they lie. Note that the plane passing 
between the two lobes of a p orbital is a region of zero electron density. Such 
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A 2py orbital A 2p; orbital Three 2p orbitals 

Een ee a ey 

Figure 1.5 Shapes of the 2p orbitals. Each of the three mutually 
perpendicular dumbbell-shaped orbitals has a nodal plane passing 
between its two lobes. 

a region of zero electron density is called a node, and the plane is called a 
nodal plane. Nodes have important consequences with respect to chemical 
reactivity that we'll take up in Chapter 30. 

Still higher in energy are the 3s orbital (spherical), 3p orbitals (dumb- 
bell shaped), 4s orbital (spherical), and 3d orbitals. There are five 3d orbitals 
of equal energy, but as previously remarked, we won’t be too concerned with 
them. Note, though, that the d orbital shown in Figure 1.3 has four lobes 
and two nodal planes. 

1.3. The Structure of Atoms: 
Electronic Configurations 

ie 

The lowest energy arrangement, or ground-state electronic configura- 
tion, of an atom is a description of the orbitals that the atom’s electrons 
occupy. This arrangement can be found from a knowledge of atomic orbitals 
and their energy levels by following three rules: 

1. Atways fill the lowest energy orbitals first (called the aufbau 
principle). 

2. Only two electrons can be put into each orbital, and they must be 
of opposite spin’ (called the Pauli exclusion principle). 

3. Iftwo or more empty orbitals of equal energy are available, put one 
électron in each with the spins parallel until all are half-full (called 
Hund’s rule). 

Let’s look at some examples to see how these rules are applied. Hydro- 
gen, the lightest element, has only one electron, which we assign to the 

"For the purposes of quantum mechanics, electrons are considered to spin around an axis in 
-much the same way that the earth spins. This spin can have two equal and opposite orientations, 
denoted as up 7 and down |. 
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lowest-energy orbital. This gives hydrogen a 1s ground-state configuration. 
Carbon has six electrons, and a ground-state configuration 1s72s?2p,2p, is 
arrived at by applying the three rules.® These and other examples are shown 
in Table 1.2. 

TABLE 1.2. Ground-State Electronic Configurations of Some Elements 

Atomic Atomic 
Element number Configuration Element number Configuration 

Hydrogen 1 1s a Lithium 3 . a 

2. wt 
Carbon 6 26, «oie Neon 10 ao ee 

te a Is 4 

i sph te 
7 2p He HE 33 Sodium 11 25 4b Areon 18 op 4k OAL A 

Is + oo. 
1s AL 

PROBE ayavetattat sare ters satay waranty ome aaeyorsrs srctanays Sass vans rei rer slang aha iota areareigee casita 

1.1 How many electrons does each of these elements have in its outermost electron shell? 
(a) Potassium (b) Aluminum (c) Krypton 

PROBLEM rare reteteiegerarotere/ sie ave sn ciel siete) ateteueevayelois iavelelatelelsiclahale alainieteielersfejaisters telat 

1.2 Give the ground-state electronic configuration for these elements: : 
(a) Boron (b) Phosphorus (c) Oxygen (d) Chlorine 

rd 

1.4 Development of Chemical Bonding 
Theory 

By the mid-nineteenth century, the new science of chemistry was developing 
rapidly and chemists had begun to probe the forces holding molecules 
together. In 1858, August Kekulé® and Archibald Couper!° independently 
proposed that, in all organic compounds, carbon has four “affinity units.” 

8A superscript is used here to represent the number of electrons at a particular energy level. 
For example, 1s? indicates that there are two electrons in the 1s orbital. No superscript is used 
when there is only one electron in an orbital. 

°*Friedrich August Kekulé (1829-1896); b. Darmstadt; University of Giessen (1847); studied 
under Liebig, Dumas, Gerhardt, and Williamson; assistant to Stenhouse, London; professor, 
Heidelberg (1855), Ghent (1858), and Bonn (1867). 

Archibald Scott Couper (1831-1892); b. Kirkintilloch, Scotland; studied at the universities 
of Glasgow and Edinburgh (1852) and with Wirtz in Paris; assistant in Edinburgh (1858). 
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That is, carbon is tetravalent; it always forms four bonds when it joins other 
elements to form stable compounds. Furthermore, said Kekulé, carbon atoms 
can bond to each other to form extended chains of carbon atoms linked 
together. 

Shortly after the tetravalent nature of carbon was proposed, extensions 
to the Kekulé—Couper theory were made when the possibility of multiple 
bonding between atoms was suggested. Emil Erlenmeyer!! proposed a car- 
bon-to-carbon triple bond for acetylene, and Alexander Crum Brown!? pro- 
posed a carbon-to-carbon double bond for ethylene. In 1865, Kekulé provided 
another major advance in bonding theory when he postulated that carbon 
chains can double back on themselves to form rings of atoms. 

Perhaps the most significant early advance in the bonding theory of 
organic molecules was the contribution made independently by Jacobus 
van’t Hoff!’ and Joseph Le Bel.!* Although Kekulé was correct in describ- 
ing the tetravalent nature of carbon, chemistry was still viewed in a two- 
dimensional way until 1874. In that year, van’t Hoff and Le Bel added a 
third dimension to our ideas about molecules by proposing that the four 
bonds of carbon are not oriented randomly but have a specific spatial direc- 
tion. Van’t Hoff went even further and suggested that the four atoms to 
which carbon is bonded sit at the corners of a tetrahedron, with carbon in 

the center. 
A representation of a tetrahedral carbon atom is shown in Figure 1.6. 

Note the conventions used to show three-dimensionality: Solid lines rep- 
resent bonds in the plane of the page, heavy wedged lines represent bonds 

A tetrahedron 

a 

Figure 1.6 \Van’t Hoff’s tetrahedral carbon atom. The heavy 

wedged line comes out of the plane of the paper; the normal lines 

are in the plane; and the dashed line goes back behind the plane 

of the page. 

11Richard A. C. E. Erlenmeyer (1825-1909); b. Wehen, Germany; studied in Giessen and in 

Heidelberg; professor, Munich Polytechnicum (1868-1883). 

12Alexander Crum Brown (1838-1922); b. Edinburgh; studied at Edinburgh, Heidelberg, 

and Marburg; professor, Edinburgh (1869-1908). 

13Jacobus Hendricus van’t Hoff (1852-1911); b. Rotterdam; studied at Polytechnic at Delft, 

-Leyden, Bonn, Paris, and received doctorate at Utrecht (1874); professor, Utrecht, Amsterdam 

(1878-1896), Berlin; Nobel Prize (1901). 

14Joseph Achille Le Bel (1847-1930); b. Péchelbronn, Alsace; stadied 2 in the Ecole. Polytech= ===" 

nique and at the Sorbonne; industrial consultant. 

GS 
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ee) 

coming out of the page toward the viewer, and dashed lines represent bonds 
receding back behind the page, away from the viewer. These representations 
will be used throughout the text. 

ee 

Draw a molecule of chloroform, CHCl;, using wedged, normal, and dashed lines to 
show its tetrahedral geometry. 

Ce 

1.5 The Nature of Chemical Bonding: 
lonic Bonds 

Why do atoms bond together, and how does our quantum mechanical view 
of the atom describe bonding? The why question is relatively easy to answer: 
Atoms bond together because the compound that results is more stable (has 
less energy) than the separate atoms themselves. Just as water always flows 
downhill, energy is always released and flows out of the system when a 
chemical bond is formed. Conversely, energy is absorbed and flows into the 
system when a chemical bond is broken. The how question is more difficult. 
To answer it, we need to know more about the properties of atoms. 

We know through observation that eight electrons (an octet) in the 
outermost shell (the valence shell) impart special stability to the noble- 
gas elements in Group 8A: Ne (2 + 8); Ar (2 + 8 + 8); Kr(2+ 8+ 18+ 8). 
We also know that the chemistry of many main-group elements is governed 
by a tendency to take on the stable electronic makeup of a noble gas. The 
alkali metals in Group 1A, for example, have single s electrons in their 
valence shells. By losing this electron, they can achieve a noble-gas 
configuration. 

The amount of energy it takes to pull an electron away from an isolated 
atom in the gas phase is called the ionization energy of the element, 
abbreviated H;. Alkali metals, at the far left of the periodic table, give up 
a valence electron easily, have low ionization energies, and are said to be 
electropositive. Elements at the middle and far right of the periodic table 
hold their valence electrons more tightly, give them up less readily, and 
therefore have higher £,’s. In other words, a low E; corresponds to the ready 
loss of an electron, and a high £; corresponds to the difficult loss of an 
electron. Table 1.3 lists the ionization energies of the second-row elements 
in kilocalories per mole (kcal/mol), and Figure 1.7 displays E; data for the 
entire periodic table. 

Atom + Energy (Z;) ——> Atom* + Electron- 

Just as the electropositive alkali metals at the left of the periodic table 
have a tendency to form positive ions by losing an electron, the halogens 
(Group 7A elements) at the right of the periodic table have a tendency to 
form negative ions by gaining an electron. By so doing, the halogens can 
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TABLE 1.3 lonization Energies of Some Elements 
a SS SE A BE TY 

Ionization 
Element (electronic configuration) Cation (electronic configuration) energy (kcal/mol) 

Li (1s?2s) ees Lit (1s*—same as He) 125 

Na _ (1s?2s?2p®3s) pale Nat (1s?2s?2p°—same as Ne) 118 

K  (...8s73p*4s) itty K*  (... 3s?3p®—same as Ar) 100 

C  (1s?2s?2p?) SS Ct  (1s22s?2p) 259 

Ct (1s?2s?2p) pass C2+ (1522s?) 562 

F  (1s22s?2p°) —> Ft — (1s22s?2p4) 401 

Ne (1s72s?2p°) > Ne* (1s?2s?2p°) 497 

*Organic chemists have been slow to adopt SI units, preferring to use kilocalories (kcal), rather than 
kilojoules (kJ), as a measure of energy. This book will use dual units, with values shown in both kcal/mol 

and kJ/mol, where 1 calorie = 4.184 joule, or 1 kcal/mol = 4.184 kJ/mol. 

Figure 1.7 A graphic display of relative ionization energies. 

Metallic elements on the left of the table have lower ionization 

energies than do nonmetallic elements on the right. 
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achieve noble-gas configurations. The measure of this tendency of an isolated 
atom in the gas phase to gain an electron is called the atom’s electron 
affinity, abbreviated E,,. Energy is released when an electron is added to 
most elements, and E,,’s therefore have negative values. 

Nonmetals on the right side of the periodic table have a much greater 
tendency to add an electron than do metals on the left side and are said to 
be electronegative. Thus, the halogens release a large amount of energy 
when they add an electron and have much larger negative electron affinities 
than do the alkali metals. Table 1.4 lists the electron affinities of some 
common elements. 

Atom + Electron” ——~ Atom™ + Energy (E,,) 

TABLE 1.4 Electron Affinities of Some Elements 

Electron 

Element (electronic configuration) Anion (electronic configuration) affinity (kcal/mol) 

Li (1s?2s) oe Li-  (1s#25?) -13.6 

Na (1s?2s?2p°3s) ae Na~ (1s?2s?2p°352) —5.0 

C (122522) a C- (1s?2s?2p3) ~28.9 

F  (is*2s727°) oy F- = (1s?2s"2p°—same as Ne) —79.6 

CI . .3s"3p") > Cl- (...8s?3p%—same as Ar) —83.2 

; 
\ 

The simplest kind of chemical bonding is that between an electropositive 
element (low E;) and an electronegative element (large negative E,,). For 
example, when sodium metal [Z; = 118.5 kcal/mol (496 kJ/mol)] reacts with 
chlorine gas [E,, = —83.3 kcal/mol (—349 kJ/mol)], sodium can donate an 
electron to chlorine forming positively charged sodium ions and negatively 
charged chloride ions. When a vast number of sodium atoms transfer elec- 
trons to an equal number of chlorine atoms, a visible crystal of sodium 
chloride results. The NaCl product is said to have ionic bonding and to be 
an ionic solid. That is, the ions are held together to a large extent by 
electrostatic attraction between the two unlike charges. A similar situation 
exists for many other metal salts such as potassium fluoride (KtF°), lithium 
bromide (Li*Br7~), and so on. This picture of the ionic bond, first proposed 
by Walter Késsel!* in 1916, satisfactorily accounts for the chemistry of many 
inorganic compounds. 

15Walter Ludwig Julius Paschen Heinrich Késsel (1888-1956); b. Berlin; assistant in physics 
in Heidelberg (1910) and Munich (1913); professor of ‘physics, Kiel (1921), Danzig (Poland) 
(1932-1945), and Tiibingen (1947). 
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1.6 The Nature of Chemical Bonding: 
Covalent Bonds 

We’ve just seen that elements on the far left (sodium) and far right (chlorine) 
of the periodic table form ionic bonds by gaining or losing an electron to 
achieve a noble-gas configuration. How, though, do elements in the middle 
of the periodic table form bonds? Let’s look at the carbon atom in methane, 
CHy4, as an example. Certainly the bonding in methane isn’t ionic, because 
it would be very difficult for carbon (1s?2s?2p?) either to gain or to lose four 
electrons to achieve a noble-gas configuration.!® 

In fact, carbon bonds to other atoms, not by donating electrons but by 
sharing them. Such shared-electron bonds, first proposed in 1916 by G. N. 
Lewis,!” are called covalent bonds, and the collection of atoms held 
together by covalent bonds is called a molecule. The covalent bond is the 
most important bond in organic chemistry. 

A simple shorthand way of indicating covalent bonds in molecules is to 
use Lewis structures, or electron-dot structures, in which the valence 
electrons of an atom are represented as dots. Thus, hydrogen has one dot 
representing its 1s electron, carbon has four dots (2s?2p?), oxygen has six 
dots (2s?2p*), and so on. A stable molecule results whenever a noble-gas 
configuration with filled s and p valence orbitals is achieved for all atoms, 
as in the following examples: 

H H 

‘C1 + 4H: —> H:C:H 3H-+-N- —> H:N:H 
H Ammonia (NHs) 

Methane (CH,) 

2H Us > HO: Ooo Oe Ot ae > 
H HH 

Water (H20) Methanol (CH3;0H) 

+ 

2H O° F Hee ee H-O-H 

H 

Hydronium ion (H30*) 

The number of covalent bonds an atom forms depends on how many 

valence electrons it has. Atoms with one, two, or three valence electrons 

form one, two, or three bonds, but atoms with four or more valence-shell 

16The electronic configuration of carbon can be written either as 1s?2s”2p? or as 1s”2s?2p,2py. 

Both notations are correct, but the latter is more informative because it indicates that two of 

the three equivalent p orbitals are half filled. 

17Gilbert Newton Lewis (1875-1946); b. Weymouth, Mass.; Ph.D. Harvard (1899); professor, 

Massachusetts Institute of Technology (1905-1912), University of California, Berkeley (1912— 

~ 1946). 
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electrons form as many bonds as they need electrons to fill the s and p levels 
of their valence shells. Thus, boron has three valence electrons (2s?2p') and 
forms three bonds, as in BHs3; carbon (2s?2p?) fills its valence shell and 
achieves the configuration of neon by forming four bonds, as in CH; nitrogen 
(2s?2p*) achieves the neon configuration by forming three bonds, as in NH3; 
and oxygen (2s? 2p*) achieves the neon configuration by forming two bonds, 
as in HO. 

H— Cl— | 

9 Onin ay ik Nessie Bee ad bina 
Br geo | | | 

a — ( > -—_’] 

One bond Two bonds Three bonds Four bonds 

Lewis structures are valuable because they make electron bookkeeping 
possible and act as reminders of the number of valence electrons present. 
Simpler still is the use of “Kekulé” structures, also called line-bond 
structures, in which a two-electron covalent bond is indicated simply as a 
line drawn between atoms. Pairs of nonbonding valence electrons are often 
ignored when drawing line-bond structures, but it’s still necessary to keep 
mentally aware of their existence, and it’s useful when starting out to always 
include them. Some examples of these structures are shown in Table 1.5. 

TABLE 1.5 Lewis and Kekulé Structures of Some Simple Molecules 

Lewis Kekulé Lewis Kekulé 

structure structure Name structure structure 

Methanol 

(CH;0H) 

PRACTICE ‘PROBLEM 143 326..twticaseetane. ones OG Oe 

PROBLEM... 

1.4 

How many hydrogen atoms does phosphorus bond to in forming phosphine, PH,? 

Solution Because phosphorus is in Group 5A of the periodic table, it has five valence 
electrons. It needs to share three more electrons to make an octet, and therefore 
bonds to three hydrogen atoms, giving PHs. 

ee oe 

What are likely formulas for these substances? 

(a) CCl, (b) AlH» (c) CH,Cl, (d) SiF, (e) CH3NH> 
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© 1010 0 SASS SS Oe a) OS ase h OS, Sled 'h,8 Bie 0 e 09 a6 0 oe W019 6:0 4 O86. 01e Weel eeleleve 

Write both Lewis and line-bond structures for these substances, showing all non- 
bonded electrons: 
(a) CHCls, chloroform (b) HS, hydrogen sulfide 
(c) CH3sNH2, methylamine (d) BHs, borane 
(e) NaH, sodium hydride (f) CH3Li, methyllithium 

RRS) I See TC LOS 0), 610 CREE OO) 016)) 610 014,e @ ee 6 0) pe Iele, eilele 0s 6. S506 'e)® erielene whe 

Which of these substances would you expect to have covalent bonds and which ionic 
bonds? Explain. 

(a) CH, (b) CHCl, (c) Lil (d) KBr (e) MgCle (f) Cl, 

CPO CMC STEER UOR DH ASO MODE reDeeteceeEsoeceenseccetioeccenaee 

Se SSS See esesreeeseeeereeesesreseresreseeeeresererseseseeeese 

1.7. Formation of Covalent Bonds: 
Molecular Orbital Theory 

How are covalent bonds formed? The most generally satisfactory method 
for dealing with covalent bonds in organic compounds is molecular orbital 
(MO) theory. Molecular orbital theory pictures the formation of covalent 
bonds by an overlapping of atomic orbitals. For example, we can describe 
the hydrogen molecule (H—H) by imagining what might happen if two hydro- 
gen atoms, each with an atomic 1s orbital, meet and join together. As the 
two spherical atomic orbitals approach each other and combine, a new egg- 
shaped molecular orbital results, so called because it belongs to the entire 
Hz, molecule rather than to an individual atom. The molecular orbital is 
filled by two electrons, one donated by each hydrogen: 

: % 
Ha tT Bg y=@ Hin @ 

—— 

1s atomic 1s atomic Hp» molecular orbital 
orbital orbital 

During the reaction 2 H- — Hp, 104 kcal/mol (435 kJ/mol) of energy 
is released. Since the product Hz molecule has 104 kcal/mol less energy 
than the starting 2 H-, we say that the product is more stable than the 
starting material and that the new H-H bond has a bond strength of 104 
kcal/mol. In other words, we would have to put 104 kcal/mol of energy into 
the H-H bond in order to break the hydrogen molecule apart into two 

- hydrogen atoms. Figure 1.8 shows the relative energy levels of the different 

orbitals. 
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2H: —> H, 

Two hydrogen -- a 
1s atomic orbitals 

Released when bond forms 
2x 52=104 kcal/mol 

Absorbed when bond breaks 

+} He Molecular orbital 

Figure 1.8 Energy levels of H atomic orbitals and H2 molecular 
orbital. The H, molecular orbital is lower in energy by 52 kcal/mol 

(2 x 52 = 104). 

How close are the two nuclei in the hydrogen molecule? If they’re too 
close together, they’ll repel each other electrostatically since both are pos- 
itively charged. Yet if the nuclei are too far apart, they won’t be able to 
share the bonding electrons adequately. Thus, there is an optimum distance 
between the two nuclei that leads to maximum stability (Figure 1.9). This 
optimum distance is called the bond length and has a value of 0.74 A in 
the hydrogen molecule. Every covalent bond has both a characteristic bond 
strength and bond length. 

HH (too close) 

Bond length 

Internuclear distance —————__»> 

EE a 

Figure 1.9 A plot of energy versus internuclear distance for two 

hydrogen atoms. The distance at the lowest energy point is called 
the bond length. 
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One further point about this description of the hydrogen molecule is 
that an orbital seems to have disappeared. We began forming the hydrogen 
molecule by combining two atomic orbitals, each of which, if filled, could 
have held two electrons, for a total of four. We ended up, however, with 
what seems to be one molecular orbital, which can hold only two electrons. 
In fact, an orbital hasn’t disappeared; we simply haven’t paid it much atten- 
tion. When we combine a pair of atomic orbitals, a pair of molecular orbitals 
is produced. One of the molecular orbitals is lower in energy than the start- 
ing atomic orbitals, and the other is correspondingly higher in energy, as 
shown in Figure 1.10. 

eros H—H Antibonding MO (unfilled) 

Aa N 

ea — 
H 1s orbit 1 — i s orbita PPK e >| H 1s orbital 

NX 
“N on 

~N 
a 

~ a oa . YH H—H Bonding MO (filled) 

ese Se ee eee 

Figure 1.10 Molecular orbitals of Hz. The combination of two 

hydrogen 1s atomic orbitals leads to the formation of two 

molecular orbitals. The lower-energy (bonding) molecular orbital is 

filled, and the higher-energy (antibonding) molecular orbital is 

unfilled. 

The lower-energy orbital is called a bonding MO, and the higher- 
energy orbital is called an antibonding MO. The two electrons occupy the 
low-energy bonding orbital, with the high-energy antibonding orbital left 
unfilled. After all, if electrons were to occupy this high-energy orbital, the 

_ molecule would be higher in energy than the two isolated hydrogen atoms, 
and no bond could result—thus the term antibonding. 

The bonding molecular orbital in the hydrogen molecule has the elon- 
gated egg shape that we might get by pressing two spheres together. If an 
imaginary plane were to pass through the middle of the orbital, the inter- 
section of the plane and the orbital would look like a circle. In other words, 
the H-H bond is cylindrically symmetrical, as shown in Figure 1.11. 

: Bonds that have circular cross-sections and are formed by head-on over- 
lap of two atomic orbitals are called sigma (a) bonds. Although sigma 
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Circular cross-section 

Figure 1.11. The cylindrical symmetry of the H—H bond. The 

intersection of a plane cutting through the orbital looks like a 

circle. 

bonds are the most common kind, there are other types of bonds as well. 
Let’s consider the fluorine molecule, F>, for example. A fluorine atom has 

seven valence electrons and the electronic configuration 1s#2s?2p*. By bond- 
ing together, two fluorine atoms can each achieve stable valence octets: 

:F- + °F: —_ :F: F: 

Unlike the situation in the hydrogen atom, though, a fluorine atom has an 
unshared 2p electron rather than a 1s electron. How can two p orbitals come 
together to form a bond? ' 

The general answer to this question was provided by Linus Pauling!® 
in 1931 when he stated the principle of maximum orbital overlap. 
According to this principle, the strongest bond is formed when the two 
orbitals achieve maximum overlap. There are two geometric possibilities 
for p-orbital overlap in the fluorine molecule: The p orbitals can overlap in 
a head-on fashion to form a sigma bond, or they can overlap in a sideways 
manner to form what is called a pi (7) bond, shown in Figure 1.12. 

Though it’s difficult to predict which kind of bonding leads to maximum 
overlap, it turns out that sigma bonding is usually more efficient than pi 
bonding. Fluorine therefore forms a sigma molecular bond between two 2p 
orbitals. The new F-F bond has a bond strength of 38 kcal/mol (159 kJ/ 
mol) and a bond length of 1.42 A. 

18Linus Pauling (1901— ); b. Portland, Oregon; Ph.D. California Institute of Technology 
(1925); professor, California Institute of Technology (1925-1967); University of California, San 
Diego; Professor Emeritus, Stanford University (1974— ); Nobel Prize (1954, 1963). 
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Sigma overlap 
(head-on) 

Pi overlap 
(sideways) 

Pp orbital P orbital p-p sigma bond 

yo - 
p orbital p orbital p-p pi bond 

Figure 1.12 The formation of sigma and pi bonds by overlap of 
Pp orbitals. 

1.8 

cece eee seee 

Peete ewe e eee eee were neeenereserereresreseesereseeseresesee 

We said that sigma bonds, formed by head-on overlap of orbitals, have cylindrical 
symmetry. Draw a cross-section of a pi bond, formed by sideways overlap of p orbitals. 
How does pi bond symmetry differ from sigma bond symmetry? 

CC CSCC CHEESE Ce EERE eH EME HEED ELEC EHO LEE eee ES OEE OOS 

1.8 Hybridization: sp? Orbitals and the 
Structure of Methane 

The bonding in both the hydrogen molecule and the fluorine molecule is 
fairly straightforward, but the situation becomes more complicated when 
we turn to organic molecules with tetravalent carbon atoms. Let’s start with 
the simplest case and consider methane, CH,4. Carbon has four electrons in 
its valence shell, two of which are paired in the 2s orbital and two of which 
are unpaired in different 2p orbitals. Thus, the ground-state electronic con- 
figuration of carbon is 1s?2s?2p,2p,,. 

The first problem is immediately apparent: Carbon needs to share four 
. electrons to make four bonds, but only two of its valence electrons are 
unpaired. The two 2s electrons are already paired with each other in the 
same orbital and can’t be shared in bonds with other atoms. Why, therefore, 
doesn’t carbon bond to two hydrogen atoms to form CHy,? In fact, CHg is a 
known compound, but it is highly reactive and has only a fleeting existence. 

To get around the difficulty in having enough unpaired electrons, carbon 
must adopt an electronic configuration different from the ground-state con- 

. figuration. By promoting one electron from the filled 2s orbital into the 
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vacant 2p, orbital, carbon can achieve the higher-energy configuration 

1s?2s2p,2py2pz. 

2p ee - esos 
96 kcal/mol 

2s A. ae 

1s 4 a 

Ground-state carbon Excited-state carbon 

Carbon has four unpaired electrons in its higher-energy configuration 
and can now form four bonds to hydrogens. Although 96 kcal/mol (402 kJ/ 
mol) is required to promote the 2s electron to\a 2p orbital, this energy loss 
is more than offset by the formation of four stable C-H bonds rather than 
two. Since the formation of each C—H bond releases about 100 kcal/mol of 
energy, a net release of nearly 300 kcal/mol occurs when CH, is formed, 

versus a release of only 200 kcal/mol when CHg is formed. 

oe Releases ee 
. ° °  —_- 2 : ae CF 2H apical H:C:H Net energy change: —200 kcal/mol 

Absorb: = 4H i sorbs ° ihe eas 
Seren : eccaet H:C:H Net energy change: —300 kcal/mol 

400 kcal/mol H 

What are the four C—H bonds in methane like? Since carbon uses two 
kinds of orbitals (2s and 2p) for bonding purposes, we might expect methane 
to have two kinds of C—H bonds. In fact, though, a large amount of evidence 
shows that all four C-H bonds in methane are identical. How can we explain 
this? i 

The answer was provided in 1931 by Linus Pauling, who showed that 
an s orbital and three p orbitals can mathematically combine, or hybridize, 
to form four equivalent atomic orbitals that are spatially oriented toward 
the corners of a tetrahedron. Shown in Figure 1.13, these new tetrahedral 
orbitals are called sp? hybrids!® because they arise mathematically from 
a combination of three p orbitals and one s orbital. 

The concept of hybridization explains how carbon forms four equivalent 
tetrahedral bonds but doesn’t answer the question of why it does so. Viewing 
a cross-section of an sp® hybrid orbital suggests the answer. When an s 
orbital hybridizes with three p orbitals, the resultant hybrid orbitals are 
unsymmetrical about the nucleus. One of the two lobes of an sp? orbital is 
much larger than the other (Figure 1.14) and can therefore overlap better 
with another orbital when it forms a bond. As a result, sp? hybrid orbitals 
form stronger bonds than do unhybridized s or p orbitals. 

19Note that the superscript used to identify an sp hybrid orbital tells how many of each 
type of atomic orbital combine to form the hybrid, not how many electrons occupy that orbital. 
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Hybridization 

Four equivalent sp? 
hybrid orbitals 

Figure 1.13 Four sp? hybrid orbitals, formed by the combination 

of an atomic s orbital and three atomic p orbitals. 
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An s orbital 

A p orbital An sp3 hybrid orbital 

Figure 1.14 The formation of an sp? hybrid orbital by overlap of 

a p orbital with part of an s orbital. Overlap of the s orbital with 

the positive p lobe is additive, but overlap with the negative p lobe 

cancels out. The resultant hybrid orbital is strongly oriented in one 
direction. 

This lack of symmetry in sp® orbitals arises because of a property of 
orbitals that we’ve not yet considered. When the wave equation for a p 
orbital is solved, the two lobes have opposite algebraic signs, + and —. Thus, 
when a p orbital hybridizes with an s orbital, one lobe is additive with the 
s orbital, but the other lobe is subtractive. The resultant hybrid orbital is 
therefore strongly oriented in one direction. 

We describe the sp? hybrid as a directed orbital, and we find that it is 

capable of forming strong bonds by overlapping the orbitals of other atoms. 
For example, the overlap of a carbon sp? hybrid orbital with a hydrogen 1s 
orbital gives a strong C—H bond (Figure 1.15). 
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‘+& — e4 
Carbon sp3 hybrid orbital Hydrogen s orbital C—H sigma molecular orbital 

Figure 1.15 The formation of a C—H bond by head-on (a) overlap 

of a carbon sp? hybrid orbital with a hydrogen 1s orbital. 

When the four identical orbitals of an sp® hybridized carbon atom over- 
lap with four hydrogen atoms, four identical C-H bonds are formed. Each 
C-—H bond in methane has a strength of 104 kcal/mol (435 kJ/mol) and a 
length of 1.10 A. Since the four bonds have a specific geometry, we can also 
define a third important property called the bond angle. The angle formed 
by each H—C-H is exactly 109.5°, the so-called tetrahedral angle. Methane 
therefore has the structure shown in Figure 1.16. 

Bond strength 
104 keal/mol 

Bond 
angle 
109.5° Bond length 

1.10A 
: 

Pe fr 

Figure 1.16 The structure of methane. The second and third 
drawings are computer generated. 
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Before ending this discussion of the methane structure, it should again 
be pointed out that no orbitals are “lost” during hybridization and C-H 
bond formation. An sp®-hybridized carbon has four hybrid orbitals and four 
electrons. Four hydrogen atoms also provide four 1s orbitals and four elec- 
trons. Methane therefore has four bonding C-H molecular orbitals, which 
are filled, and four antibonding C-H orbitals, which are unfilled. All eight 
MOs are shown in Figure 1.17. 

Four antibonding C—H 
molecular orbitals (unfilled) 

ee r++ 
Four carbon Four hydrogen 

sp° orbitals 1s orbitals 

HHH H 
Four bonding C—H 

molecular orbitals (filled) 

Figure 1.17 Molecular orbitals of methane. 

1.9 The Structure of Ethane 

A special characteristic of carbon is that it can form stable bonds to other 
carbon atoms. The same kind of hybridization that explains the methane 
structure also explains how one carbon atom can bond to another to make 
possible the many millions of known organic compounds. Ethane, C2Hg, is 
the simplest molecule containing a carbon—carbon bond: 

Piet 
pe ee 

H:C:C:H H—C—C_ ii CH3CHg 
H H ee | 

H H 

Some representations of ethane 

We can picture the ethane molecule by imagining that the two carbon 
atoms bond to each other by sigma overlap of an sp® hybrid orbital from 
each. The remaining three sp? hybrid orbitals on each carbon overlap with 
hydrogen orbitals to form the six C—H bonds, as shown in Figure 1.18. The 
C-H bonds in ethane are similar to those in methane, though a bit weaker 
(98 kcal/mol for ethane versus 104 kcal/mol for methane). The C-C bond 
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sp carbon sp3 carbon 

Figure 1.18 The structure of ethane. The carbon—carbon bond is 

formed by sigma overlap of two carbon sp? hybrid orbitals. 

is 1.54 A long and has a strength of 88 kcal/mol (368 kJ/mol). All the bond 
angles of ethane are very near the tetrahedral value, 109.5°. 

PROBE sive: «: spavera avaisisjols toy siotnie te del ptr ei ace) 0016) chefs fete she lolelwielerginls are feyentis, xiawlsiieel= wis 

1.9 Draw a line-bond structure for propane, CH;CH,CHs3. Predict the value of each bond 

angle, and indicate the overall shape of the molecule. 

PROBLEM. « ci0ie 610/ioyer0'e sae ayoreie) oleae, wie.sisie1sie1e alga elehel 9.0.0 (9]vis\\e:)¥]e1 club) mialeie ewe 

1.10 Why can’t an organic molecule have the formula C2H7? 

mee eee meee eee eee eee e ree weeeeeeeeeee eee ee HEE HHH H OO EE HEHE EHH ESE ERED 

1.10 Hybridization: sp? Orbitals and the 
Structure of Ethylene 

Although sp® hybridization is the most common electronic state of carbon, 
it’s not the only possibility. Let’s look at ethylene, Cj.H,, for example. It was 
recognized over 100 years ago that ethylene carbons can be tetravalent only 
if the two carbon atoms are linked by a double bond. 
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Top view Side view 

Ethylene 

When we formed sp® hybrid orbitals to explain the bonding in methane, 
we first promoted an electron from the 2s orbital of ground-state carbon to 
form a higher-energy configuration with four unpaired electrons. We then 
mathematically combined the four singly occupied atomic orbitals to con- 
struct four sp® hybrids. Imagine instead that we mathematically combine 
the 2s orbital with only two of the three available 2p orbitals. Three hybrid 
orbitals called sp? hybrids result, and one unhybridized 2p orbital remains 
unchanged. The three sp? orbitals lie in a plane at angles of 120° to each 
other, with the remaining p orbital perpendicular to the sp? plane, as shown 
in Figure 1.19. 

An sp2 hybrid orbital Top view Side view 

2py orbital 

An sp2 hybridized carbon 

eS ee ee 

Figure 1.19 An sp?-hybridized carbon. There are three equivalent 

sp2 hybrid orbitals lying in a plane at angles of 120° to each other, 

and a single unhybridized p orbital perpendicular to the sp? plane. 
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As with sp® hybrid orbitals, sp? hybrids are strongly oriented in a specific 
direction and can form strong bonds. If we allow two sp?-hybridized carbons 
to approach each other, they can form a strong sigma bond by sp?—sp? 
overlap. When this occurs, the unhybridized p orbitals on each carbon also 
approach each other with the correct geometry for sideways overlap to form 
a pi bond. The combination of sp?—sp? sigma overlap and 2p—2p pi overlap 
results in the net sharing of four electrons and the formation of a carbon— 
carbon double bond (Figure 1.20). 

Pi bond 

Sigma bond 

sp2 orbitals 

sp2 carbon sp2 carbon Carbon-carbon double bond 

Figure 1.20 Orbital overlap in a carbon—carbon double bond. 

To complete the structure of ethylene, we need only allow four hydrogen 
atoms to sigma bond to the remaining four sp? orbitals. The resultant ethyl- 
ene molecule has a planar (flat) structure with H-C—H and H—C-C bond 
angles of approximately 120° (the H-C—H bond angles are 116.6°, and the 
H-C-C bond angles are 121.7°). Each C-H bond has a length of 1.076 A 
and a strength of 103 kcal/mol (431 kJ/mol). 

We might expect the central carbon—carbon double bond in ethylene to 
be both shorter and stronger than the ethane single bond because it results 
from sharing four electrons rather than two. This expectation has been 
verified, for ethylene has a C-C bond length of 1.33 A and a strength of 
152 kcal/mol (636 kJ/mol) versus a length of 1.54 A and a strength of 88 
kcal/mol for ethane. Note, though, that the strength of a carbon—carbon 
double bond is not exactly twice as large as that of a single bond because 
overlap in the pi part of the double bond is not as effective as overlap in the 
sigma part. The structure of ethylene is shown in Figure 1.21. 

PRACTICE -PROBLEM oo oo0. os aie 01s.vcuipinvsie cinisfeis einmieeetle renee erat 

Formaldehyde, CH,0, contains a carbon—oxygen double bond. Draw Lewis and line- 
bond structures of formaldehyde, and indicate the hybridization of the carbon atom. 
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Figure 1.21 The structure of ethylene. Note that the computer- 

generated structures show only the connections between atoms 

and do not explicitly show the carbon—carbon double bond. 
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Solution There is only one way that two hydrogens, one carbon, and one oxygen 

can combine: 

H 
H. . x 
ps C=O 

H’ : V, 
H 

Lewis structure Line-bond structure 

Like the carbon atoms in ethylene, the carbon atom in formaldehyde is sp? 

hybridized. 
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1.11 Draw all of the bonds in propene, CH3;CH=CHg. Indicate the hybridization of each 
carbon, and predict the value of each bond angle. 

PROBLEM.........- een et Sete en artic s mas OE Ores oe es 

1.12 Answer Problem 1.11 for 1,3-butadiene, HxXC=CH-CH=CHg. 
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1.11 

CHAPTER 1 Structure and Bonding 

Hybridization: sp Orbitals and the 
Structure of Acetylene 

In addition to being able to form single and double bonds by sharing two 
and four electrons, carbon can also form a third kind of bond by sharing six 
electrons. Acetylene, C2Hg, can be satisfactorily pictured only if we assume 
that it contains a carbon-carbon triple bond. To account for the triple bond, 
we must construct a third kind of hybrid orbital, an sp hybrid: 

H:C:::C:H H—C=C—H 

Acetylene 

Imagine that, instead of combining with two or three p orbitals, a carbon 
2s orbital hybridizes with only a single p orbital. Two sp hybrid orbitals 
result, and two p orbitals remain unchanged. The two sp orbitals are linear, 
or 180° apart on the x-axis, while the remaining two p orbitals are perpen- 
dicular on the y-axis and the z-axis, as shown in Figure 1.22. 

An sp hybrid orbital 2 sp hybrid orbitals sp-hybridized carbon 

SSS 

Figure 1.22 An sp-hybridized carbon atom. The two sp hybrid 

orbitals are oriented 180° away from each other. 

If we allow two sp-hybridized carbon atoms to approach each other, sp 
orbitals from each carbon can overlap head-on to form a strong sp—sp sigma 
bond. In addition, the p, orbitals from each carbon can form a p,—p, pi bond 
by sideways overlap, and the p, orbitals can overlap similarly to form a 
Py-Py pi bond. The net effect is formation of one sigma bond and two pi 
bonds—a net carbon-carbon triple bond. The remaining sp hybrid orbitals 
each form a sigma bond with hydrogen to complete the acetylene molecule 
(Figure 1.23). 

Because of sp hybridization, acetylene is a linear molecule with H—C-C 
bond angles of 180°. The carbon—hydrogen bond in acetylene has a length 
of 1.06 A and a strength of 125 kcal/mol (523 kJ/mol). The carbon—carbon 
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P orbitals 

sp orbitals 

P orbitals 

Figure 1.23 The structure of acetylene. 

bond length is 1.20 A, and its strength is 200 kcal/mol (837 kJ/mol), making 
the triple bond in acetylene the shortest and strongest of any carbon—carbon 
bond. A comparison of sp, sp, and sp? hybridization is given in Table 1.6. 

TABLE 1.6 Comparison of Carbon—Carbon and Carbon—Hydrogen Bonds in Methane, 
Ethane, Ethylene, and Acetylene 

Molecule Bond Bond strength (kcal/mol) Bond length (A) 

Methane, CH, C.,2— Hi, 104 1.10 

Ethane, CH3CH3 C,8— Capt 88 1.54 
Ces — Hi, 98 1.10 

Ethylene, H,>C—CH2 C,p2=Cgp2 152 1.33 
Coa Hi: 107 1.076 

Acetylene, HC=CH Cp =e Uap 200 1.20 

sp Hi, ; 131 1.06 

PROBLEDMin ois aie che c score sie cree satel cle) bicle «sells ex0ls salle s,0.6 eid) a'orays) ole ie) ais 0] 0, 0,0.5-0 

1.14 Draw a line-bond structure for propyne, CH3;C=CH. Indicate the hybridization of 
each carbon, and predict a value for each bond angle. 
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1.12 Hybridization of Other Atoms: 
Nitrogen 

Lone pair 
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The description of covalent bonding we’ve developed up to this point isn’t 
restricted to just carbon compounds. Covalent bonds formed by other ele- 
ments in the periodic table also can be described in terms of hybrid orbitals. 
The situation becomes more complex when elements heavier than carbon 
are involved, but the general principles remain the same. 

Let’s look at ammonia, NH3, as an example of covalent bonding involv- 
ing nitrogen. A nitrogen atom has the ground-state electronic configuration 
1s*2s"2p,2p,2p,, and we might therefore expect nitrogen to combine with 
three hydrogen atoms to complete its valence electron octet: 

-N-+3H-+ —> H:N:H or ee 
H 

H 

What geometry might ammonia have? Since the three unpaired elec- 
trons of nitrogen occupy half-filled 2p orbitals, one possibility is that hydro- 
gen 1s orbitals might overlap the three nitrogen 2p orbitals to form three 
sigma bonds. If this occurred, ammonia would have H—-N-H bond angles of 
90°. [Remember: The 2p orbitals are at right angles to each other.] In fact, 
this picture is wrong. The experimentally measured H—N-—H bond angle in 
ammonia is 107.1°, close to the tetrahedral value of 109.5°. 

Nitrogen hybridizes to form four sp? orbitals, exactly as carbon does. 
Since nitrogen has five outer-shell electrons, one of the four sp® orbitals is 
occupied by two electrons and the other three each have one electron. Sigma 
overlap of these three half-filled nitrogen sp* hybrid orbitals with hydrogen 
1s orbitals completes the ammonia molecule (Figure 1.24). Ammonia there- 
fore has a pyramidal geometry very similar to that of methane. The N-H 
bond length is 1.01 A, and the bond strength is 103 kcal/mol (431 kJ/mol). 

/ 

= nN 

sp*-hybridized nitrogen Ammonia 

Be eee ee 

Figure 1.24 Hybridization of nitrogen in ammonia. The nitrogen 
atom is sp? hybridized, just like the carbon atom in methane. 
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Ammonia is pyramidal because such a structure has the lowest energy 
of any alternative arrangement. The energy required to hybridize the nitro- 
gen from the ground-state configuration to sp? configuration is more than 
offset by the added strength gained by bonding to sp? orbitals (strongly 
directed, good overlap) versus bonding to p orbitals (poorly directed, poor 
overlap). 

Note that an unshared electron pair is present in nitrogen, occupying 
an sp® orbital. This lone pair of electrons occupies just as much space as 
an N-H bond does and is very important in the chemistry that ammonia 
exhibits. 

S'S) mS 6) 0) 5/0 RA 0 0 8B dR S08 6 616 «niece © 0 0108 6.0 ole aes viele 00,6516 86 616 0 600.0 

What kind of N-N bond do you think is present in the nitrogen molecule, Nz? (Both 
nitrogens are sp hybridized.) 

PRR eee eee eee eee eee ER EEE HEHE EEE HEE EEE EEE EEE HEE 

Draw Lewis and line-bond structures for formaldimine, CH,NH. What kind of C-N 
bond is present? What is the likely hybridization of the nitrogen atom? 

Cee eee eee ese sere reeeeeesssesesereseeeereseeeeeeereereneseces 

1.13 Hybridization of Other Atoms: 
Oxygen and Boron 

We saw in ammonia that nonbonding lone-pair electrons can occupy hybrid 
orbitals just as bonding electron pairs can. The same phenomenon is seen 
again in water, H,O, and other oxygen-containing molecules. Ground-state 

oxygen has the electronic configuration 1s72s?2p,?2p,2p,, and oxygen is 
therefore divalent; that is, it forms two bonds. 

2H: + -O- —? H:0:H 

We can imagine several possibilities for the bonding in water: 

1. Perhaps oxygen uses two unhybridized p orbitals to overlap with 
hydrogen 1s orbitals. The two oxygen lone pairs would then occupy 
a 2s and a 2p orbital. 

2. Perhaps oxygen undergoes sp hybridization and uses the two sp 
hybrid orbitals for bonding. The lone pairs would then both occupy 
the two unhybridized p orbitals. 

3. Perhaps oxygen undergoes sp” hybridization and uses two of the 
hybrid orbitals for bonding. The lone pairs would then occupy an 
sp? and a 2p orbital. 

4. Perhaps oxygen undergoes sp® hybridization and uses two sp? hybrid 
orbitals for bonding. The lone pairs would then occupy the remain- 
ing two sp® orbitals. 
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Only the fourth model, the hybridization of oxygen into sp? orbitals, allows 
strong bonds and maximum distance between the valence electrons. The 
oxygen in water is therefore sp* hybridized, as illustrated in Figure 1.25. 

sp*-hybridized oxygen 

Figure 1.25 The structure of water. The oxygen atom is sp? 

hybridized like the carbon atom in methane. 

PROBLEM... 

seem wee w eae 

Experiments on water indicate that the oxygen doesn’t have perfect sp? 
hybrid orbitals; the actual H-O-H bond angle of 104.5° is somewhat less 
than the predicted tetrahedral angle. We can explain this bond angle dif- 
ference by assuming that there is a repulsive interaction between the two 
lone pairs that forces them apart, thereby compressing the H—O-H angle. 

A final example of orbital hybridization that we'll consider is found in 
molecules such as boron trifluoride, BF3. Since boron has only three valence 
electrons (1s?2s?2p,.), it can form a maximum of three bonds. Even though 
we can promote a 2s electron into a 2p, orbital and then hybridize in some 
manner, there is no way to complete a stable valence electron octet for boron. 

j 
\ - F 

_ , ne | 
3:F- + -B —> ‘F:B or B 

ee ° :F: FO oR 

Since boron has no lone-pair electrons, we might predict that it will 
hybridize in such a way that the three B-F bonds will be as far away from 
one another as possible. This prediction implies sp? hybridization and a 
planar structure for BF3 in which each fluorine bonds to a boron sp? orbital, 
with the remaining p orbital on boron left vacant. Boron trifluoride has 
exactly this structure (Figure 1.26). 

ee i ee ee i ar ry 

What geometry would you expect for each of the following? 

(a) The oxygen atom in methanol, H,C-O-H 

(b) The nitrogen atom in trimethylamine, H3C-N-CHs 

CH; 
(c) The phosphorus atom in PH; 

eC nC Ce Oe ee ee ee ae ee et UCM te CS 
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i. Vacant p orbital 

‘a 
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Figure 1.26 The structure of boron trifluoride. The boron atom is 
sp? hybridized and has a vacant p orbital perpendicular to the BF3 
plane. 

1.14 Summary and Key Words 

Organic chemistry is the study of carbon compounds. Although a division 
into organic and inorganic chemistry occurred historically, there is no sci- 
entific reason for the division. 

An atom is composed of a positively charged nucleus surrounded by one 
or more negatively charged electrons. The electronic structure of an atom 
can be described by the Schrédinger wave equation, in which electrons are 
considered to occupy orbitals centered around the nucleus. Different orbitals 
have different energy levels and different shapes. For example, s orbitals 
are spherical and p orbitals are dumbbell shaped. The electronic config- 
uration of an atom can be found by assigning electrons to the proper orbitals, 
beginning with the lowest-energy ones. 

There are two kinds of chemical bonds: ionic bonds and covalent 
bonds. Ionic bonds are based on the electrostatic attraction of unlike charges 
and are commonly found in inorganic salts. Covalent bonds are formed when 
an electron pair is shared between two atoms. Electron sharing occurs by 
overlap of two atomic orbitals to give a new molecular orbital. Bonds that 
have a circular cross-section and are formed by head-on overlap are called 
sigma (a) bonds; bonds formed by sideways overlap of two p orbitals are 
called pi (77) bonds. 

To form bonds in organic molecules, carbon uses hybrid orbitals. When 
forming only single bonds, carbon is sp? hybridized and has four equivalent 
sp® hybrid orbitals with tetrahedral geometry. When forming double bonds, 
carbon is sp? hybridized, has three equivalent sp? hybrid orbitals with 
planar geometry, and has one unhybridized p orbital. A carbon—carbon dou- 
ble bond is formed when two sp?-hybridized carbon atoms bond together. 
When forming triple bonds, carbon is sp hybridized, has two equivalent sp 
hybrid orbitals with linear geometry, and has two unhybridized p orbitals. 
A carbon-carbon triple bond results when two sp-hybridized carbon atoms 

bond together. 
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Other atoms such as nitrogen, oxygen, and boron also hybridize in order 
to form stronger bonds. The nitrogen atom in ammonia and the oxygen atom 
in water are sp? hybridized; the boron atom in boron trifluoride is sp? 
hybridized. 

WORKING PROBLEMS 

There’s no surer way to learn organic chemistry than by working problems. 
Although careful reading and rereading of this text is important, reading 
alone isn’t enough. In addition, you must be able to work with the infor- 
mation you’ve read and be able to use your knowledge in new situations. 

Working problems gives you practice at doing this. 
Each chapter in this book provides many problems of different sorts. 

The in-chapter problems are placed for immediate reinforcement of ideas 
just learned. The end-of-chapter problems provide additional practice and 
are of two types: drill and thought. Early problems are primarily of the drill 
type, providing an opportunity for you to practice your command of the 
fundamentals. Later problems tend to be more thought provoking, and many 
are challenges to your depth of understanding. 

As you study organic chemistry, take the time to work the problems. 
Do the ones you can, and ask for help on the ones you can’t do. If you’re 
stumped by a particular exercise, check the accompanying Study Guide and 
Solutions Manual for an explanation that will help clarify the difficulty. 
Working problems takes effort, but the payoff in knowledge and understand- 
ing is immense. 

ADDITIONAL PROBLEMG.........................c cece eee 

1.18 

1.19 

1.20 

1.21 

1.22 

1.23 

How many valence electrons does each of these atoms have? 
(a) Magnesium (b) Sulfur (c) Bromine 

Give the ground-state electronic configurations for the following elements. For exam- 
ple, carbon is 1s?2s?2p?. 
(a) Sodium (b) Aluminum (c) Silicon (d) Calcium 

What are likely formulas for these molecules? 
(a) AlCl, (b) CF2Cl, (c) NI» 

Write Lewis (electron-dot) structures for these molecules: 

(a) HHC=C—H_ (b) AIH, (c) CH;—S—CH, 
6 

(@) H,C=CHCl: — (e) HJC—CH—CH=CH, (f) CH. —O—0-=H 
Write a Lewis structure for acetonitrile, H}C-C=N. How many electrons does the 
nitrogen atom have in its outer shell? How many are bonding, and how many are 
nonbonding? 

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

1 I 
(a) CHs—O—CH;  (b) CH3—C—CH3 = (c) CHs -C—NHp (d) CH,CIF 
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1.24 Convert the following line-bond structures into molecular formulas. For example: 
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Novocain Glucose 

1.25 Convert the following molecular formulas into line-bond structures that are consis- 
tent with valence rules: 
(a) C3Hs, ° (b) CH;N 

(c) C2H,O (2 possibilities) (d) C3H,Br (2 possibilities) 
(e) C2H,O (3 possibilities) (f) C3H9N (4 possibilities) 

1.26 Indicate the kind of hybridization you would expect for each carbon atom in these 
molecules: 

(a) Propane, CH3;CH,CH3 (b) 2-Methylpropene, (CH3),C—=CH, 
(c) 1-Buten-3-yne, H}C—CH—C=CH (d) Cyclobutene, He oH 
(e) Dimethyl ether, CH; OCH; C=C 

eeu 
H,C—CH, 
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1.27 

1.28 

1.29 

1.30 

1.31 

1.32 

1.33 

1.34 

1.35 

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

H H 
No eae 
C=C 

H d \o H B = aa enzene 

7 
Ca 
f Ode’ 

H H 

What kind of hybridization would you expect for the following? 
(a) The oxygen in dimethyl ether, CH;-O-CH3 
(b) The nitrogen in dimethylamine, CH;NHCH3 
(c) The boron in trimethylborane, (CH3)3B 

On the basis of your answers to Problem 1.28, what bond angles would you expect 
for the following? 
(a) The C-O-C angle in CH3;-O-CH3 (b) The C-N-C angle in CH;3NHCH3 
(c) The C-N-H angle in CH;3NHCH3 (d) The C-B-C angle in (CH3)3B 

What shape would you expect these species to have? 
(a) The ammonium ion, NH,t (b) Trimethylborane, (CH3)3B 
(c) Trimethylphosphine (CH3)3P (d) Formaldehyde, H,C=O 

Draw a three-dimensional representation of the oxygen-bearing carbon atom in 
ethanol, CH3;CH,OH, using the standard convention of solid, wedged, and dashed 

lines. 

Consider the molecules SOz and SO3 and the ion SO,?-. 
(a) Write Lewis structures for each. 
(b) Predict the shape of each. 

Draw line-bond structures for these molecules. 

(a) Acrylonitrile, H,C=CHCN 
(b) Ethanol, CH;CH,OH i 

(c) Butane, CH;CH,CH,CH; , 
Sodium methoxide, NaOCHs, contains both covalent and ionic bonds. Which do you 
think is which? 

Indicate the kind of hybridization you would expect for each carbon atom in these 
molecules: 

(a) Acetic acid, (b) 3-Buten-2-one, 

1 1 
CH; —C—OH H,C—=CH—C—CH3, 

(c) Acrylonitrile, (d) Benzoic acid, 

H,C—=CH—C=N ] 

ae 

| 
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1.38 

1.39 

1.40 

1.41 

1.42 
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What kind of hybridization would you expect for the following? 
(a) The nitrogen in aniline, (b) The nitrogen in pyridine, 

i bs | 
Hy ee 1 Ze eae 

I | 
C 

H 

(c) The beryllium in (d) The phosphorus in 
dimethylberyllium, trimethylphosphine, 

CH3;— Be—CH3 (CH3)3P : 

On the basis of your answers to Problem 1.36, what bond angles do you expect for 
the following? 

(a) The C-N-H angle in aniline 
(b) The C—Be-C angle in (CH3).Be 
(c) The C-P-C angle in (CH3)3P 

Identify the bonds in these compounds as either ionic or covalent: 
(a) NaCl (b) CH3Cl 
(c) Cl, (d) HOCI] 

Allene is an unusual molecule that has the structure H,C=C=CH,. Draw an orbital 

picture of allene. Is the central carbon atom sp? or sp hybridized? What about the 
hybridization of the terminal carbons? What shape would you predict for allene? 

Allene (Problem 1.39) is related structurally to carbon dioxide, CO2. Draw an orbital 

picture of COz, and identify the hybridization of carbon. 

Although almost all stable organic species have tetravalent carbon atoms, species 
with trivalent carbon atoms are known to exist. Carbocations are one such class of 
compounds. 
(a) If a neutral carbon has 8 valence electrons associated with it (2 from each of 4 

bonds), how many valence electrons does the positively charged carbon atom 

have? 
(b) What hybridization might you expect this carbon atom to have? 

(c) What geometry does the carbocation have? 
(d) What relationship do you see between a carbocation and a trivalent boron com- 

pound such as BF3? 

H—C+t A carbocation 

H 

A carbanion is a species that contains a negatively charged trivalent carbon atom. 

(a) If a neutral carbon atom has 8 valence electrons associated with it (2 from each 

of 4 bonds), how many valence electrons does the negatively charged carbon 

atom have? 
~ (b) What hybridization might you expect this carbon atom to have? 

(c) What geometry does the carbanion have? 
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(d) What relationship do you see between a carbanion and a trivalent nitrogen 

compound such as NH3? 

i 
H—C:- A carbanion 

| 
H 

1.43 Divalent species called carbenes are known to be capable of fleeting existence. For 
example, methylene, : CHg, is the simplest carbene. The two unshared electrons in 
methylene can be either spin-paired in a single orbital or unpaired in different 
orbitals. Predict the type of hybridization you would expect carbon to adopt in singlet 
(spin-paired) methylene and triplet (spin-unpaired) methylene. Draw pictures of 
each, and indicate the types of carbon orbitals present. 



Chapter 2 

Bonding and 
Molecular 
Properties 

2.1 Writing and Drawing 
Chemical Structures 

In the Kekulé structures we’ve been using, a line between atoms represents 
the two electrons in a covalent bond. Such structures have been used for 
many years and comprise a universal chemical language. Two chemists from 
different countries may not understand each other’s spoken words, but a 
chemical structure means the same to both. 

Most organic chemists find themselves drawing many structures each 
day, and it would soon become awkward if every bond and atom had to be 
indicated. For example, vitamin A, Cy9H390, has 51 different chemical bonds 
uniting the 51 atoms. Vitamin A can be drawn showing each bond and atom, 
but doing so is a time-consuming process, and the resultant drawing is 
cluttered (see Table 2.1). 

Chemists have therefore devised several shorthand ways of writing 
structures. In condensed structures, carbon—hydrogen and carbon—carbon 
bonds aren’t shown, they’re “understood.” If a carbon has three hydrogens 

bonded to it, we write CH3; if a carbon has two hydrogens bonded to it, we 
write CH»; and so on. The compound called 2-methylbutane, for example, 
is written as follows: 

H 

H-C—H 
reer H CH; Condensed structures 

ple ad = silanes or CH3;CH,CH(CHs3)o 

HHH 
2-Methylbutane 

39 
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TABLE 2.1. Kekulé and Skeletal Structures for Several Compounds 

Compound Kekulé structure Skeletal structure 

HH fi 
Ce 

Butane, C49 H a UL one C_ ee 

C C H 
Lech a 
HH ee 

Isoprene, C;Hg Heol Hh 

< / \ — / \ Q— / ( \ 

Methylcyclohexane, C7H,, H ~ - H H 

Phenol, CsH,O H 

Vitamin A, Cy9H3 90 
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Notice that the horizontal bonds between carbons aren’t shown—the CHs, 
CHs, and CH units are simply placed next to each other—but that the 
vertical carbon-carbon bond in the first condensed structure is shown for 
clarity. Notice also that in the second condensed structure, the two equiv- 
alent CH; groups attached to the CH carbon are simply grouped together 
as (CH3)o. 

Simpler still is the use of skeletal structures such as those in Table 
2.1. The rules for drawing skeletal structures are simple: 

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

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

3. All atoms other than carbon and hydrogen are indicated. 

Table 2.1 gives examples of how these rules are applied in specific cases. 

2.1 Convert these skeletal structures into molecular formulas: 

(a) a (bah (c) | 

= | N 

| 
H 

Pyridine Cyclohexanone Indole 

PROBE E IN saratae tts ral oles ola fon) oie (ollalioyel\o) ee save’ alai si e¥oi ol svaloi(s\eyehelerete ats ior he Sel-vigi subposcibissene 

2.2 Propose skeletal structures for compounds that satisfy these molecular formulas 
(there is more than one possibility in each case): 

(a) CsHi2 : (b) C.H7N (c) C3H,O (d) C,4H,Cl 

SOOO HEHEHE EEE HEHEHE EEE EEE HEHEHE HEHEHE EEE EEE EEE EERE REED 

2.2 Molecular Models 

Organic chemistry is a three-dimensional science, and molecular shape often 
plays a crucial role in determining the chemistry a compound undergoes. 
One particularly helpful technique when learning organic chemistry is to 
use molecular models. With practice, you can learn to see many spatial 
relationships even when viewing two-dimensional drawings, but there’s no 
‘substitute for building a molecular model and turning it in your hands to 
get different perspectives. 
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PROBLEM 

Many kinds of models are available, some at relatively modest cost, and 

every student should have ready access to a set of models while studying 

this book. Research chemists generally prefer to use either space-filling 

models such as Corey—Pauling—Koltun (CPK®) Molecular Models or skele- 

tal models such as Dreiding Stereomodels™. Both are expensive but are 

precisely made to reflect accurate bond angles, intramolecular distances, 

and atomic radii. CPK models are generally preferred for examining the 

degree of crowding within a molecule, while skeletal models let the user 

measure bond angles and interatomic distances more readily. For student 

use, ball-and-stick models are generally the least expensive and most dura- 

ble. Figure 2.1 shows two kinds of models of acetic acid, CH;COOH. 

(a) 

Figure 2.1 Molecular models of acetic acid, CH;COOH: (a) space- 

filling; (b) ball-and-stick. 

Peewee sere reer sees eeeeseseeseseeeeseesesesesesereseseseeesese 

2.3 Build a molecular model of ethane, H3C—CHs, and look at the relationships between 
hydrogens on the different carbons by sighting along the C—C bond. 

CRO w meee eee ee eee Hee eee eee eee HEHE EE HEHEHE 

2.3 Formal Charges 

Most organic molecules can be accurately represented by the Kekulé line- 
bond structures we saw in Chapter 1. Sometimes, though, electron book- 
keeping requires that we attach formal charges to specific atoms within 
a molecule. This is particularly true for atoms that have an apparently 
“abnormal” number of bonds. In nitromethane (CH3NOz), for example, the 
nitrogen atom has four bonds rather than the usual three and must be 
represented as having a positive charge, while the single bound oxygen 
atom has one bond rather than the usual two and must be represented as 
having a negative charge: 



2.3 Formal Charges 43 

H $ O 

ly ed 
H— 7 ae 

H : O : 

Nitromethane 

Why and how are formal charges assigned? A normal covalent bond is 
formed when each atom donates one electron. Although the bonding elec- 
trons are shared by both atoms, each atom can still be thought of as “owning” 
one electron for bookkeeping purposes. In methane, for example, carbon can 
be considered to own one electron from each of the four bonds for a total of 
four. Since a neutral, isolated carbon atom has four valence electrons, and 
since the carbon atom in methane still owns four, the methane carbon is 

electrically neutral and has no formal charge. 
The same is true for ammonia, which has three covalent N—H bonds. 

Atomic nitrogen has five valence electrons, and the ammonia nitrogen also 
has five (one from each of three shared N-H bonds plus two in the lone 
pair). Thus, the nitrogen atom in ammonia is electrically neutral. 

The situation is different for nitromethane. Atomic nitrogen has five 
valence electrons, but the nitromethane nitrogen owns only four (one from 
the C—N bond, one from the NO single bond, and two from the N=O double 
bond). Thus, the nitrogen has formally lost an electron and must therefore 
have a positive charge. A similar calculation for the singly bonded oxygen 
atom shows that it has formally gained an electron and must have a negative 
charge. (Atomic oxygen has six valence electrons, but the singly bound 
oxygen in nitromethane has seven—one from the O-N bond and two from 
each of three lone pairs.) 

This O atom owns six electrons 

H :0: _—— and has no formal charge 

i {ee alg goin This N atom owns only four electrons 
| \ and has a formal charge of +1 

Ose 
H ** “————. This O atom owns seven electrons 

and has a formal charge of —1 

It’s a good idea to work out the formal charges in a molecule in a logical 
manner to make sure you understand the reasons behind the answers. To 
express the calculations in a general way, we can say that every atom in a 

molecule can be assigned a formal charge equal to the number of valence 

electrons in a neutral, isolated atom minus the number of electrons still 

owned by that atom in the molecule: 

Number of Number of 

valence electrons | — | valence electrons 

in free atom in bound atom 

Number of Half of Number of 

valence — | bonding | — | nonbonding 
electrons electrons electrons 

l| Formal charge 
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For the methane carbon, 

-C:-+4H: —> H:C:H 
; H 

Carbon valence electrons = 
Carbon bonding electrons = 
Carbon nonbonding electrons = 

For the ammonia nitrogen, 

4 
8 
0 

Noo ye ee Pe Ne 
F H 

Nitrogen valence electrons 
Nitrogen bonding electrons 
Nitrogen nonbonding electrons 

| 

mn On ll 

For the nitromethane nitrogen, 

CH3;NO, = H:C:N. . 

H .O° 

Nitrogen valence electrons 
Nitrogen bonding electrons 
Nitrogen nonbonding electrons 

ll 

oan 

For the singly bound nitromethane oxygen, 

Oxygen valence electrons 
Oxygen bonding electrons 
Oxygen nonbonding electrons 

ll 

anw®D 

Molecules such as nitromethane that are neutral overall but have plus 
and minus charges on individual atoms are said to be dipolar. Dipolar 
character in molecules often has important chemical consequences, and it’s 
important to be able to identify and calculate the charges correctly. 
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2.4 Dimethyl sulfoxide, a common solvent, has the structure indicated. Show by cal- 
culations why dimethyl] sulfoxide must have formal charges on S and O. 

Sia 

St Dimethyl sulfoxide 
Be CH. 

PROBLEM ceiccickic tts s Geile Siva esiit ale MO uais Het eles cee Meese Gree ie 

2.5 Calculate formal charges for the atoms in these molecules: 

(a) Diazomethane, HC=N=N: (b) Acetonitrile oxide, H;C-—C=N —-0; 

(c) Methyl isocyanide, H3C—N=C: 

SETH H RHO Hee Ewe HEH Ree eee EEE HEHEHE HEHEHE EHH HEE HEHEHE OTE EEE EE EES 

2.4 Polar Covalent Bonds: 
Electronegativity 

Up to this point, we’ve viewed chemical bonding in an either/or manner: A 
given bond is either covalent or ionic. It’s more accurate, though, to look at 

bonding as a continuum of possibilities, from a perfectly covalent bond with 
a symmetrical electron distribution on the one hand, to a perfectly ionic 
bond between positive and negative ions on the other (Figure 2.2). 

at a 

xX Sx X Gy yp EAI 

Symmetrical covalent Polar covalent Ionic bond 
bond bonds 

Figure 2.2 The continuum in bonding from covalent to ionic as a 

result of unsymmetrical electron distribution. The symbol 6 (Greek 

delta) means partial charge, either partial positive (6+) or partial 

negative (5~). 

The carbon-carbon bond in ethane, for example, is electronically sym- 

metrical and therefore perfectly covalent; the two bonding electrons are 
equally shared by the two equivalent carbon atoms. The bond in sodium 
chloride, by contrast, is largely ionic.! An electron has been donated from 
sodium to chlorine to give Na* and Cl ions that are held together in the 
solid by electrostatic attraction. Between these two extremes lie the great 

1fven the bond in Nat Cl~ is only about 80% ionic rather than 100%. 



46 CHAPTER 2 Bonding and Molecular Properties 

majority of chemical bonds, in which the electrons are attracted somewhat 
more strongly by one atom than by the other. We call such bonds in which 
the electron distribution is unsymmetrical polar covalent bonds. 

Bond polarity is due to electronegativity differences, where an atom’s 
electronegativity is a measure of its intrinsic ability to attract electrons 
in a covalent bond. As shown in Figure 2.3, metallic elements on the left 
side of the periodic table attract electrons only weakly, whereas the halogens 
and other elements on the right side of the periodic table attract electrons 
strongly. 

Figure 2.3 Electronegativity trends in the periodic table. Elements 

on the right side of the table are more electronegative than are : 
elements on the left side. The values are on an arbitrary scale, with 

H = 2.1 and F = 4.0. Carbon has an electronegativity value of 2.5. 

Any element more electronegative than carbon has a value greater 
than 2.5, and any element less electronegative than carbon has a 

value less than 2.5. 

Since carbon and hydrogen have similar electronegativities, C-H bonds 
are relatively nonpolar. By contrast, bonds between carbon and more elec- 
tronegative elements such as oxygen, fluorine, and chlorine are polarized 
so that the bonding electrons are drawn away from carbon toward the elec- 
tronegative atom. This leaves carbon with a partial positive charge (denoted 
by 5*; dis the Greek letter delta) and the electronegative atom with a partial 
negative charge (6). For example, the C—Cl bond in chloromethane is a 
polar covalent bond: 

im 
a(n 

7 er 
H 

Chloromethane 
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An arrow + is used to indicate the direction of polarity. By convention, 
electrons move in the direction of the arrow. The tail of the arrow is electron- 
poor (5*), and the head of the arrow is electron-rich (57). 

Bonds between carbon and less electronegative elements are polarized 
so that carbon bears a partial negative charge and the other atom bears a 
partial positive charge. Organometallic compounds such as tetraethyllead, 
the “lead” in gasoline, provide good examples of this kind of polar bond: 

a 

CH,CH3 

Oo 6t é- 
CH;CH,—Pb—CH,CH, ___ Tetraethyllead 

i 
CH,CH, 

When speaking of an atom’s ability to polarize a bond, we use the term 
inductive effect. An inductive effect is simply the shifting of electrons in 
a bond in response to the electronegativity of nearby atoms. Electropositive 
elements such as lithium and magnesium inductively donate electrons, 
whereas electronegative elements such as oxygen and chlorine inductively 
withdraw electrons. Inductive effects play a major role in understanding 
chemical reactivity, and we’ll use them many times throughout this text to 
explain a wide variety of chemical phenomena. 

ee ee cc 

Which element in each of the following pairs is more electronegative? 
(a) Lior H (b) Be or Br (c) ClorlI (d) CorH 

ee ee ee 

Use the 5*/5- convention to indicate the direction of expected polarity for each of 
the bonds indicated. 
(a) H3C—Br (b) H3C—NHg, (c) H3C—Li (d) H.AN—H 
(e) H;C—OH (f) H3C—MgBr (g) H3C—F 

wee ese e eee eee eee eres esesesesesssreresessesesseseeeseanessene 

2.5 Polar Covalent Bonds: 
Dipole Moment 

a SS 

Since individual bonds are often polar, molecules as a whole are often polar 

also. Overall molecular polarity results from the summation of all individual 

bond polarities, formal charges, and lone-pair contributions in the molecule. 

The measure of this net molecular polarity is a quantity called the dipole 

moment. In practical terms, polar substances are often soluble in polar sol- 

vents like water, whereas nonpolar substances are insoluble in water. 

Dipole moments can be viewed in the following way: Assume that there 

is a “center of mass” of all positive charges (nuclei) in a molecule and a 
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center of mass of all negative charges (electrons) in the molecule. If these 
two centers don’t coincide, then the molecule is electrically unsymmetrical 
and has a net polarity. The dipole moment, yu (Greek mu), is defined as 
the magnitude of a unit charge q times the distance r between the centers. 
When q is measured in electrostatic units (esu) and r is measured in ang- 
stroms, dipole moments are expressed in debye? units (D): 

mw = (q) X (r) X (10! D/esu A) 

where 

q = Electric charge in electrostatic units (esu) 

r = Distance in angstroms 

For example, if one proton and one electron (charge g = 4.8 x 107!° esu) 
are separated from each other by 1.00 A, then the dipole moment is 4.8 D. 

p = (4.8 X 10-19 esu) x (1.00 A) x (102° D/esu - A) = 4.8 D 

It’s relatively easy to measure dipole moments experimentally, and val- 
ues for some common substances are given in Table 2.2. Once the dipole 
moment is known, it’s then possible to work backward to get an idea of the 
amount of charge separation in a molecule. For example, let’s take chloro- 
methane, uu = 1.87 D. If we assume that the contributions of the nonpolar 
C-H bonds are small, then most of the chloromethane dipole moment is due 
to the C-Cl bond. Since the C—Cl bond distance is 1.78 A, the dipole moment 
of chloromethane would be 1.78 x 4.8 D = 8.5 D if the C—Cl bond were 
ionic. But because the measured dipole moment is only 1.87 D, the C—Cl 

TABLE 2.2 Dipole Moments of Some Compounds 

Compound Dipole moment (D) Compound Dipole moment (D) 

NaCl 9.0 1.47 

O CH 0 
o/ ' 

ae 3.46 CCl, 0 

O- CH;CH; 0 

Nitromethane 

0 
CH;Cl 1.87 

H,0 1.85 Benzene 

CH;0H 1.70 BF; 0 

Diazomethane 

Peter Joseph Wilhelm Debye (1884—1966); b. Maastricht, Netherlands; Ph.D. Munich (1910); 
professor of physics, Zurich, Utrecht, Gottingen, Leipzig, Berlin; professor of chemistry, Cornell 
University (1936-1966); Nobel Prize (1936). 
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bond is only about 1.87/8.5 = 20% ionic. Thus, the chlorine atom in chloro- 
methane has an excess of about 0.2 electron, while the carbon atom has a 
deficiency of about 0.2 electron. 

C] ——— 0.2 electron excess 

C ———_ 0.2 electron deficient 
2 SS H’/ ~H 
H 

Chloromethane (yu = 1.87 D) 

The two largest dipole moments listed in Table 2.2 belong to NaCl, 
which is highly ionic, and nitromethane (CH3NO.2), which has formal 
charges on two atoms (Section 2.3). Water and ammonia (Figure 2.4) also 
have relatively large dipole moments because both oxygen and nitrogen are 
electron-withdrawing relative to hydrogen according to their electronega- 
tivities in Figure 2.3. In addition, lone-pair electrons like those present on 
the oxygen atom of water and the nitrogen atom of ammonia normally make 
large contributions to overall dipole moments because they have no atom 
attached to them to “neutralize” their negative charge. 

Lone pair 

Net 

Two lone 

pairs 

“aS 

Water, HO (u = 1.85 D) Ammonia, NH3 (u = 1.47 D) 

Ee ee 

Figure 2.4 Dipole moments of water and ammonia. The lone-pair 

electrons make large contributions to the dipole moments of both 

molecules. 

By contrast with water and ammonia, methane, tetrachloromethane, 

and ethane have zero dipole moments. Because of their symmetrical struc- 

tures, the individual bond polarities in these molecules exactly cancel each 

other. : 

H 
/ aH 

H ot aoe 
| it | 

E AORN oe 
yy a cleye Ol H7 H 
H Cl H 

Methane Tetrachloromethane Ethane 

(u =0D) (u = 0D) (uw = 0 D) 
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2.8 Account for the observed dipole moments of methanol (1.70 D) and benzene (0 D) 
by using arrows to indicate the direction in which electron density is displaced. 

(a) Methanol, CH,;0OH (1.70 D) 

(b) Benzene, ie (0 D) 

PROBLEM 4 5c 6 cccie cece Wace ener s we lnde else Bde. nis wee fais Sielaiele alellesis 

2.9 Carbon dioxide, COg, has a dipole moment of zero even though carbon—oxygen bonds 
are strongly polarized. Explain. 

2.10 Make three-dimensional drawings of these compounds, and predict whether each 
has a dipole moment. If a dipole moment is expected, show its direction. 
(a) H}C—CHy, (b) CHCls (c) CH,Cley (d) HzC—CCl, 

SO e em m meee mmm meee errr ee eee ee esses ee eeeeeeeeeeEeeeeeeEEEE HEHEHE EES 

2.6 Acids and Bases: The Bronsted—Lowry 
Definition 

Acidity and basicity are related to the concepts of electronegativity and 
polarity just described, and it’s a good idea at this point to review some 
fundamental ideas about these topics. We'll soon see that the acid—base 
behavior of organic molecules helps explain much of their chemistry. 

According to the Brgnsted—Lowry definition, an acid is a substance 
that donates a proton (hydrogen ion, H*), and a base is a substance that 
accepts a proton. When HCl gas dissolves in water, for example, an acid— 
base reaction occurs. Hydrogen chloride acts as an acid to donate a proton, 
and water acts as a base to accept the proton. The products of the reaction 
are H30* and Cl-. Chloride ion (C17), the product that results when the 
acid HC] loses a proton, is called the conjugate base of the acid. H30*, 
the product that results when the base H2O gains a proton, is called the 
conjugate acid of the base. Other common mineral acids such as H,SOxq, 
HNOs, and HBr behave similarly, as do organic carboxylic acids such as 
acetic acid, CH3;COOH (Section 20.3). 

In a general sense: 

H—A+:B =— A:- + H—Bt 

Acid Base Conjugate Conjugate 

base acid 
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For example: 

eae + as Senet s H—oO*-H 

H H 

Acid Base Conjugate Conjugate 

base acid 

O O 

= } H H C gn ts as ee oe 

oe oe + -—O—H = ees Nets Pe + :O—H 
a % yon | 
mt HeseH H 

Acid Base Conjugate Conjugate 

base acid 

:O—H + on == -:0—H + en 

H H H 

Acid Base Conjugate Conjugate 

base acid 

Note in the above examples that water can act either as an acid or as a base. 
In its reaction with HCl, water is a base that accepts a proton to give the 
hydronium ion, H30*, but in its reaction with amide ion, ~NHg, water is 

an acid that donates a proton to give ammonia, NH3, and hydroxide ion, 
HO-. 

Acids differ in their proton-donating ability. Stronger acids such as HCl 
react almost completely with water, whereas weaker acids such as acetic 
acid (CH3;COOH) react only slightly. The exact strength of a given acid in 
water solution can be described using the standard equilibrium expression 
for equilibrium constant, Kg: 

HA+H,O <= A-+H,0+ 

_ [H30*][A7] 
= [HA][H20] 

where HA represents any acid.® 
In the dilute aqueous solution normally used for measuring K,,, the 

concentration of water, [HzO], remains nearly constant at approximately 

55.5 M. We can therefore rewrite the equilibrium expression using a new 

3Remember that brackets, [ ], refer to the concentration of the enclosed species in moles per 

liter. 
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term called the acidity constant, K,. The acidity constant for any gener- 

alized acid, HA, is simply the equilibrium constant multiplied by the molar 

concentration of pure water, 55.5 M: 

HA + H,O — PAS Ge H;0+* 

ere 
K, = Ke{H,0) = SEIS 

Stronger acids have their equilibria toward the right and thus have 
larger acidity constants, whereas weaker acids have their equilibria toward 
the left and have smaller acidity constants. The range of K, values for 
different acids is enormous, running from about 101° for the strongest inor- 
ganic acids to about 10~® for the weakest organic acids such as methane. 
The common inorganic acids such as HySO4, HNO3, and HCl have K,’s in 
the range 102-109, while organic acids have K,’s in the range 107°-1071. 
As you gain more experience in later chapters, you'll develop a rough feeling 
for which acids are “strong” and which are “weak.” 

Acid strengths are normally expressed by quoting pK, values, where 
the pK, is equal to the negative logarithm of the acidity constant: 

pK, Sa —log K, 

\ 
A stronger acid (larger acidity constant, K,) has a lower pK,, and a weaker 
acid (smaller K,) has a higher pK,. Table 2.3 lists the pK,’s of some common 
acids in order of their strength. A much more comprehensive table is given 
in Appendix B. 

TABLE 2.3 Relative Strength of Some Common Acids and Their Conjugate Bases 

Weaker 

acid 

Stronger 

acid 

Conjugate : 
Acid Name pK, base Name 

CH3;CH,OH Ethanol 16.00 CH3CH,0-  Ethoxideion Stronger 
b 

H,0 Water 15.74 HO- Hydroxide ion aan 

HCN Hydrocyanic acid 9.2 CN- Cyanide ion 

CH3;COOH Acetic acid 4.72 CH3;COO- Acetate ion 

HF Hydrofluoric acid 3:2) Hs Fluoride ion 

HNOg3 Nitric acid =. - NOs Nitrate ion 
Weaker 

HCl Hydrochloric acid —7.0 Cl Chloride ion base 

Notice that there is an inverse relationship shown in Table 2.3 between 
the acid strength of an acid and the base strength of its conjugate base. The 
conjugate base of a stronger acid is a weaker base because it has little affinity 
for a proton. Similarly, the conjugate base ‘of a weaker acid is a stronger 
base because it has a high affinity for a proton. For example, chloride ion, 
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the conjugate base of the stronger acid HCl, is a weak base because it has 
little affinity for a proton; acetate ion, the conjugate base of the weaker acid 
CH3COOH, is a stronger base with a modest affinity for a proton; and hydrox- 
ide ion, the conjugate base of the weaker acid H,0, is a still stronger base 
with a high affinity for a proton. 

SOS aR SS Se SSP ee Ce S10 Ow ay Ree C618) 0:86 ONG. 650, Wa. WINN Ge:e 0S elerw ie leie eat 6) 

Formic acid, HCOOH, has pK, = 3.7, and picric acid, CgsH3N307, has pk, = 0.3. 
Which is the stronger acid? 
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Amide ion, H,N-, is a much stronger base than hydroxide ion, HO-. Which would 
you expect to be a stronger acid, NH3 or HO? Explain. 
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2.7 Predicting Acid—Base Reactions from 
pk, Values 

Compilations of pK, values like those in Table 2.3 are extremely useful for 
predicting whether or not a given acid—base reaction will take place. In 
general, an acid will donate a proton to the conjugate base of any acid with 
a higher pK,. Conversely, the conjugate base of an acid will abstract a proton 
from any acid with a lower pK,. For example, the data in Table 2.3 indicate 
that hydroxide ion will react with acetic acid, CH;COOH, to yield acetate 
ion, CH3COO’, and water. Since water (pK, = 15.74) is a weaker acid than 
acetic acid (pK, = 4.72) is, hydroxide ion has a greater affinity for a proton 
than acetate ion has, and the reaction of hydroxide ion with acetic acid will 

occur: 

iO vi 

| 
H C dat ‘ H td es 
Seen eo OPO 
hem, , ax % | 

Hy Fl ge H 

Acetic acid Hydroxide ion Acetate ion Water 

(pK, = 4.72) (pKa = 15.74) 

Another way for predicting acid—base reactivity is to remember that 
the products must be more stable than the reactants in order for reaction 
to occur. In other words, the product acid and base must be weaker and less 
reactive than the starting acid and base. For example, in the reaction of 
acetic acid with hydroxide ion, the product conjugate base (acetate ion) is 
weaker than the starting base (hydroxide ion), and the product conjugate 

~ acid (water) is weaker than the starting acid (acetic acid): 
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lie cae 1 | 
CH;COH + HO- <r. H,O + CH,CO- 

Stronger Stronger Weaker Weaker 

acid base: acid, base 

PRACTICE PROBLEM, . cscs escent cane tage Sova emai eas «cages 

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

Ho CeCe H + HOt > A CaCl? 0 

Solution In comparing two acids, the one with the lower pK, is stronger. Thus, 
water is a stronger acid than acetylene. Since water gives up a proton more easily 
than acetylene does, the HO~ ion must have less affinity for a proton than the HC=C:— 
ion has. In other words, the anion of acetylene is a stronger base than hydroxide 

ion, and the reaction will not proceed as written. 

PRACTICE’ PROBUEM: oo. ccc cs ts ease ver ys sve utaeveemuee ns weak 

According to the data in Table 2.3, acetic acid has pK, = 4.72. What is its K,? 

Solution Since pK, is the negative logarithm of K,, it’s necessary to use a calculator 
with an ANTILOG or INV LOG function. Change the sign and enter the value of 

the pK, (—4.72) and then find its antilog (1.91 x 10-5). Thus, K, = 1.91 x 10-° for 
HCN. 

PRAGIICE -PROBERIVE ooito con's using oo aaunt ch glard ae s.s sa etaralee 

PROBLEM... 

Use the K, value for acetic acid calculated in the preceding Practice Problem to find 
the concentration of H30+t in a 0.100 M solution of acetic acid. 

Solution Let the concentration of H30* be represented by [X]. The concentration 
of acetate ion is also [X] since there is a 1:1 ratio of H30* and acetate, and the 

concentration of acetic acid is [0.100 — X]. But since acetic acid is a weak acid, we 

know that the value of X is small, and we can assume that [0.100 — X] is approx- 
imately 0.100. The equilibrium equation then becomes 

_ [H30*][Acetate] 

[Acetic acid] 

eee eae Pr aE a [xP 
~ [0.100 — X] [0.100 — X] 0.100 

so [X/? = 1.91 x 10-6, and X = 1.88 x 10-°°M 

K, 

The H;O0* concentration is therefore 1.38 x 10-° M, corresponding to pH = 2.9. 

er ee cr ec re rr 

Is either of the following reactions likely to take place, according to the pK, data in 
Table 2.3? 
(a) HCN + CH;COO- Nat ——> Nat-CN + CH;COOH 
(b) CH3CH,OH + Nat ~-CN -—~ CH;CH,O- Nat + HCN 
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2.14 Ammonia, NHs, has pK, ~ 36 and acetone has pk, ~ 20. Will the following reaction 
take place? 
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2.8 Acids and Bases: The Lewis Definition 

The Brgnsted—Lowry definition of acidity discussed in the previous two 
sections is an extremely useful one that can be extended to all compounds 

containing hydrogen. Of even more use, however, is the Lewis definition of 

acids and bases. A Lewis acid is any substance that accepts an ee 
pair; a Lewis base is any substance that donates an electron pair in forming * 
a covalent bond. 

LEWIS ACIDS 

The fact that a Lewis acid must be able to accept an electron pair means 
that it must have a vacant, low-energy orbital it can use for bonding. As a 
result, the Lewis definition of acidity is much broader than the Brgnsted— 
Lowry definition. It includes not only H* donors but many other species as 

well. For example, positively charged ions including the proton (hydrogen 
ion, H+) and various metal cations such as Mg?* are Lewis acids because 
they accept a pair of electrons when they form a bond to a base. In the same 
way, compounds of Group 3A elements such as BF; and AICls are Lewis 
acids because they have unfilled valence shells and can accept electron pairs 
from Lewis bases, as shown in Figure 2.5. Similarly, many transition-metal 
compounds such as TiCl,, FeCl3, ZnCl, and SnCl, are Lewis acids. 

Note how the acid—base reactions in Figure 2.5 are shown. A curved 
arrow indicates the direction of electron-pair flow from the electron-rich 
Lewis base to the electron-poor Lewis acid. This kind of arrow is used exten- 
sively in organic chemistry and always has the same meaning: A pair of 
electrons moves from the atom at the tail of the arrow to form a bond with 

_the atom at the head of the arrow. An arrow represents the movement of 
electrons, not the movement of atoms. 
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le f [OH fs lay ie 
| 
H H 

Hydrogen ion Water Hydronium ion 
(a Lewis acid) (a Lewis base) 

F F 

an ae 
vein Fe oie eae em ee 

F CH, F CH; 

Boron Dimethyl 

trifluoride ether 
(a Lewis acid) (a Lewis base) 

Cl CH; Cl CH; 

oe | Z | “s 
corti + Hoare as CRE SIT eee 

Cl CHs Cl CH; 

Aluminum Trimethylamine 

trichloride (a Lewis base) 

(a Lewis acid) 

ES eee 

Figure 2.5 The reactions of some Lewis acids with some Lewis 

bases. The Lewis acids all have a vacant orbital that can accept an 

electron pair; the Lewis bases all have a pair of nonbonding 
electrons. Note how the flow of electrons from the Lewis base to 

the Lewis acid is indicated by the curved arrows. 

Some further examples of Lewis acids are shown below. 

Some neutral proton donors: 

H,O HCl HBr HNO, H,SO, 

O 
| OH 

H,C~ “OH CH,CH,OH 
Some . ae 
Lewis 
acids A carboxylic acid A phenol An alcohol 

Some cations: 

Lit* Mg?t Brt 

Some metal compounds: 

AlCl, 2eBEy) A TiClywinFeCleNZnGls 
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LEWIS BASES 

The Lewis definition of basicity—a compound with a pair of nonbonding 
electrons that it can use in forming a bond to a Lewis acid—is similar to 
the Brgnsted—Lowry definition. Thus, H2O, with its two pairs of nonbonding 
electrons (lone pairs) on oxygen, acts as a Lewis base by donating an 
electron pair to a proton in forming the hydronium ion, H;O?: 

H H 
sent seo! | s 
1H +:O—H == H—O*-H + Cli~ 

Acid Lewis base Hydronium ion 

In a more general sense, most oxygen- and nitrogen-containing organic 
compounds are Lewis bases because they have lone pairs of available elec- 
trons. Divalent oxygen compounds each have two lone pairs of electrons on 
oxygen, and trivalent nitrogen compounds have one lone pair. Note in the 
following examples that some compounds can act as both acids and bases, 
just as water can. Alcohols and carboxylic acids, for instance, act as acids 
when they donate a proton but as bases when their oxygen atom accepts a 

proton. 

| L 
CH,CH,OH CH,OCH; CH,CH -CH,CCH, 

An alcohol An ether An aldehyde A ketone 

: | : : 1 : | : 20: 

| 7 ‘ x 
ee CH;CCl CH3;COH CH3COCH3 CH3CN H2 
Lewis ee ee 

bases An acid chloride A carboxylic An ester An amide 

acid 

CHNCHs CH,SCH; 

CH3 

An amine A sulfide 

For example: 

ES ae 
Ch, OH Her 7 Cesk abr 

H 

Methyl Hydrogen Methyloxonium bromide 

alcohol bromide 

(base) (acid) 
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H 
:O: eure oo 

| 
GC A H, SO, <_— UL Soe a HSO,” 

Ho. CH, H,C CH; 

Acetone Sulfuric 

(base) acid 

Notice in the list of Lewis bases given above that some compounds, such 
as carboxylic acids, esters, and amides, have more than one lone pair of 
electrons and can therefore react at more than one site. Acetic acid, for 
example, can be protonated either on the doubly bonded oxygen atom or on 
the singly bonded oxygen atom: 

H 
7 ie a 

Cer Serge CIzgTH oF Cs S2Hee HSso- 
mort aie 2 Hi@iw 3O% eee ste 

H 
eee a eee ee ee ee ee 

Acetic acid Sulfuric Protonated acetic acid 

(base) acid 

Reaction normally occurs only once in such instances, and the more stable 
of the two possible protonation products is formed. (For acetic acid, proton- 
ation occurs on the doubly bonded oxygen.) 

PRACTICES PROBLEM): 2 Jono taace> sar ctet on garcia aaa eer 

Show how acetaldehyde can act as a Lewis base. 

Solution The oxygen atom of acetaldehyde has two lone pairs of electrons that it 
can donate to a Lewis acid like H*. 

ene Cae tT 
+ HA C + A- 

He erie ef 

Acetaldehyde 
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2.17 Which of the following are Lewis acids and which are Lewis bases? 

(a) CH3;CH,— oF H (b) CH,—NH— CH; (c) MgBr> 

(d) aCe (e) H—¢—H (f) CHs—F—CH, 
CH; H CH; 
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2.18 Explain by formal-charge calculations why the following acid—base complexes have 
the charges indicated: 

ne a 7 = 

(a) stp eae (b) BeAlseenehs 

CH3 CH3 

2.19 Boron trifluoride reacts with formaldehyde to give an acid—base complex. Which 
partner is the acid and which is the base? 

- aed 

HO Ny aa BF; =z ee 

Formaldehyde Boron 

trifluoride 
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2.9 Analysis of Organic Compounds 

In the late eighteenth century, only 30 or so elements were known, and 
chemists faced with a newly isolated compound had great difficulty even 
identifying the elements present. A series of experiments on combustion 
carried out in 1772-1777 by Antoine Lavoisier‘ provided the first real break- 
through in the analysis of organic compounds. Lavoisier’s techniques, 
though suitable for determining the identity of elements present in organic 
compounds, were not accurate enough to determine the relative proportions 
of the elements. 

The second breakthrough came in 1831 when Justus von Liebig® devised 
the method of organic analysis still used today. The key to Liebig’s method 
was his recognition that organic compounds are efficiently burned on contact 
with red-hot copper oxide. For example, oxidation of benzene, CgHg, proceeds 
according to the equation 

C.He+15Ccu0 “2S 6c¢0,4+3H,O +15 Cu 

Water produced by the combustion is swept by a stream of oxygen gas 
into a tube filled with calcium chloride, where it is retained. By weighing 

4Antoine Lavoisier (1743-1794); b. Paris; studied at College Mazarin; considered the founder 
of modern chemistry; guillotined during French Revolution. 

5Justus von Liebig (1803-1873); b. Darmstadt; Ph.D. at Erlangen in 1822; professor, Giessen 
_ (1824-1852), Munich. 
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the tube before and after combustion, we can accurately determine the 
amount of water formed and then calculate the amount of hydrogen present 
in the original sample. The CO, produced by combustion passes through 
the CaCl. tube into a separate tube containing potassium hydroxide, KOH, 
where it is absorbed. Again, the amount of CO, present can be determined 
by weighing the tube before and after combustion, and the percentage of 
carbon present in the original sample can be determined. The Liebig tech- 
nique can’t directly determine the amount of oxygen present in a compound. 
If, however, no other elements are detected and the combined percentages 
of carbon and hydrogen don’t total 100, then the percentage of oxygen pres- 
ent is taken as the difference. 

Let’s assume that we’ve analyzed a 0.550 gram (g) sample of a colorless 
organic liquid obtained by the distillation of wine. On weighing the CaClo 
and KOH tubes, we find that 0.660 g of H,O and 1.037.g of COs have been 
formed. We can then calculate the percentages of carbon and hydrogen in 
the unknown sample. 

First, we find the weight of hydrogen in the sample by finding how much 
water is produced. We then calculate the percent hydrogen in the sample 
by dividing the hydrogen weight by the sample weight: 

Molecular weight of H» (2.016) : : = ‘ H. _ Molecular Welgnt Of HaA4.UL0) — 
Weight of H in sample = Weight of H20 x Molecular weight of HO (18.016) 

= (0.66)(0.112) = 0.074 gH 

Weight of H  __—0.074 

Weight of sample 0.55 mi 
% H in sample = 

In a similar manner, we calculate the percent carbon in the sample by 

first finding the weight of carbon from the amount of CO, produced and then 
dividing by the sample weight: 

Molecular weight of C (12.01) 
Molecular weight of CO, (44.01) 

Weight of C in sample = Weight of CO, x 

= (1.037)(0.273) = 0.283 g C 

Weight of C  —__—0..283 
Weight of sample 0.55 roast at 

% C in sample = 

Since the percentages of carbon and hydrogen add up to only 64.91%, 
we can assume that the sample also contains 35.09% oxygen. The next step 
is to determine the atomic ratios by dividing the percentage of each element 
by its atomic weight: 

51.47% C: “55, = 4:29 

13.44% _ Bene bee 

35.09% _ » 46 
16.00 
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The atomic ratio of elements in the sample is C, 4.28:H, 13.33:0, 2.193, 
which reduces to C, 1.95:H, 6.1:0, 1 when the numbers are divided by 2.193 
(the lowest number in the series). Rounding off these ratios gives the empir- 
ical formula CjH,0. 

It’s important to remember that analysis gives only atomic ratios. To 
determine the molecular formula, which may be a multiple of the empirical 
formula, we also need to determine the molecular weight. In the present 
case, though, any higher multiple of C.HgO would be impossible by the rules 
of valency. Since carbon has a valence of 4, an organic compound with n 
carbons can have no more than 2n + 2 hydrogens—that is, two hydrogen 
atoms per carbon plus one hydrogen at each end of the chain: 

ae teal 
H H H 

C,Hon+e 

A formula such as C4H;2O2 for the unknown would be impossible, and the 

liquid (since it comes from wine) is ethyl alcohol, CH3;CH2OH. 
The Liebig method of analysis for carbon and hydrogen, and a similar 

method introduced by Jean Dumas® in 1830 for the analysis of nitrogen, 
were remarkable achievements at the time but were limited in their use- 
fulness by the large sample sizes required. Often it is practically impossible 
to obtain more than milligram amounts of new compounds, and an analysis 
that destroys half-gram amounts of material at a time is unthinkable. 

The major limiting factor in the Liebig and Dumas analyses was the 
accuracy of the analytical balances used to weigh the samples and the col- 
lection tubes. Under the leadership of Fritz Pregl,’ however, a microbalance 
of great precision was developed, allowing highly accurate weighing of sub- 
milligram amounts. Preg] further refined all aspects of the Liebig method 
and, in 1911, introduced a method of microanalysis that could be carried 
out on 5-10 milligram (mg) samples. For his accomplishments, he received 
the 1923 Nobel Prize in chemistry. 

Today, microanalysis of organic compounds is still carried out by the 
methods pioneered by Liebig, Dumas, and Pregl, although the techniques 
have become highly automated. Modern chemists do not consider a new 
compound to be fully characterized until accurate combustion analyses have 
been carried out, and many chemical journals still require such data before 

they publish new work. 
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2.20 Calculate the percentage of each element in these molecular formulas: 
(a) Benzene, CgHe (b) Laetrile, C;4H,;;NO7 
(c) Quinine, CopH24N202 (d) Diethylstilbestrol, C;gH2 90> 

6Jean Baptiste André Dumas (1800-1884); b. Alais, France; professor, Ecole Polytechnique 

(1835), Ecole de Médecine, Sorbonne. 

7Fritz Pregl (1869-1930); b. Laibach, Austria; Ph.D. Graz (1893); professor, Innsbruck, Graz; 

Nobel Prize (1923). 
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PROBLEM. . 

2.21 

PROBLEM. . 

eee eens 

ee ee 

The chemical responsible for the odor of lemon is a substance named citral. Com- 
bustion analysis shows citral to contain 78.9% C and 10.6% H. Assuming that the 
remainder is due to oxygen, what is the empirical formula of citral? If citral has a 
molecular weight of 152, what is its molecular formula? 

SR Eee ee eee 

A sample of squalene, isolated from shark oil, was submitted for combustion analysis. 
An amount weighing 8.00 mg gave 25.60 mg of CO, and 8.75 mg of H,0. Calculate 
the empirical formula of squalene. If squalene has a molecular weight of 410, what 

is its molecular formula? 

SOO meee me meee eee eH ETH REE HERE HEHE EEE EH EEE 

2.10 Summary and Key Words 

Plus (+) and minus (—) signs are used to indicate the presence of formal 
charges on atoms. Assigning formal charges to specific atoms in neutral 
compounds is a bookkeeping technique that allows us to keep track of the 
valence electrons in an atom: 

Hornalehoredts are of valence eee « eee, of valence caine 
in the free atom in the bonded atom 

Organic molecules often have polar covalent bonds as a result of 
unsymmetrical electron sharing due to the intrinsic electronegativity of 
atoms. For example, a carbon—chlorine bond is polar because chlorine 
attracts the shared electrons more strongly than carbon does. Carbon—metal 
bonds, by contrast, are usually polarized in the opposite sense because carbon 
attracts electrons more strongly than most metals. Carbon—hydrogen bonds 
are relatively nonpolar. Many molecules as a whole are also polar owing to 
the cumulative effects of individual polar bonds, formal charges, and electron 

lone pairs. The polarity of a molecule is measured by its dipole moment, yu. 
Acidity and basicity are closely related to polarity and electronegativity. 

A Brgnsted—Lowry acid is a compound that can donate a proton (hydrogen 
ion, H*), and a Brgnsted—Lowry base is a compound that can accept a 
proton. The exact strength of a Brgnsted—Lowry acid or base is expressed 
by its acidity constant, K,. More useful is the Lewis definition of acids and 
bases. A Lewis acid is a compound that has a low-energy empty orbital 
that can accept an electron pair; BF3;, AlCl3, and H+ are examples. A Lewis 
base is a compound that donates an unshared electron pair; NH3 and H,O 
are examples. Many organic molecules that contain oxygen and nitrogen 
are weak Lewis bases. 

The analysis of organic compounds can be carried out accurately on 
milligram amounts of sample. The organic material is burned, and the 
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combustion products are weighed to give information that can be used to 
establish the empirical formula of an unknown. 

Chemists normally draw skeletal structures using a shorthand 
method in which carbons and most hydrogen atoms are not indicated. A 
carbon atom is assumed to be at the ends and at the junctions of lines (bonds), 
and the correct number of hydrogens is mentally supplied. For example: 

H 4H 

He Ve # 
Ho" 7 

aN et 6S 

fie / 
H H 

Cyclohexene 

RESEDE TOs Nig OE IS oar sents nce Serine Bes afta eaeinai 

2.23 Convert the following structures into skeletal drawings: 

(a) A i (b) ‘i i 

H C C H H C C 
SE cr Sr <C oC co C 

| | | poe ae 
ow om Zw 

H H H H 

H C Cc 

| | 1,3-Pentadiene 

H H 

Naphthalene 

(c) (d) 

2 / H C H 
B87 CaCl Sere cn 

nue ae ul H ngan eee ‘ 

H 4 \ H H no C Ages H 

H | 
O 

1,2-Dichlorocyclopentane 
Quinone 

2.24 Convert these skeletal drawings into Kekulé structures that show all carbons and 

hydrogens: 

(a) a (b) aa 

Cl 
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2.25 

2.26 

2.27 

2.28 

2.29 

2.30 

2.31 

2.32 

2.33 

(c) CHO (d) 
om 

aia COOH 

Calculate the formal charges on the atoms indicated: 

(a) (CH3)30: BF . HC —N=SN: 

(c) HC=N=N: Oia gue —O: 

(e) ie (f) | SS 
os Uncch Es 

H.C CH3 N 

CH ie 

Use the electronegativity table (Figure 2.3) to predict which bond in each of the 
following sets is more polar: 
(a) H3C—Cl and Cl—Cl (b) H3C—H and H—Cl 
(c) HO—CHs3 and (CH3)3Si— CH3 (d) H3C—Li and Li—OH 

Indicate the direction of bond polarity for each compound in Problem 2.26. 

Which of these molecules have dipole moments? Indicate the expected direction of 
each. 
(a) Cl Cl (b) Cl H (c) LiH 

N 7. \ Ui 
C=C C=C 

i \ \ 
H H H Cl 

cis-1,2-Dichloroethylene trans-1,2-Dichloroethylene 

(d) FsB—N(CHs)s (e) cr (f) Cl ca =< Cl 

How can you explain the fact that fluoromethane (CH3F, uw = 1.81 D) has a smaller 
dipole moment than chloromethane (CH3Cl, uw = 1.87 D) even though fluorine is 
more electronegative than chlorine? 

Identify the most electronegative element in each of these molecules: 
(a) CH2FCl1 (b) FCH,CH,CH,Br (c) HOCH,CH,NH»2 (d) CH30CH2Li 

Alcohols can act either as weak acids or as weak bases, just as water can. Formulate 
the reactions of methyl alcohol, CH3;0OH, with a strong acid such as HCl and with 

a strong base such as Na* ~NHp. 

How can you explain the fact that the O-H hydrogen in acetic acid is more acidic 
than any of the C-H hydrogens? (Hint: Consider bond polarity. ] 

C O Acetic acid 

Classify the following reagents as either Lewis acids or Lewis bases: 
(a) AlBrs (b) CH3CH,NH, (c) BHs 
(d) HF (e) CH3—S—CHg3 (f) TiCl, 
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Draw Lewis electron-dot structures for each of the molecules in Problem 2.33. Make 
sure that you indicate the unshared electron pairs where present. 

Assign formal charges to these molecules: 

(a) et (b) HC—N—N=N: — (c) HJC—N=N=N: 
aes. 

CH; 
Rank the following substances in order of increasing acidity: 

0 Oas0 O 
| | | OH 

CH;CCH; = CH;CCH,CCH; CH,COH 

Acetone 2,4-Pentanedione Phenol Acetic acid 

(pK, = 20) (pK, = 9) (pK, = 10) (pK, = 4.7) 

Which, if any, of the four substances in Problem 2.36 are strong enough acids to 

react completely with NaOH? (The pK, of H,O is 15.7.) 

The ammonium ion (NH,', pK, = 9.25) has a lower pK, than the methylammonium 
ion (CH3;NH3*, pK, = 10.66). Which is the stronger base, ammonia (NH3) or methy]l- 
amine (CH3NH,)? Explain. 

Is tert-butoxide anion a strong enough base to react with water? In other words, can 
a solution of potassium tert-butoxide in water be prepared? (The pK, of tert-butyl 
alcohol is approximately 18.) 

CHs 

Kt -O— 7 —CH3 Potassium tert-butoxide 

CH3 

Calculate K, values from the following pK,’s: 
(a) Acetone, pK, = 20 (b) Formic acid, pK, = 3.7 

Calculate pK, values from these K,’s: 
(a) Nitromethane, K, = 5.0 x 10-1! (b) Acrylic acid, K, = 6.3 x 10-5 

What is the pH of a 0.050 M solution of formic acid (Problem 2.40)? 

Sodium bicarbonate, NaHCOs, is the sodium salt of carbonic acid (H2CO3), pK, ~ 

6.4. Which of the substances shown in Problem 2.36 will react with sodium 

bicarbonate? 

Assume that you have two unlabeled bottles, one of which contains phenol (pK, ~ 

10) and one of which contains acetic acid (pK, ~ 4.7). In light of your answer to 

Problem 2.43, propose a simple qualitative way for telling what is in each bottle. 

Identify the acids and bases in these reactions: 
+ 

(a) CH,0H + H* —~> CH;0H2 

(b) CH3;0H = ~NH» =a CH;,0- lg NH3 
24 — 

O i eae 

| 
(ce) CH;CCH, + TiCi, ——> CH3;—C—CH3 

; Nat 
H H H ee EL. 

(@) H H + NaH ——> H ee HS 
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2.46 

2.47 

2.48 

2.49 

2.50 

2.51 

H ie 
| \a/ 
N N 

(e) fe J + BH, > c ) 

O O 

CH; BF,~ 

re | 
N N* 
—— = 

(f) (CH3)30* BF, =f ( ae eg) = CH3,0CH3 

ton ZO 

Calculate the percentage of each element in the following formulas: 
(a) Aspirin, CgHgO, (b) Muscone (musk oil), C;gH390 

(c) Morphine, C,7HigNO3 (d) Strychnine, Co,;He2N202 

a-Pinene, the main constituent of turpentine, has been shown by mass spectroscopy 
to have a molecular weight of 136. Combustion analytical data indicate that 
a-pinene contains 88.3% C and 11.6% H by weight. What is the molecular formula 

of a-pinene? 

Jasmone, an odoriferous compound isolated from the jasmine flower, is valued for 
its use in perfumery. A pure sample of jasmone is analyzed and found to have 80.7% 
C and 9.7% H. Its molecular weight is 164. What other element is probably present 
in jasmone? What is the molecular formula of jasmone? 

Progesterone, the so-called pregnancy hormone, was isolated by Adolf Butenandt in 
1934. By extracting the ovaries of 50,000 sows, Butenandt was able to isolate 20 mg 
of the pure hormone. Microanalysis of a 0.00500 g sample by the Pregl techniques 
leads to the production of 0.0147 g CO, and 0.0041 g H,O. What is the empirical 
formula for progesterone? Since we now know the molecular weight of progesterone 
to be 314, what is the molecular formula? 

The Dumas method of analysis for nitrogen content in a molecule involves measuring 
the amount of nitrogen gas that is produced in a complex degradation reaction. 
Application of the gas laws tells us that 28.0 mg Nz (1.00 millimole, mmol) has a 

volume of 22.4 milliliters (mL). By measuring the amount of Nz derived from a 

sample of known weight, we can arrive at a value for the percentage of nitrogen in 
the sample. 

Cadaverine, an aptly named amine with a molecular weight of 102, was ana- 
lyzed for C, H, and N. Analysis of a 0.040 g sample yielded 0.086 g COs, 0.051 g 
H,0, and 8.6 mL Ng gas collected at standard temperature and pressure. How many 
grams of Nz gas were produced? What is the percentage of N in the 0.040 g sample? 
What is the molecular formula for cadaverine? What do you think cadaverine smells 
like? 

Dimethy] sulfone has a high dipole moment (u = 4.4 D). Calculate the formal charges 
present on oxygen and sulfur, and suggest a geometry that is consistent with the 
observed dipole moment. 

i 

S| 
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Dimethyl] sulfone 



Chapter 3 

The Nature 
of Organic 
Compounds: 
Alkanes and 
Cycloalkanes 

According to Chemical Abstracts, the invaluable publication that abstracts 
and indexes the chemical literature, there are more than 10 million known 
organic compounds. Each of these compounds has its own physical properties 
such as melting point and boiling point, and each has its own chemical 
reactivity. 

Chemists have learned through many years of experience that organic 
compounds can be classified into families according to their structural fea- 
tures and that the chemical reactivity of the members of a given family is 
often predictable. Instead of 10 million compounds with random reactivity, 
there are several dozen general families of organic compounds whose chem- 
istry is roughly predictable. We’ll study the chemistry of the most important 
families throughout the rest of this book, beginning in the present chapter 
with a look at the simplest one, the alkanes. 

3.1 Functional Groups ; 
ee ee eS Se eS es ae ee ee eee 

The structural features that make it possible to classify compounds by reac- 
tivity are called functional groups. A functional group is a part of a larger 
molecule and is composed of an atom or a group of atoms that have a 
characteristic chemical behavior. Chemically, a given functional group 

- behaves approximately the same way in every molecule it’s a part of. For 
example, one of the simplest functional groups is the carbon—carbon double 

67 
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bond. Since the electronic structure of the carbon-carbon double bond 

remains essentially the same in all molecules where it occurs, its chemical 

reactivity also remains the same. Ethylene, the simplest compound with a 

double bond, undergoes reactions that are remarkably similar to those of 

cholesterol, a much more complicated molecule. Both, for example, react 

with bromine to give products in which a bromine atom has added to each 

of the double-bond carbons (Figure 3.1). 

Double bond 

H oe) 
\ / 
C=C 
y * 

H H HO = 

Ethylene Cholesterol 

[Bro [Bre 

ae Bromine added here 

Br Br 

Naa 
HC _.¢-—i HO 

| | Br 
Hog Br 

ee eee eee Seed 

Figure 3.1 The reactions of ethylene and cholesterol with 

bromine. In both cases, bromine reacts with the C=C double-bond 

functional group in exactly the same way. The size and nature of 

the remainder of the molecule are unimportant. 

The example shown in Figure 3.1 is typical: The chemistry of every 
organic molecule, regardless of size and complexity, is determined by the 
functional groups it contains. Table 3.1 lists many of the common functional 
groups and gives simple examples of their occurrence. Look carefully at this 
table to see the many types of functional groups found in organic compounds. 
Some functional groups, such as those in alkenes, alkynes, and aromatic 

rings, have only carbon—carbon double or triple bonds; others have halogen; 
and still others have oxygen, nitrogen, or sulfur. Much of the chemistry 
you'll be studying in the remainder of this book is the chemistry of these 
functional groups. 

It’s a good idea at this point to memorize the structures of the functional 
groups shown in Table 3.1 so that they'll be familiar when you see them 
again. They can be grouped into several categories. 
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FUNCTIONAL GROUPS WITH CARBON-CARBON 
MULTIPLE BONDS 

Alkenes, alkynes, and arenes (aromatic compounds) all contain carbon— 
carbon multiple bonds. Alkenes have a double bond, alkynes have a triple 
bond, and aromatic rings have three alternating double and single bonds 
in a six-membered ring of carbon atoms. Because of their structural simi- 
larities, these compounds also have chemical similarities. 

X 7 ‘ 7 
C=C —C=C— C=C 
/ \ x 

— Coe 

\ y 
C—C 

ji x 

Alkene Alkyne Arene 

(aromatic ring) 

FUNCTIONAL GROUPS WITH CARBON SINGLY 
BONDED TO AN ELECTRONEGATIVE ATOM 

Alkyl halides, alcohols, ethers, amines, sulfides, thiols\and several others 
all have a carbon atom singly bonded to an electronegative atom—a halogen, 
an oxygen, a nitrogen, or a sulfur. Alkyl halides have a carbon atom bonded 
to halogen, alcohols have a carbon atom bonded to a hydroxyl (-OH) group, 

ethers have two carbon atoms bonded to the same oxygen, amines have a 
carbon atom bonded to a nitrogen, thiols have a carbon atom bonded to an 
—SH group, and sulfides have two carbon atoms bonded to the same sulfur. 
In all cases, the bonds are polar with the carbon atom bearing a slight 
positive charge (6*) and the electronegative atom bearing a slight negative 
charge (6—). 

era Oe fk erate! oY, ole we Cu P ee - be 
(oe aie /) ORM oy NO NS eet/ en 7 ~ sols 

| 

Alkyl] halide Alcohol Ether Amine Thiol Sulfide 

FUNCTIONAL GROUPS WITH A CARBON-OXYGEN 
DOUBLE BOND (CARBONYL GROUPS) 

Note particularly in Table 3.1 the different families of compounds that con- 

tain the carbonyl group, C=O (pronounced car-bo-neel). Carbon—oxygen 

double bonds are present in some of the most important compounds in 

organic chemistry. These compounds are similar in many respects but differ 

depending on the identity of the atoms bonded to the carbony]l-group carbon. 

- Aldehydes have one carbon and one hydrogen bonded to ae C=O, ketones 

have two carbons bonded to the C=O, carboxylic acids*he 



TABLE 3.1 Structures of Some Important Functional Groups 

Family name 

Alkane 

Alkene 

Alkyne 

Arene 

Halide 

Alcohol 

Ether 

Amine 

Nitrile 

Nitro 

Sulfide 

Sulfoxide 

Functional group 
structure® 

(Contains only C—H and 
C—C single bonds) 

‘oad 
? \ 

(X = F, Cl, Br, I) 

eee 

peer 
Fi ag eines 

| 
H 

Lee 
2 C= N= 

herr 

| 
—C—C=N 

| 

:O: 
[itonuayy 

eel role 

| 7077 

livwnd fl 
—C—S—C— 

| | 

:O7 

jae ae 
—C—s*+C— 

Simple example 

CH3;CH3 

H.C = CH» 

H—C=C—H 

H;C—O—H 

H,c--0+CH, 

H3;C—NH, 

H;C—C=N 

H;C—S*-CH; 

Name ending 

-ane 
Ethane 

-ene 
Ethene 

(Ethylene) 

~yne 
Ethyne 

(Acetylene) 

None 

Benzene 

None 

Chloromethane 

-ol 

Methanol 

ether 
Dimethyl ether 

-amine 

Beteenite 

-nitrile 

Ethanenitrile 

(Acetonitrile) 

None 

Nitromethane 

sulfide 
Dimethyl] sulfide 

sulfoxide 
Dimethyl] sulfoxide 

“The bonds whose connections aren’t specified are assumed to be attached to carbon or hydrogen atoms in 
the rest of the molecule. 
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Functional group 
Family name structure*% 

ADF 
Sulfone ea a = 

203 

ieee 
Thiol —C—S—H = 

$ i : 

Carbonyl, —C— 

iT 
Aldehyde —C—C—H 

| 

on | 
Ketone aim C—C— 

| 

Carboxylic acid — ie C— OH 

woe: 
Ester Bn ee 

iy 
Amide ra NH, 

Qs 

el 
—C—C—N—H 

w@ls 

| oil 
—C—C—N— 

| | 
O: 

Carboxylic acid —C—C—Cl 
chloride 

Carboxylic acid —-C—C—O—C— 

anhydride | 

Simple example 

vy 

aie a 

O- 

i 
H,C—C—H 

| 
H.@—C__CH, 

i 

| 
H,C=C—0—CH, 

H,;C—C—NH, 

| 
H,C—C_-Ci 

O O 
| 

HpC-=0426- 20 2CH; 

Name ending 

sulfone 
Dimethyl sulfone 

-thiol 

Methanethiol 

-al 
Ethanal 

(Acetaldehyde) 

-one 
Propanone 

(Acetone) 

-oic acid 

Ethanoic acid 

(Acetic acid) 

-oate 

Methyl] ethanoate 
(Methy] acetate) 

-amide 

Ethanamide 

(Acetamide) 

-oyl chloride 
Ethanoyl chloride 

(Acetyl chloride) 

-oic anhydride 
Ethanoic anhydride 

(Acetic anhydride) 
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one —OH group bonded to the C=O, esters have one carbon and one ether- 

like oxygen bonded to the C=O, amides have one carbon and one amine-like 

nitrogen bonded to the C=O, acid chlorides have a chlorine bonded to the 

C=O, and so on. 

O O O 

ee 
C SS rs eS H It oS co be OH 

ia LL “* 

Aldehyde Ketone Carboxylic acid 

O 

| sw ! ! 
Pe a ale < ~s C O Sc ae See a C a Cl 

dis 4 | Tx 

Ester Amide Acid chloride 

PROBLEM (oorere <0, 010: 04.0) eine oters ofeeisrsioys(eiele/sisis's:0 ve \eivivie ev visi ele 01 ¥/aleie s/s) e/eivie eine 

3.1 Circle and identify the functional groups.in each of the following molecules: 

es 
tee CH,CHCOOH 

(a) at \-oa( \-a 
(b) Cy 

DDT Phenylalanine 

= 
(«.) < ~cHOo (d) Ce 

Acrolein e 

PROBLEM 5. ooh sina on 5) oon vais sian ane aoe 

3.2 Propose structures for simple molecules that contain these functional groups: 
(a) Alcohol (b) Aromatic ring (c) Carboxylic acid 
(d) Amine (e) Both ketone and amine (f) Two double bonds 

POR eRe wee HEHEH HEHE EHO EEE HEHE EH EEE HEHE 

. 

3.2 Alkanes and Alkane Isomers 

We saw in Section 1.9 that the carbon—carbon single bond in ethane results 
from overlap of two carbon sp? orbitals. If we imagine joining three, four, 
five, or even more carbon atoms together by carbon—carbon single bonds, 
we can generate the large family of molecules called alkanes: 
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H H H 

Methane Ethane Propane 

H H H H Hi HoH 

nae a asl ino naa a t 

BAAR spc osfr Hy Table sen 
HivHgai gi Hide Sa rigiee tl 

Butane C,,Hon+2 

Alkanes are often described as saturated hydrocarbons—hydrocar- 
bons because they contain only carbon and hydrogen; saturated because 
they have only C—C and C-H single bonds and thus contain the maximum 
possible number of hydrogens per carbon. They have the general formula 
C,,H2,+2, where n is any integer. Alkanes are also occasionally referred to 
as aliphatic compounds, a name derived from the Greek aleiphas, meaning 
“fat.” We'll see later that animal fats do indeed contain long carbon chains 
similar to alkanes. 

Think for a moment about the ways that carbon and hydrogen can 
combine to make alkanes. With one carbon and four hydrogens, only one 
structure is possible: methane, CHy. Similarly, there is only one possible 
combination of two carbons with six hydrogens (ethane, CH3CH3) and only 
one possible combination of three carbons with eight hydrogens (propane, 
CH3CH.CH3). If larger numbers of carbons and hydrogens combine, how- 
ever, more than one kind of molecule can form. For example, there are two 
ways that molecules with the formula C,H can form: The four carbons can 
be in a row (butane), or they can branch (isobutane). Similarly, there are 
three ways in which C;Hj2 molecules can form, and so on for larger alkanes: 

CH, C2H¢ C3Hg 

H—C—H hahaa (ae en ae 

i, H H Pte 

Methane Ethane Propane 
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C40 

i 
H—C—H 

didualdhOh iscanatat 
Boallan aa inten Bt Hrabrakar fired 

BO oy Hee Hy HH 

Butane Isobutane 
(2-methylpropane) 

‘ i 
H—C—H H—C—H 

ous ee ma eer 

Peis ta ee ene (ol aie 
How Hen Heo HH H | H 

Sudibena 

H 

Pentane 2-Methylbutane 2,2-Dimethylpropane 

Compounds like butane, whose carbons are connected in a row, are called 
straight-chain alkanes, or normal alkanes, whereas compounds whose 
carbon chains branch, such as 2-methylpropane (isobutane), are called 
branched-chain alkanes. Note that you can draw a line connecting all 
the carbons of a straight-chain alkane without retracing your path or lifting 
your pencil from the paper. For a branched-chain alkane, however, you have 
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to either retrace your path or lift your pencil from the paper in order to 
draw a line connecting all the carbons. 

Compounds like the two C4Hj9 molecules that have the same formula 
but different structures are called isomers, from Greek isos + meros meaning 
“made of the same parts.” Isomers are compounds that have the same 
numbers and kinds of atoms but that differ in the way these atoms are 
arranged. Compounds like butane and isobutane, whose atoms are connected 
differently, are called constitutional isomers. We'll see shortly that other 
kinds of isomerism are also possible, even among compounds whose atoms 
are connected in the same order. As Table 3.2 shows, the number of possible 
alkane isomers increases dramatically as the number of carbon atoms 
increases. 

TABLE 3.2 Number of Alkane Isomers 

Formula Number of isomers Formula Number of isomers 

CeHi4 5 CioH22 75 

C7Hig 9 Cy5H32 4,347 

CsHig 18 CooH42 366,3 19 

CoHo9 35 CsoHee 4,111,846,763 

Constitutional isomerism is not limited to alkanes—it occurs widely 
throughout organic chemistry. Constitutional isomers may have different 
carbon skeletons (as in isobutane and butane), different functional groups 
(as in ethyl alcohol and dimethy] ether), or different locations of a functional 
group along the chain (as in isopropylamine and propylamine). Regardless 
of the reason for the isomerism, constitutional isomers always have the 
same formula but a different connection of atoms: 

‘ae 
Different carbon skeletons: CH3CHCH3 and CH3;CH2CH2CH3 

2-Methylpropane Butane 

(isobutane) 

Different functional groups: CH;CH,OH and CH30CHs3-. 

Ethyl] alcohol Dimethyl ether 

: NH, 

Different position of CH;CHCHs3 and CH3CH,CH,NH2 

funelaonelrereupe: Isopropylamine Propylamine 

A given alkane can be arbitrarily drawn in many ways. For example, 

the straight-chain, four-carbon alkane called butane can be represented by 

any of the structures shown in Figure 3.2. These structures don’t imply any 
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TABLE 3.3 

Number of 
carbons (n) 

OANa»arwoNr 

particular three-dimensional geometry for butane; they only indicate the 
connections among its atoms. In practice, we soon tire of drawing all the 
bonds in a molecule and usually refer to butane by the shorthand condensed 
structure, CH;CH,CH2CHs, or even more simply as n-C4Hio, where n 
signifies normal, straight-chain butane. In condensed structures like 
CH3CH2CH.2CHs3, the C-C and C-H bonds aren’t usually shown but are 
“understood.” If a carbon has three hydrogens bonded to it, we write CH3; 
if a carbon has two hydrogens bonded to it, we write CHg, and so on. 

CHa Gils 

CH,—CH,—CH,—CH, CH,—CH;-—CH, ~ CH,;—CH 

Acad sr thee CH3(CH2)2CH3 CH;CH2CH,2CH3 

CHs 

SEES ee 

Figure 3.2 Some representations of butane, C,H; 9. The molecule 

is the same regardless of how it’s drawn. These structures imply 

only that butane has a continuous chain of four carbon atoms. 

Straight-chain alkanes are named according to the number of carbon 
atoms in the chain, as shown in Table 3.3. With the exception of the first 
four compounds—methane, ethane, propane, and butane—whose names 
have historical roots, the alkanes are named using Greek numbers. The 
suffix -ane is added to the end of each name to indicate that the molecule 
identified is an alkane. Thus, pentane is the five-carbon alkane, hexane is 
the six-carbon alkane, and so on. The names of at least the first ten should 

be memorized. { 

Names of Straight-Chain Alkanes 

Formula Number of Formula 

Name (C,,Ho,+2) carbons (n) Name (C,,Ho,+2) 

Methane CH, 9 Nonane CoHoo 
Ethane CoH, 10 Decane CioH22 
Propane C3He, 11 Undecane C,H, 
Butane C446 1 Dodecane Cy2Ho6 
Pentane C5Hy42 13 Tridecane C13Hoes 
Hexane CeHi4 20 Icosane CopHae 
Heptane C7Hig a Henicosane Co,H4,4 
Octane CgHig 30 Triacontane C3oH¢e2 

PRACTICE PROBLEM, 0ii. ci. . W5Adtiita Sinan at 2d Bele ee 

Propose structures for two isomers of formula C.H,O. 

Solution We know that carbon forms four bonds, oxygen forms two, and hydrogen 
forms one. Putting the pieces together yields two isomeric structures: 
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eee © Cle you thee me SEES TP 9: BAS OTR Meee ee Reh OS 1e ee O66 Ewe rat MILO ecb. @ le (6 @ bh en ed eleimiee (ella e 

SSO) O) 6 LSS. SAS) 0''a) el'e: ane | © 00/0 eo ale 6.0 00) 6518 06 aie 2 che a ale biG wis we eee 

There are seven constitutional isomers with the formula C,H,,O. Draw as many as 
you can. 

SOR ee EEE EEE EEE HEHEHE HEHEHE EEE EH OEE 

Propose structures that meet the following descriptions: 
(a) Two isomeric esters with formula C5;H; 902 
(b) Two isomeric nitriles with formula C,H;N 

ee 

How many isomers are there that have the following structures? 

(a) Alcohols with formula C3;HgO 
(b) Bromoalkanes with formula C,H gBr 

ae meme eee eee eee ewe eee eee Heese HeeEEeeseeeeeeEeeeEEEEEEE®S 

3.3 Alkyl Groups : 

If a hydrogen atom is removed from an alkane, the part-structure that 
remains is called an alkyl group. Alkyl groups are named by replacing the 
-ane ending of the parent alkane with an -yl ending. For example, removal 
of a hydrogen from methane, CHy,, generates a methyl group, -CH3, and 
removal of a hydrogen from ethane, CH3CH3, generates an ethyl group, 

- -CH2CHs3. Similarly, removal of a hydrogen atom from the end carbon of 
any n-alkane gives the series of straight-chain n-alkyl groups shown in 
Table 3.4. The combination of an alkyl group with any of the functional 
groups listed earlier allows us to generate and name many hundreds of 
thousands of compounds. 

H H 

or peda H—C_NH, Weeon 

i H i Ht 
Methane A methyl group! Methylamine Methy]1 alcohol 

1The symbol — will be used throughout this book to indicate that the partial organic structure 
shown is bonded to another, unspecified group. 
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TABLE 3.4 Some Straight-Chain Alkyl Groups 

Alkane Name Alkyl group Name (abbreviation) 

CH, Methane —CHs3 Methyl (Me) 

CH;CH3 Ethane —CH,CH3 Ethyl (Et) 
CH3;CH,CH3 Propane —CH,CH,CH3; Propyl (Pr) 

CH3;CH,CH,CHs Butane —CH,CH,CH,CH3; Butyl] (Bu) 
CH;CH,CH2CH,CH3 Pentane = CH,CH,CH,CH,CH3 Pentyl 

Just as n-alkyl groups are generated by removing a hydrogen from an 
end carbon, branched alkyl groups are generated by removing an internal 
hydrogen atom. Two 3-carbon alkyl groups and four 4-carbon alkyl groups 
are possible (Figure 3.3). 

One word of explanation about naming alkyl] groups: The prefixes used 
for the C, alkyl groups in Figure 3.3, sec (for secondary) and tert (for tertiary), 
refer to the degree of alkyl substitution at the carbon atom in question. 
There are four possible degrees of alkyl substitution for carbon, denoted 1° 
(primary), 2° (secondary), 3° (tertiary), and 4° (quaternary): 

1 | 1 I 
Becstaaret R— i —H Pal ar ae e 

H R R R 

Primary carbon (1°) Secondary carbon (2°) : Tertiary carbon (3°) Quaternary carbon (4°) 
is bonded to one is bonded to two | is bonded to three is bonded to four 

other carbon other carbons | other carbons other carbons 

The symbol R is used to represent a generalized alkyl group. The R 
group can be methyl, ethyl, propyl, or any of an infinite number of others. 
You might think of R as representing the Rest ofthe molecule, which we 
aren’t bothering to specify because it’s not important. The terms primary, 
secondary, tertiary, and quaternary are routinely used in organic chemistry, 
and their meanings must become second nature. For example, if we were 
to say “The product of the reaction is a primary alcohol,” we would be talking 
about the general class of compounds that has an alcohol functional group 
(-OH) bonded to a primary carbon atom, RCH,OH: 

i CH3;CH,OH 

R—C— OH 
| CHs 

H 
CH;CHCH,CH,OH 

General class of 

primary alcohols, RCH,OH 
cla 

Some specific examples of 
primary alcohols, RCH,OH 
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AV CH;CH.CH; CH;CH,CH,-> and CH;CHCH; 
Propane Propyl Isopropyl 

4 
AV 

CH;CH,CH,CH3 CH;CH,CH,CH, and CH;CH,CHCH; 

Butane Butyl sec-Butyl 
C4 

CH; CH; CHs 

CH;CHCH; etenane and ee 

Isobutane Isobutyl ae 

tert-Butyl] 

Figure 3.3. Generation of straight-chain and branched-chain alkyl 

groups from n-alkanes. ' 

In addition, we also speak sometimes about hydrogen atoms as being 
primary, secondary, or tertiary. Primary hydrogen atoms are on CH3 groups, 
secondary hydrogens are on CH groups, and tertiary hydrogens are on CH 
groups: 
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1 
Primary hydrogens (CH) H—C—H 

en H H H 

CH;CH,CHCH; = 6 en 

tne Hn Secondary hydrogens (CH) 

A tertiary hydrogen (CH) 

PROBLEM 6. <<: <:s. «x0 0is-ureie lm ale/ene oleae ih sfase dyalsva/els| a olagiin os: saiele Wain atoiolalelsve leis stale 

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

PROBLEM so :s..06; eteniattaie) viv) ale vie ntee otal 5) imjw labels loladatafents| aisles io elalereag este) sie Cael 

3.8 Draw alkanes that meet these descriptions: 
(a) An alkane with two tertiary carbons 
(b) An alkane that contains an isopropyl group 
(c) An alkane that has one quaternary and one secondary carbon 

PROBEEM stots ctald a sinus tote n/efers oe iaiefe sic) = «0 <\olnix= claloles aves ofellel Esl disiele "vl eloyu « e)she 

3.9 Identify the carbon atoms in these molecules as primary, secondary, tertiary, or 

quaternary: 

(a) CHs (b) Be (c) CHs CH; 

CH;CHCH,CH,CH; CH;CH,CHCH,CH; “Geeasaag” 

CHs 

3.10 Identify the hydrogen atoms on the compounds shown in Problem 3.9 as primary, 

secondary, or tertiary. 

ee ee ee ee er) 

3.4 Naming Alkanes 

In earlier times, when relatively few pure organic chemicals were known, 

new compounds were named at the whim of their discoverer. Thus, urea 
(CH,4N,0) is a pure crystalline substance isolated from urine; morphine 
(Cy7H;gNO3) is an analgesic (painkiller) isolated in 1805 from the opium 
poppy and named after Morpheus, the Greek god of dreams; and barbituric 
acid is a tranquilizing agent named by its discoverer in honor of his friend 

Barbara. 
As the science of organic chemistry slowly grew in the nineteenth cen- 

tury, so too did the need for a systematic method of unambiguously naming 
organic compounds. The system of nomenclature (naming) we'll use in this 



3.4 Naming Alkanes 81 

book is that devised by the International Union of Pure and Applied Chem- 
istry (TUPAC, usually spoken as eye-you-pac). IUPAC rules can deal with 
all functional groups and can name all but the most complex structures. 

A chemical name has three parts in the IUPAC system: prefix, parent, . 
ee ‘ _——— —_ 

and suffix. The parent tells how many carbon atoms are in the main chain Ee BER OSLL EES 

and indicates the overall length of that chain, the suffix identifies the func-__ 
tional groups present in the molecule, and the prefix specifies the location 
of the functional groups and other substituents on the main chain: 

Prefix— Parent—Suffix 
o t us 

Where are substituents? How many What family? 

carbons? 

As we cover new functional groups in later chapters, the applicable 
IUPAC rules of nomenclature will be given. In addition, Appendix A gives 
an overall view of organic nomenclature and shows how compounds that 
contain more than one functional group can be named. For the present, 
though, let’s see how we can name branched-chain alkanes. 

All but the most complex branched-chain alkanes can be named by 
following four steps. For a very few compounds, a fifth step is needed. 

1. Find the parent hydrocarbon: 
a. Find the longest continuous carbon chain present in the molecule, 

and use the name of that chain as the parent name. The longest 
chain may not always be apparent from the manner of writing; 
you may have to “turn corners.” 

CH,CH3 

CH3;CH,CH,CH—CHs Named as a substituted hexane 

CH3 

OH, 
CH3;— CHCH—CH,CH; Named as a substituted heptane 

CH,CH,CH3 

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

CH3 

: Named as a hexane with two 

a te CH,CH2CHs substituents 

CH.CH3 
NOT 

fe 
CH;CH— CHCH,CH,CH; as a hexane with one 

| substituent 

CH,CH; 

a 



82 CHAPTER 3. The Nature of Organic Compounds: Alkanes and Cycloalkanes 

2. Number the atoms in the main chain. 
a. Beginning at the end nearer the first branch point, number each 

carbon atom in the longest chain you identified: 

1CH3 7CH3 

2 eit 6 di 

CH3;— ke —CH,CHs NOT Ore Ee CB Cds 

CH2CH2CH3 CH,CH,CH3 
eee oe ot 

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

b. If there is branching an equal distance away from both ends of 
the parent chain, begin numbering at the end nearer the second 
branch point: 

9 8 1 Ps 

CH3CH, CH; CH,CH; CH3CH, CHJ°CH.CH, 

NOT | 
CH,;—CHCH,CH,CH— CHCH,CH3; f CH3;—CHCH,CH,CH— CHCH,CH3; 

Nemec: 5 4 3 2 1 3 4 5 6 to 8) 9 

3. Identify and number the substituents. 
a. Using the numbering system you’ve decided is correct, assign a 

number to each substituent according to its point of attachment 
to the main chain: 

9 8 
CH3CH2 CH; CH,CH3 

| 
CH3— CHCHC Ch ae Named as a nonane 

ae 5 

Substituents: On C3, CH.,CH3 (3-ethyl) 

On C4, CH; (4-methy]l) 
On C7, CH3 (7-methyl) 

b. If there are two substituents on the same carbon, assign them 
both the same number. There must always be as many numbers 
in the name as there are substituents: 

ve 

CH3CH,—C—CH,CHCHs3 Named as a hexane 
aes 4 | ye egies 

nee CHs 

CH3 

Substituents: On C2, CH; (2-methy]l) 
On C4, CH; ‘(4-methyl) 
On C4, CH,CH3 (4-ethyl) 
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4. Write the name as a single word, using hyphens to separate the 
different prefixes and using commas to separate numbers. If two or 
more different substituents are present, cite them in alphabetical 
order. If two or more identical substituents are present, use one of 
the prefixes di-, tri-, tetra-, and so forth. Don’t use these prefixes for 
alphabetizing purposes, however. Full names for some of the exam- 
ples we have been using follow: 

2 1 

CH.CH; 1CH3 
6 a 4 3 

CH3CH,CH,CH— CH; 2 CH, 

3-Methylhexane CH3—CHCH —CH.CH3; 
3 |4 

CH.CH.CH; 
5 6 7 

CHs | 4-Ethyl-3-methylheptane 

CH3;CHCHCH.CH.CH3; 
i 2 3 4 5 6 

CH3 
CH.CH3 

6 5 4 3 hel 
3-Ethy]-2-methylhexane ee eee 

ae CHs 

a: CH3 
CH;CH, CHz3 CH2CH3; 

4-Ethyl-2,4-dimethylhexane 
6 5 - Shee 1 

CH3;— CHCH,CH,CH—CHCH,CH; 

3-Ethyl-4,7-dimethylnonane 

Application of the preceding four steps makes it possible to name many 
thousands of organic compounds. In some particularly complex cases, 
though, a fifth step is necessary. It occasionally happens that a substituent 
of the main chain has sub-branching: 

CHs 
1 2 3 4 eS 6 

CH;3;CH— CHCH,CH,CH—CH,CH—CHs3 Named as a 2,3,6- 
| trisubstituted decane 
CH, CHs Gee aL 

7 8 

In this case, the substituent at C6 is a four-carbon unit with a sub- 
branch. To name the compound fully, the complex sub-branched substituent 
must first be named. 

5. Name the complex substituent. A complex substituent is named by 
applying the four primary steps just as if the substituent were a 
compound itself. In the present case, the complex substituent is a 
substituted propyl group: 
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CH3 
| 

@olecule)—2— CH, —CH—CH, 
1 2 3 

We begin numbering at the point of attachment to the main chain 

and find that the complex substituent is a 2-methylpropy] group. 

To avoid confusion, this group name is set off in parentheses when 

the name of the complete hydrocarbon is given: 

CH; 
il 2 ga 5 6 | 

CH CH — (HCH,CH.CH —CH,CH—CH, 

CH; CHs CH,CH,CH.CH; 
i 8 9 10 

2,3-Dimethy] -6-(2-methylpropyl)decane 

As a further example: 

CHs aie i CHs 

CH3;CH2CH,CH2CH —CH—CHCHs3 —s—CH—CHCHs; 
Mursheriio Cuts 1 20h8 

4 CHe CH; 
| | 5-(1,2-Dimethylpropy))- 

CH,—CH—CH3 
3 2 1 

2-Methyl-5-(1,2-dimethylpropyl)nonane 

For historical reasons, some of the simpler branched-chain alkyl groups 
also have nonsystematic or common names, as noted in Section 3.3. 

1. Three-carbon alkyl group: 

CH,CHCH; 

Isopropyl (i-Pr) 

2. Four-carbon alkyl groups: 

a. on a 

CH,CH,CHCH, CH,;,CHCH,+ woiraril i 

sec-Butyl Isobutyl , CH; 
(sec-Bu) 

tert-Butyl 
(t-butyl or t-Bu) 
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3. Five-carbon alkyl groups: 

é 3 CHG aH VE mee CH,CH,—C> 
CHs CH; ie 

Isopentyl, Neopentyl tert-Pentyl, 
also called also called 

isoamy] (i-amyl) tert-amy] (t-amyl) 

The common names of these simple alkyl groups are so well entrenched 
in the chemical literature that IUPAC rules make allowance for them. Thus, 
the following compound is properly named either 4-(1-methylethyl)heptane 
or 4-isopropylheptane. There’s no choice but to memorize these common 
names; fortunately there aren’t many of them. 

CH3CHCH; 

CH3;CH,CH,CHCH.CH,CH; 

4-(1-Methylethy)heptane or 4-Isopropylheptane 

When writing an alkane name, the prefix iso- is considered part of the 
alkyl-group name for alphabetizing purposes, but the hyphenated prefixes 
sec- and tert- are not. Thus, isopropyl! and isobutyl are listed alphabetically 
under i, but sec-butyl and tert-butyl are listed under b. 

PROBUCEIM SS eaters ke iors x dusuevtetevnctpas 

What is the IUPAC name of this alkane? 

CH2CH3 CH3 
| 

CH,CHCH,CH,CH,CHCH; 

Solution The molecule has a chain of eight carbons (octane) with two methyl] sub- 
stituents. Numbering from the end nearer the first methyl substituent indicates 
that the methyls are at C2 and C6, giving the name 2,6-dimethyloctane. 

PROBLEM aise esctessides ottacnvas susie aie ema ens astoeuecins 

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

Solution First, look at the parent name (hexane) and draw its carbon structure: 

C—C—C—C—C—C Hexane 

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

proper carbons: 

CH;CHCH3; «————— An isopropyl group at C3 

C—O 
eeD  maCANe 6 

CH; <—————__ A meethy] group at C2 
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PROBLEM... 

3.11 

PROBLEM... 

3.12 

PROBLEM... 

3.13 

Finally, add hydrogens to complete the structure: 

ary 

Ee teal 3-Isopropyl-2-methylhexane 

CH; 

SCdOOCMeeee eee oeaeKetE COOTER C TSE THRO RAO RECH EDO SOO 66+ ese 

Give IUPAC names for these compounds: 
CH 

(a) The three isomers of C5Hj2 (b) eae peivarae al? 

CH,CH3 

CHs CH; 

(c) a eceCnicdce (d) CHC 

CH,CH3 

Draw structures corresponding to these IUPAC names: 
(a) 3,4-Dimethylnonane (b) 3-Ethyl-4,4-dimethylheptane 
(c) 2,2-Dimethyl-4-propyloctane (d) 2,2,4-Trimethylpentane 

Core eer rere eee reer seeeeeereeeeseeeeesenesseseeseseeeeees 

The following names are incorrect. Draw the structures they represent, explain why 

the names are incorrect, and give correct names. 

(a) 1,1-Dimethylpentane (b) 3-Methyl-2-propylhexane 
(c) 4,4-Dimethyl-3-ethylpentane (d) 5-Ethyl-4-methylhexané 
(e) 2,3-Methylhexane (f) 3-Dimethylpentane 

Sem ee eee meee eee eee eee eee ee eee HHH EOE HEE REE EE HEHEHE HEHE 

eC ear 

3.5 Occurrence of Alkanes: Petroleum 

Many alkanes occur naturally in the plant and animal world. For example, 
the waxy coating on cabbage leaves contains nonacosane (n-CogH¢o), and 
the wood oil of the Jeffrey pine common to the Sierra Nevada contains 
heptane. Beeswax contains, among other things, hentriacontane (n-C3;H¢4). 

By far the major sources of alkanes are the world’s natural gas and 
petroleum deposits, laid down eons ago and derived from the decomposition 
of marine organic matter. Natural gas consists chiefly of methane, but 
ethane, propane, butane, and isobutane are also present. These simple 
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hydrocarbons are used in great quantities for heating homes, cooking food, 
and fueling industries. Petroleum is a complex mixture of hydrocarbons 
that must be refined into different fractions before it can be used. 

Refining begins by fractional distillation of crude oil into three prin- 
cipal cuts: straight-run gasoline (bp 30—200°C), kerosene (bp 175—300°C), 
and gas oil (bp 275—400°C). Finally, distillation under reduced pressure gives 
lubricating oils and waxes and leaves an undistillable tarry residue of 
asphalt (Figure 3.4). 

Petroleum 

Ge I] 

Figure 3.4 The products of petroleum refining. 

Simple distillation of crude oil is only the first step in gasoline produc- 
tion. It turns out that straight-run gasoline is a poor fuel because of the 
phenomenon of engine knock. In the ordinary automobile engine, a piston 
draws a mixture of fuel and air into a cylinder on its downward stroke and 
compresses the mixture on its upward stroke. Just before the end of the 
compression, a spark plug ignites the mixture and smooth combustion 
occurs, driving the piston downward. 

Not all fuels burn equally well, though. When poor fuels are used, 
combustion can be initiated in an uncontrolled manner by a hot surface in 
the cylinder before the spark plug fires. This preignition, detected as an 
engine knock or ping, can destroy the engine by putting irregular forces on 
the crankshaft and by raising engine temperature. 

The octane number of a fuel is the measure by which its antiknock 
properties are judged. It was recognized long ago that straight-chain hydro- 
carbons are far more prone to induce engine knock than are highly branched 
compounds. Heptane, a particularly bad fuel, is assigned a base value of 0 
_octane number; 2,2,4-trimethylpentane (commonly known as isooctane) has 
excellent antiknock characteristics and is given a rating of 100. 
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CH; CH3 

CH3;CH,CH,CH,CH,CH.CH3; cepa eaioat. 

oH, 
Heptane 2,2,4-Trimethylpentane 

(octane number = 0) (octane number = 100) 

Since straight-run gasoline has a high percentage of unbranched 
alkanes and is therefore a poor fuel, petroleum chemists have devised the 
methods known as catalytic cracking and catalytic reforming for producing 
higher-quality fuels. Although the chemistry taking place is complex, cat- 
alytic cracking involves taking the high-boiling kerosene cut (C,,;—C,4) 
and “cracking” it into smaller molecules suitable for use in gasoline. The 
process takes place on a silica-alumina catalyst at temperatures of 400— 
500°C, and the major products are light hydrocarbons in the C3—C; range. 
These small hydrocarbons are then catalytically recombined to yield useful 
C7—Cj9 alkanes. Fortunately, the C7—C 9 molecules that are produced are 
highly branched and are perfectly suited for use as high-octane fuels. 

Catalytic reforming is a process by which the straight-chain alkanes 
present in straight-run gasoline are converted into aromatic molecules such 
as benzene and toluene. Aromatics have high octane ratings and are there- 
fore desirable components of gasoline. yo 

Benzene Toluene 

3.6 Properties of Alkanes 

Alkanes are sometimes referred to as paraffins, a name derived from the 
Latin parum affinis (“slight affinity”). This term aptly describes their behav- 
ior, for alkanes show little chemical affinity for other molecules and are 
chemically inert to most reagents used in organic chemistry. Alkanes do, 
however, react with oxygen, chlorine, and a few other substances under 
appropriate conditions. 

Reaction with oxygen occurs during combustion in an engine or a fur- 
nace when the alkane is used as a fuel. Carbon dioxide and water are formed 
as products, and a large amount of heat is released. For example, methane 
(natural gas) reacts with oxygen according to the equation 

CH, + 202. — > CO, + 2H,O + 213 kcal/mol (890 kJ/mol) 

Reaction with chlorine occurs when a mixture of alkane and Cl, is 
exposed to ultraviolet light, denoted hv. Depending on the relative amounts 
of the two reactants and on the time allowed for reaction, a sequential 
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substitution of the alkane hydrogen atoms by chlorine occurs, leading to a 
mixture of chlorinated products. Methane, for instance, reacts with chlorine 

_ to yield a mixture of CH3Cl, CH2Clz, CHCls, and CCl4. We'll explore this 
reaction in more detail in Section 5.4. 

CH,+ Cl, —> CH;Cl+ HCl 
Cl, a CH,Cl, + HCl 

lp ee CHCl, + HCl 

Lo. ool, + HCI 

Alkanes show regular increases in both boiling point and melting point 
as molecular weight increases (Table 3.5 and Figure 3.5), a regularity that’s 
also reflected in other properties. The average carbon-carbon bond param- 
eters are nearly the same in all alkanes, with bond lengths of 1.54 + 0.01 A 
and bond strengths of 85 + 3 kcal/mol (355 + 10 kJ/mol). The carbon— 
hydrogen bond parameters are also nearly constant at 1.09 + 0.01 A and 
95 + 3 kcal/mol (400 + 10 kJ/mol). 

TABLE 3.5 Physical Properties of Some Alkanes 

Number of Melting point Boiling point Density 
carbons Alkane (°C) (°C) (g/mL) 

1 Methane — -182.5 —164.0 0.5547 

2 Ethane —183.3 —88.6 0.509 

3 Propane —189.7 —42.1 0.5005 
4 Butane —138.3 —0.5 0.5788 

5 Pentane 29K 36.1 0.6262 

6 Hexane —95.0 68.9 0.6603 

7 Heptane —90.6 98.4 0.6837 
8 Octane —56.8 125.7 0.7025 

9 Nonane ep leat) 150.8 0.7176 

10 Decane —29.7 174.1 0.7300 

20 Icosane 36.8 343.0 0.7886 

30 Triacontane 65.8 450.0 0.8097 

4 Isobutane —159.4 cel Day 0.579 

5 Isopentane =e, 27.85 0.6201 
5 Neopentane —16.5 9.5 0.6135 

8 Isooctane —107.4 99.3 0.6919 

Table 3.5 also shows that increased branching lowers an alkane’s boiling 
point. Thus, pentane boils at 36.1°C, isopentane (2-methylbutane) has one 

branch and boils at 27.85°C, and neopentane (2,2-dimethylpropane) has two 

branches and boils at 9.5°C. Similarly, octane boils at 125.7°C, whereas 

_isooctane (2,2,4-trimethylpentane) boils at 99.3°C. This effect can be under- 

stood by looking at what occurs during boiling. 
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600 
y Melting points 

o Boiling points 
500 

400 

300 

Temperature (K) 
200 } 

100 } 

Number of carbons 

SS ee ee eee 

Figure 3.5 A plot of melting and boiling points versus number of 

carbons for the C,—C,. alkanes. There is a regular increase with 

molecular size. 

Nonpolar molecules like the alkanes are weakly attracted to each other 
by intermolecular van der Waals forces. These forces, which operate only 
over very small distances, result from induced polarization of the electron 
clouds in molecules. Although the electron distribution in a molecule is 
uniform on average over a period of time, the distribution at ,any given 
instant is not uniform. One side of a molecule may, by chance, have a slight 
excess of electrons relative to the opposite side. When that occurs, the mol- 
ecule has a temporary dipole moment. This temporary dipole in one molecule 
causes a nearby molecule to adopt a temporarily opposite dipole, with the 
result that a tiny attraction is induced between the two molecules (Figure 
3.6). 

Figure 3.6 Attractive van der Waals forces caused by temporary 

dipoles in molecules. 
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Temporary dipoles have a fleeting existence and are constantly chang- 

ing, but the cumulative effect of an enormous number of these interactions 

produces attractive forces sufficient to cause the molecules to stay in the 
liquid state. Only when sufficient heat is applied to overcome these forces 
does the liquid boil. 

As you might expect, van der Waals forces increase as molecule size 
increases. Although other factors are also involved, at least part of the 
increase in boiling point on going up the alkane series is due to increased 
van der Waals forces. 

The effect of branching on boiling points can also be explained by invok- 
ing van der Waals forces. Branched alkanes are more nearly spherical than 
are straight-chain alkanes. As a result, they have smaller surface areas, 
smaller van der Waals forces, and consequently lower boiling points. 

3.7. Cycloalkanes 

Though we’ve discussed only open-chain alkanes up to this point, chemists 
have known for over 100 years that compounds with rings of carbon atoms 
also exist. Such compounds are called cycloalkanes or alicyclic com- 
pounds (aliphatic cyclic). Since cycloalkanes consist of rings of —-CH»2- 
units, they have the general formula (CHg), or C,H», and are represented 
by polygons in skeletal drawings: 

Beer ee Ce) 
Cyclopropane Cyclobutane Cyclopentane Cyclohexane Cycloheptane 

Alicyclic compounds with many different ring sizes abound in nature. 

For example, chrysanthemic acid contains a three-membered (cyclopropane) 

ring. Various esters of chrysanthemic acid occur naturally as the active 

insecticidal constituents of pyrethrum flowers. 

H3C. CH; 

a 
sel COOH 

Chrysanthemic acid 

Prostaglandins, such as PGE}, contain a five-membered (cyclopentane) 

ring. Prostaglandins are potent hormones that control a wide variety of 

‘physiological functions in humans, including blood platelet aggregation, 

bronchial dilation, and inhibition of gastric secretions. 
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H OH 

Prostaglandin E, (PGE,) 

Steroid hormones, such as cortisone, contain four rings joined together— 

three six-membered (cyclohexane) and one five-membered (cyclopentane). 

Cortisone 

Some physical data for simple unsubstituted cycloalkanes are given in 
Table 3.6. 

TABLE 3.6 Physical Properties of Some Cycloalkanes 

Name 

Cyclopropane 
Cyclobutane 
Cyclopentane 
Cyclohexane 
Cycloheptane 
Cyclooctane 

Formula 

C3H¢ 

C,H 
Cs5Hio 

CeHi2 

C7Hi4 

CgHig 

3.8 Naming Cycloalkanes 

Melting point 

(°C) CG 

—127.6 —32.7 
—50.0 12.0 
—93.9 49.3 

6.6 80.7 
—12.0 118.5 

14.3 148.5 

Boiling point Density 

(g/mL) 

0.720 
0.7457 
0.7786 
0.8098 
0.8349 

Cycloalkanes are named by rules similar to those used previously for open- 
chain alkanes. For most compounds, there are only two rules: 

1. Use the cycloalkane name as the parent name. That is, compounds 
are normally named as alkyl-substituted cycloalkanes, rather than 
as cycloalkyl-substituted alkanes. The only exception to this rule 
occurs when the alkyl] side chain contains a larger number of car- 
bons than the ring. In such cases, the ring is considered a substituent 
on the parent open-chain alkane. For example: 
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[ )- CH, BUT | >—CH,CH,CH,CH; 

8 carbons 4 carbons 

Methylcyclopentane 1-Cyclopropylbutane 

2. Start at a point of attachment and number the substituents on the 
ring so as to arrive at the lowest sum: 

CHs CH3 

1 1 

6 2 2 6 

5 3 NOT 3 5 

4 CHg 4 CHg 

1,3-Dimethyleyclohexane 1,5-Dimethylcyclohexane 

a. When two or more different alkyl groups are present, they are 
numbered by alphabetical priority: 

CHs CH; 

2 1 

1 NOT 9 

4 5 4 3 

1-Ethyl-2-methylcyclopentane 2-Ethyl-1-methylcyclopentane 

b. Halogen substituents, if present, are treated exactly like alkyl 

groups: 

2 CH 3 il C H3 

E NOT 
1 Br 2 Br 

1-Bromo-2-methylcyclobutane 2-Bromo-1-methylcyclobutane 

Some additional examples follow: 

B i 
‘ H 3 

2 : 6 C H C H 2 C H 3 

3 5 

CH,;CH, \ ~CHs 

1-Bromo-3-ethyl-5-methylcyclohexane (1-Methylpropy])cyclobutane 

(or sec-butyleyclobutane) 

Cl 
1 

CH, 5 gens 

3 
CH,CH3 

1-Chloro-3-ethyl-2-methylecyclopentane 
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PROBLEM... ee ee eee eee eee cre sere sees eeee eee eeeeeeseseseseeeseeeseres 

3.15 Give IUPAC names for the following cycloalkanes: 

3.16 

cece eee eee 

CH2CH2CH; (c) ) CH 

CH3 

CH.CH3 (e) an (f) Br 

CH(CHs3) 

C(CH3)3 

ee ee eee 

Draw structures corresponding to these IUPAC names: 
(a) 1,1-Dimethylcyclooctane (b) 3-Cyclobutylhexane 
(c) 1,2-Dichlorocyclopentane (d) 1,3-Dibromo-5-methylcyclohexane 

i 

3.9 Cis—Trans Isomerism in Cycloaikanes 

‘ 

In most respects, the chemistry of cycloalkanes mimics that of open-chain, 

acyclic alkanes. Both classes of compounds are relatively nonpolar and are 
chemically inert to most reagents. There are, however, some important 
differences. 

One difference is that cycloalkanes have less flexibility than their open- 
chain relatives. To see what this means, think for a minute about the nature 

of carbon—carbon single bonds. We know from Section 1.7 that sigma bonds 
are cylindrically symmetrical. In other words, the intersection of a plane 
cutting through a carbon-carbon single-bond orbital looks like a circle. 
Because of this cylindrical symmetry of sigma bonds, there is free rotation 
around carbon—carbon bonds in open-chain molecules. In ethane, for exam- 
ple, C—C bond overlap is exactly the same for all geometric arrangements 
of the hydrogens (Figure 3.7). 

In contrast to the free rotation around single bonds in open-chain 
alkanes, there is much less freedom in cycloalkanes, which are geometrically 
constrained. Cyclopropane, for example, is geometrically constrained to be 
a flat, planar molecule with a rigid structure because three points define a 
plane. No bond rotation around a cyclopropane carbon—carbon bond can 
take place without breaking open the ring (Figure 3.8). 
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Rotate 

Figure 3.7 Free rotation can occur around the carbon—carbon 

single bond in ethane because of sigma-bond cylindrical symmetry. 

Figure 3.8 The structure of cyclopropane. No rotation is possible 

around the carbon—carbon bonds without breaking open the ring. 

Higher cycloalkanes have increasingly more freedom, and the very large 
rings (Cos and up) are so floppy that they are nearly indistinguishable from 

open-chain alkanes. The common ring sizes (C3, C4, Cs, Cg, C7), however, 
are restricted in their molecular motions. 

The most important consequence of their cyclic structure is that cycloal- 
kanes have two sides, a “top” side and a “bottom” side, leading to the pos- 
sibility of isomerism in substituted cycloalkanes. For example, there are 
two different 1,2-dimethylcyclopropane isomers, one with the two methyls 
on the same side of the ring and the other with them on opposite sides. Both 
isomers are stable compounds and can’t be interconverted without breaking 
_and re-forming chemical bonds. Make molecular models to prove this to 
yourself. 



96 CHAPTER 3 The Nature of Organic Compounds: Alkanes and Cycloalkanes 

H H Do not H CH; 

interconvert 

H H 

cis-1,2-Dimethylcyclopropane trans-1,2-Dimethylcyclopropane 
(methyl groups on same side of ring) (methyl groups on opposite sides of ring) 

Unlike the constitutional isomers butane and isobutane (Section 3.3), 
which have their atoms connected in a different order, the two 1,2-dimethy]- 

cyclopropanes have the same order of connection but differ in the spatial 
orientation of their atoms. Such compounds that have their atoms connected 
in the same order but that differ in three-dimensional orientation are called 
stereoisomers. 

Constitutional isomers CHs 

(different connections 
between atoms) CH3;—CH—CH3; and CH;—CH,—CH,—CH3 

Stereoisomers e 

(same connections but Hs CH3 H3C. H 
different three-dimensional A and > 

geometry) H H H CH3 

The 1,2-dimethylcyclopropanes are special kinds of stereoisomers called 
cis—trans isomers. The prefixes cis- (Latin; “on the same side”) and trans- 
(Latin; “across”) are used to distinguish between them. Cis—trans isomerism 
is a common occurrence in substituted cycloalkanes. 

CHs 
3 

cis-1,3-Dimethylcyclobutane cis-1-Bromo-3-methylcyclopentane 
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3.17 Draw the structures of these molecules: 

ee ee een ene 

(a) trans-1-Bromo-3-methylcyclohexane _(b) cis-1,2-Dimethylcyclopentane 
(c) trans-1-t-Butyl-2-ethylcyclohexane 

ARE See SFR OES R SSS OSE e Oke hWAe URNA BE ie ee Ke ere 0. 8 Geb e8 6 Wa ewes: mE Bie le we 

3.10 Summary and Key Words 

A functional group is a part of a larger molecule. It is composed of an 
atom or a group of atoms that has characteristic chemical reactivity. Because 
functional groups behave approximately the same way in all molecules 
where they occur, the chemical reactions an organic molecule undergoes are 
largely determined by the functional groups it contains. 

Alkanes are a class of hydrocarbons with the general formula 
C,Hen+2. They contain no functional groups, are chemically rather inert, 
and may be either straight-chain (normal alkanes) or branched. All alkanes 
can be uniquely named by a series of IUPAC rules. 

Compounds that have the same chemical formula but different struc- 
tures are called isomers. More specifically, compounds such as butane and 
isobutane that differ in the order of their connections between atoms are 
called constitutional isomers. 

Cycloalkanes contain rings of carbon atoms and have the general 
formula C,H>,. In comparison with open-chain alkanes, conformational 
mobility is greatly reduced in cycloalkanes. Although rotation is possible 
around carbon—carbon single bonds in open-chain molecules, full rotation 
around carbon—carbon bonds in cycloalkanes is not possible. Disubstituted 
cycloalkanes can therefore exist as cis—trans isomers. The cis isomer has 
both substituents on the same side of the ring; the trans isomer has sub- 
stituents on opposite sides of the ring. Cis—trans isomers are just one kind 
of stereoisomers— isomers that have the same order of connection between 
atoms but that differ in their three-dimensional arrangements. 

H3C CHs H3C H 

H H eS H CH; 

interconvert 

H H 

cis-1,2-Dimethylcyclopropane trans-1,2-Dimethylcyclopropane 
(methy] groups on same side of ring) (methyl groups on opposite sides of ring) 

ADDITIONAL PROBLEMS........... ities Fab. omanthitncs 

3.18 Locate and identify the functional groups in these molecules: 

(a) co (b) O 

Phenol 

2-Cyclohexenone 
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3.19 

3.20 

3.21 

3.22 

3.23 

3.24 

3.25 

3.26 

3.27 

3.28 

(c) NH, (d) NHCOCH3 

enone elf 

Alanine 
Acetanilide 

(e) (f) O 

O 

Nootkatone (from grapefruit) 

Estrone 

(g) OH (h) ee 
mS N 

H 

HO 3-Indoleacetic acid 

Diethylstilbestrol 

Draw structures that meet these descriptions (there are many possibilities): 

(a) Three isomers with the formula CgH;, 

(b) Two isomers with the formula C4HgO2 

Draw structures of the nine isomers of C7Hjg. 

Propose structures that meet these descriptions: 
(a) A ketone with five carbons (b) A four-carbon amide 
(c) A five-carbon ester (d) An aromatic aldehyde 
(e) A keto ester (f) An amino alcohol 

Propose suitable structures for the following: j 
(a) A ketone, C,HgO (b) A nitrile, C;5HoN 

(c) A dialdehyde, C,HgO2 (d) A bromoalkene, CgH,,Br 
(e) An alkane, CgHy,4 (f) A cycloalkane, CgH;2 
(g) A diene (dialkene), C;Hg (h) A keto alkene, C;HgO 

How many compounds can you write that fit these descriptions? 
(a) Alcohols with formula C4H,,O (b) Amines with formula C;H,3N 
(c) Ketones with formula C;H, 0 (d) Aldehydes with formula C;H,)0 
(e) Esters with formula C,H,O. (f) Ethers with formula C,H; 90 

Draw compounds that contain the following: 
(a) A primary alcohol (b) A tertiary nitrile 
(c) A secondary bromide (d) Both primary and secondary alcohols 
(e) An isopropyl group (f) A quaternary carbon 

Draw and name all monobromo derivatives of pentane, C;H,,Br. 

Draw and name all monochloro derivatives of 2,5-dimethylhexane, CgH,7Cl. 

What hybridization would you predict for the carbon atom in these functional groups? 
(a) Ketone (b) Nitrile (c) Carboxylic acid (d) Ether 

Draw structural formulas for the following: 
(a) 2-Methylheptane (b) 4-Ethyl-2,2-dimethylhexane 
(c) 4-Ethyl-3,4-dimethyloctane (d) 2,4,4-Trimethylheptane 

(e) 3,3-Diethyl-2,5-dimethylnonane (f) 4-Isopropyl-3-methylheptane 
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3.29 Draw a compound that: 

(a) Has only primary and tertiary carbons 
(b) Has no primary carbons 
(c) Has four secondary carbons 

3.30 Draw a compound that: 
(a) Has no primary hydrogens 

(b) Has only primary and tertiary hydrogens 

3.31 For each of the following compounds, draw an isomer with the same functional 
groups: 

i 
(a) CH;CHCH,CH,Br (b) Ca. 

(e) CH3sCH,CHO (f) Om. 

3.32 Which of the following Kekulé structures represent the same compound, and which 
represent different compounds? 

H 

H—C—H 
H H H H H H H H H 

a Ota eo 6 or es ae nue ads 
HHH OH HoH alu 

H 

HOH 
H H Br H H Br H H : H 

(b) Fee 0-6 Ae eon H20.G.=C-<H 

HAW H Huw H HBr i 
CH; _CH; 

(c) CH,CHBrCHCH; CHCHCHE:CH, (CH;),CHCHBrCH,CH; 

(@) OH OH 

- oles OH HO 
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CH; CH; CH; 

3.33 Draw structures for these compounds: 
(a) trans-1,3-Dibromocyclopentane (b) cis-1,4-Diethylcyclohexane 

(c) trans-1-Isopropyl-3-methylcycloheptane (d) Dicyclohexylmethane 

3.34 Identify the kinds of carbons (1°, 2°, 3°, or 4°) in these molecules: 

i 
(a) CH;CHCH,CHs; (b) (CH3)2,CHCH(CH2CH3)2 

CHs3 
| 

(c) SNe (d) CH3 C Cy 
(e) oc (f) 

3.35 Supply proper IUPAC names for these compounds: 

CH, 

CH3 

(a) Creer (b) CH3CH2C(CH3)2CHs3 

CH2CH; CHs3; 

(c) (CH3)gCHC(CH3)2CH,CH2CH3 (d) ee 

CH; CH,CHs3 

(e) CH;CH,CH,CHCH2CCH3; (f) (CHs)3CC(CH3)2CH,CH2CH3 

Ou, 
CH2CH2CHs; 

(g) renee 

eae CH3 

3.36 Name the five isomers of CgH44. 

3.37 The following names are incorrect. Give the proper IUPAC names. 
(a) 2,2-Dimethyl-6-ethylheptane (b) 4-Ethyl-5,5-dimethylpentane 
(c) 3-Ethyl-4,4-dimethylhexane (d) 5,5,6-Trimethyloctane 
(e) 2-Isopropyl-4-methylheptane (f) cis-1,5-Dimethylcyclohexane 

3.38 Propose structures and give the correct IUPAC names for the following: 
(a) A dimethylcyclooctane (b) A diethyldimethylhexane 
(c) A cyclic alkane with three methyl groups 
(d) A (3-methylbutyl)-substituted alkane 
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3.42 

3.43 

3.44 

3.45 

3.46 

3.47 
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Draw 1,3,5-trimethylcyclohexane using a hexagon to represent the ring. How many 
cis—trans stereoisomers are possible? 

Tell whether the following pairs of compounds are identical, constitutional isomers, 
or stereoisomers. 

(a) cis-1,3-Dibromocyclohexane and trans-1,4-dibromocyclohexane 

(b) 2,3-Dimethylhexane and 2,5,5-trimethylpentane 

(c) Cl 

Cl Cl Cl 

es and 

Draw two constitutional isomers of cis-1,2-dibromocyclopentane. 

Draw a stereoisomer of trans-1,3-dimethylcyclobutane. 

Malic acid, a compound of formula C4H,O;, has been isolated from apples. Since this 
compound reacts with 2 equivalents (equiv) of base, it can be formulated as a dicar- 
boxylic acid. 

(a) Draw at least five possible structures. 
(b) This compound can be shown to be a secondary alcohol. What is the structure 

of malic acid? 

Cyclopropane was first prepared by reaction of 1,3-dibromopropane with sodium 
metal. Formulate the cyclopropane-forming reaction and then predict the product 
that you might obtain from the following reaction. What geometry would you expect 
for the product? 

CH.Br 

4Na 
BrCH,—C—CH,Br ——> ? 

CH,Br 

The compound a-methylenebutyrolactone is a skin irritant that has been isolated 
from the dogtooth violet. What functional groups does it contain? 

Oe) 

CH, 

a-Methylenebutyrolactone 

Formaldehyde, H2C=O, is a simple compound known to all biologists because of its 
usefulness as a tissue preservative. When pure, formaldehyde trimerizes to give 
trioxane, C;H,O3. Trioxane, surprisingly enough, has no carbonyl groups. Only one 

monobromo derivative of trioxane is possible. Propose a structure that fits these 

data. 

Here’s a tough one. There are two different substances named trans-1,2-dimethyl- 

cyclopentane. Make molecular models and see if you can find the relationship 

between them. We’ll explore this kind of isomerism in Chapter 9. 

CH; 

CED and 

CH 3 

CHs 



Stereochemistry 
of Alkanes and 
Cycloalkanes 

Up to this point, we’ve viewed most molecules in a two-dimensional way 
and have given little thought to any chemical consequences that might arise 
from the spatial arrangement of atoms in molecules. Now it’s time to add 
a third dimension to our study. Stereochemistry is the branch of chemistry 
concerned with the three-dimensional aspects of molecules. 

4.1 Conformations of Ethane ‘ 

We know that an sp?-hybridized carbon atom has tetrahedral geometry and 
that the carbon—carbon bonds in alkanes result from sigma overlap of two 
carbon sp’ orbitals. Let’s now look into the three-dimensional consequences 
of such bonding. What are the spatial relationships between the hydrogens 
on one carbon and the hydrogens on a neighboring carbon? 

We saw in Section 3.9 that free rotation can occur around carbon—carbon 
single bonds in open-chain molecules such as ethane, as a consequence of 
sigma bond cylindrical symmetry. Orbital overlap in the C—C single bond 
is exactly the same for all geometric arrangements of the atoms (Figure 
4.1). The different arrangements of atoms caused by rotation about a single 
bond are called conformations, and a specific conformation is called a 

conformer (conformational isomer). Unlike constitutional isomers, 
though, different conformers can’t usually be isolated because they inter- 
convert too rapidly. 

Chemists represent conformational isomers in two ways, as shown in 
Figure 4.2. Sawhorse representations view the carbon—carbon bond from 
an oblique angle and indicate spatial orientation by showing all of the C-H 

102 
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Rotate 

Rotate 

a a a 

Figure 4.1 Some conformations of ethane. Rapid rotation around 
the carbon-carbon single bond interconverts the different forms. 
The drawings are computer generated. 

bonds. Newman! projections view the carbon-carbon bond directly end- 
on and represent the two carbon atoms by a circle. Bonds attached to the 
front carbon are represented by lines going to the center of the circle, and 
bonds attached to the rear carbon are represented by lines going to the edge 
of the circle. The advantages of Newman projections are that they’re easy 
to draw and the relationships among substituents on the different carbon 
atoms are easily seen. 

In spite of what we’ve just said about sigma bond symmetry, we don’t 
actually observe perfectly free rotation in ethane. Experiments show that 
there is a slight (2.9 kcal/mol; 12 kJ/mol) barrier to rotation and that some 
conformations are more stable (have less energy) than others. The lowest- 
energy, most stable conformation is the one in which all six carbon—hydrogen 
bonds are as far away from each other as possible (staggered when viewed 
end-on in a Newman projection). The highest-energy, least stable confor- 

- 1Melvin S. Newman (1908— _); b. New York; Ph.D. (1932), Yale University; professor, Ohio 
State University. 
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Sawhorse representation 

Back carbon 

H H 

H H 

Front carbon 

Newman projection 

Figure 4.2. A sawhorse representation and a Newman projection 

of ethane. 

mation is the one in which the six carbon—hydrogen bonds are as close as 
possible (eclipsed in a Newman projection). In between these two limiting 
conformations are, of course, an infinite number of other possibilities. Since 
the barrier to rotation is 2.9 kcal/mol, and since the barrier is caused by 
three equal hydrogen—hydrogen eclipsing interactions, we can assign a 
value of approximately 1 kcal/mol (4 kJ/mol) to each single interaction. 

ei keal/mol 

AY 
H H Rotate rear 

carbon 60° SAN 

H H H fi Hy H 

Hoes 1 kcal/mol ) 

Staggered conformation Eclipsed conformation 

of ethane of ethane 
(C—H bonds on front and back 

carbon atoms are parallel) 

The 2.9 kcal/mol of extra energy present in the eclipsed conformation 
of ethane is called torsional strain. The barrier to rotation that results 
from torsional strain can be represented on a graph of potential energy 



4.1 Conformations of Ethane 

versus degree of rotation, where the angle between C-H bonds on front and 
back carbons (the dihedral angle) goes full circle from 0° to 360° when seen 
end-on. Energy minima occur at staggered conformations, and energy max- 
ima occur at eclipsed conformations, as shown in Figure 4.3. 

Eclipsed conformers 

2.9 kcal/mol 

H H H H H H H 
H H H H 

H H H H aA H H 

H H H Hoy H H Hoy H H Hoy H 
H | H zi HOH i Hei i H 4H 

aeeee ones 
0° 

=e zeal ie ed ee 

60° 120° 180° 240° 300° 360° 

H H 
H 

SY H H 
Rotate 
SS 

| —— 
H Hi H H H H 

eee H 

OF 120-5240; 60°, 180°, 300° 
Eclipsed Staggered 

Figure 4.3. A graph of potential energy versus bond rotation in 

ethane. The staggered conformers are 2.9 kcal/mol lower in energy 

than the eclipsed conformers. 

To what is torsional strain due? The reasons for its existence have been 
the subject of some controversy, but most chemists now believe that torsional 
strain is due to the slight repulsion between electron clouds in the carbon— 
hydrogen bonds as they pass by each other at close quarters in the eclipsed 
conformer. Calculations indicate that the internuclear hydrogen—hydrogen 
-distance in the staggered conformer is 2.55 A but that this distance decreases 
to about 2.29 A in the eclipsed conformer. 
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4.1 Build a molecular model of ethane, and look at the interconversion of staggered and 

eclipsed forms. 

CORRE wee eee eee EEE HEHEHE HEHEHE EEE EEE HEHEHE HEHEHE HEHEHE EEE HED 

4.2 Conformations of Propane 

Propane is the next higher member in the alkane series, and we again find 
a torsional barrier that results in slightly hindered rotation around the 
carbon-carbon bonds. The barrier is slightly higher in propane than in 
ethane—3.4 kcal/mol (14 kJ/mol) versus 2.9 kcal/mol. In the eclipsed con- 
former of propane, there are two ethane-type hydrogen—hydrogen inter- 
actions and one additional interaction between a carbon—hydrogen bond 
and a carbon—carbon bond. Since each eclipsing hydrogen—hydrogen inter- 
action has an energy “cost” of 1.0 kcal/mol, we can assign a value of 
3.4 — (2 X 1.0 kcal/mol) = 1.4 kcal/mol (6 kJ/mol) to the interaction between 
the carbon—methyl] bond and the carbon—hydrogen bond (Figure 4.4). 

Observer Observer 

—_—_— 
ae 

Rotate 60° CH. 
CH * } 1.4 kcal/mol cost 

H H 

H H Hy HH 

H ea htmacieeseae 4 kcal/mol cost 

Staggered propane Eclipsed propane 

a a] 

Figure 4.4 Newman projections of propane showing staggered 

and eclipsed conformations. The staggered conformer is lower in 
energy by 3.4 kcal/mol. 
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4.2 Make a graph of potential energy versus angle of bond rotation for propane. Assign 

quantitative values to the energy maxima. 
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4.3 Conformations of Butane 
a Ee a I I EE a EE ET 

The conformational situation is more complex for higher alkanes. In butane, 
for instance, a plot of potential energy versus rotation about the C2—C3 
bond is shown in Figure 4.5. 

Not all staggered conformations of butane have the same energy, and 
not all eclipsed conformations are the same. The lowest-energy arrange- 
ment, called the anti conformation, is the one in which the two large 
groups (methyls) are as far apart as possible—that is, 180°. As rotation 
around the C2—C3 bond occurs, an eclipsed conformation is reached in which 
there are two methyl—hydrogen interactions and one hydrogen—hydrogen 
interaction. If we assign the energy values for eclipsing interactions that 
were previously derived from ethane and propane, we predict that this 
eclipsed conformation should be more strained than the anti conformation 
by 2 X 1.4 kcal/mol (two methyl—hydrogen interactions) plus 1.0 kcal/mol 
(one hydrogen—hydrogen interaction), or a total of 3.8 kcal/mol (16 kJ/mol). 

This is exactly what is observed. 

yg Cost: 1.4 kcal/mol 

H;CH 

Total cost: 3.8 kcal/mol 

Cost: 1.4 kcal/mol Gar, SH Cost: 1.0 kcal/mol 

When bond rotation is continued, an energy minimum is reached at the 

staggered conformation where the methyl groups are 60° apart. Called the 

gauche conformation, it lies 0.9 kcal/mol higher in energy than the anti 

conformation even though it has no eclipsing interactions. This energy dif- 

ference is due to the fact that the large methyl groups are near each other 

in the gauche conformation, resulting in steric strain. Steric strain is the 

repulsive interaction that occurs when two groups are forced to be closer to 

each other than their atomic radii allow. Basically, it’s the result of trying 

to force two atoms to occupy the same space (Figure 4.6). 

As the dihedral angle between the methyl groups approaches 0°, the 

energy maximum is reached. Since the methyl groups are forced even closer 

together than in the gauche conformation, a large amount of both torsional 

and steric strain is present. A total strain energy of 4.5 kcal/mol (19 kd/ 

mol) has been estimated for this conformation, allowing us to calculate a 
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4.5 kcal/mol 

3.8 keal/mol 

0.9 keal/mol 

CHy CH3 CHs CH; CH CH; CH; 
ul CH H 

- CHg - x CH; 4H u * H - u H H e : H a x H GH," . CH3 : 

Anti Gauche Gauche Anti 
ce ial ee a et at a ie 8 

180° 120° 60° 0° 60° 120° 180° 

Dihedral angle between methy] groups 

Observer Observer Observer 

CH, CH, CH, 
CHg 

H H CH H 

H H H H Hy htt 

CH; i 

Anti Gauche Least stable eclipsed 

ees eee 

Figure 4.5 A plot of potential energy versus rotation for the 

C2—C3 bond in butane. The energy maximum occurs when the 

two methyl groups eclipse each other, and the energy minimum 

occurs when the two methyl groups are far apart (anti). 
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Figure 4.6 The spatial interaction between two methyl groups in 
gauche butane. Steric strain results when the two methyl groups 
are too close together. 

value of 2.5 kcal/mol (11 kJ/mol) for the methyl—methy] eclipsing inter- 
action [total strain (4.5 kcal/mol), less strain of two hydrogen—hydrogen 
eclipsing interactions (2 x 1.0 kcal/mol), results in 2.5 kcal/mol]. 

Cost: 2.5 kcal/mol 

H3C CH, 

Total cost: 4.5 keal/mol 

_ Cost: 1.0 kcal/mol ee ao Cost: 1.0 kcal/mol 

fem 

After 0°, the rotation becomes a mirror image of what we’ve already 
seen. Another gauche conformation is reached, another eclipsed conforma- 
tion, and finally a return to the anti conformation occurs. 

The concept of assigning definite energy values to specific interactions 
within a molecule is a very useful one that we'll return to later in this 
chapter. A summary of what we’ve found thus far is given in Table 4.1. 

TABLE 4.1 Energy Costs for Interactions in Alkane Conformers 
ieee ee ee See eS eee ee 

: Energy cost 

Interaction Cause (kcal/mol) (kJ/mol) 

H—H eclipsed Torsional strain 1.0 4 

H—CH3 eclipsed Mostly torsional strain 1.4 6 

CH3—CHg3 _ eclipsed Torsional plus steric strain 2.5 11 

CH3;—CH3 gauche Steric strain 0.9 4 
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PROBLEM... 

Seen ee 

The same principles just developed for butane apply to pentane, hexane, 
and all higher alkanes. The most favored conformation for any alkane is 
the one in which all carbon—carbon bonds have staggered arrangements 
and in which large substituents are arranged anti to each other. A gener- 
alized alkane structure is shown in Figure 4.7. 

Figure 4.7. The most stable alkane conformation is the one in 

which all substituents are staggered and in which the carbon— 

carbon bonds are arranged anti, as in this computer-generated 

structure of decane. 

One final point: It’s important to realize that when we speak of a par- 
ticular conformer as being “more stable” than another, we don’t mean the 
molecule adopts and maintains only the more stable conformation. At room 
temperature, enough thermal energy is present to ensure that rotation 
around sigma bonds occurs rapidly and that all conformers are in a fluid 
equilibrium. At any given instant, however, a larger percentage of molecules 
will be found in a more stable conformation than in a less stable one. 

acy 

Sight along the C2—C3 bond of 2,3-dimethylbutane, and draw a Newman projection 
of the most stable conformation. 

COR meee eee eee Hee HEHEHE HEHEHE EE HEHEHE HEHEHE EEE ERE EE ES 

Consider 2-methylpropane (isobutane). Sighting along the C2—C1 bond: 
(a) Draw a Newman projection of the most stable conformation. 
(b) Draw a Newman projection of the least stable conformation. 
(c) Make a qualitative graph of energy versus angle of rotation about the C2—C1 

bond. 

(d) Since a hydrogen—hydrogen eclipsing interaction “costs” 1.0 kcal/mol and a 
hydrogen—methyl eclipsing interaction costs 1.4 kcal/mol, assign quantitative 
values to your graph. 

CRU KOCMO OCCT ROHNOCKO CES Coded Hee CTE Re CS db eabiN Se ee 0 5 0 ee 
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4.4 Conformation and Stability of 
Cycloalkanes: The Baeyer Strain 
Theory 

Chemists in the late 1800s had accepted the idea that cyclic molecules 
existed, but the limitations on feasible ring sizes were unclear. Numerous 
compounds containing five-membered and six-membered rings were known, 
but smaller and larger ring sizes had not been prepared. For example, no 
cyclopropanes or cyclobutanes were known, despite numerous efforts to pre- 
pare them. 

A theoretical interpretation of this observation was proposed in 1885 
by Adolf von Baeyer.? Baeyer suggested that, if carbon prefers to have 
tetrahedral geometry with bond angles of 109°, ring sizes other than five 
and six may be too strained to exist. Baeyer based his hypothesis on the 
simple geometric notion that a three-membered ring (cyclopropane) should 
be an equilateral triangle with bond angles of 60°, a four-membered ring 
(cyclobutane) should be a square with bond angles of 90°, a five-membered 
ring (cyclopentane) should be a regular pentagon with bond angles of 108°, 
and so on. 

According to Baeyer, cyclopropane, with a bond angle compression of 
109° — 60° = 49°, should have a large amount of angle strain and must 
therefore be highly reactive. Cyclobutane (109° — 90° = 19° angle strain) 
must be similarly reactive, but cyclopentane (109° — 108° = 1° angle 
strain) must be nearly strain-free. Cyclohexane (109° — 120° = —11° angle 
strain) must be somewhat strained, but cycloheptane (109° — 128° = —19° 
angle strain) and higher cycloalkanes must have bond angles that are forced 
to be too large. Carrying this line of reasoning further, Baeyer suggested 
that very large rings should be impossibly strained and incapable of 

existence. 

“<i "109° (tetrahedral) . 19° 

\ & 2 ee? | — “i 49% \ \. 90° 

\. \ \ etary 

Cyclopropane Cyclobutane Cyclopentane 

Although there is some truth to Baeyer’s assertions about angle strain 

in small rings, he was incorrect in his belief that small and large rings are 

too strained to exist. Rings‘of all sizes from 3 through 30 and beyond can 

now be prepared. Nevertheless, the concept of angle strain—the resistance 

of a bond angle to compression or expansion from the ideal tetrahedral 

angle—is a very useful one. Let’s see what the facts are. 

2Adolf von Baeyer (1835-1917); b. Berlin; Ph.D. Berlin (1858); professor, Berlin, Strasbourg 

(1872-1875), Munich (1875-1917); Nobel Prize (1905). 
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4.5 Heats of Combustion of Cycloalkanes 

How can the amount of strain in a compound be measured? We must first 
measure the total amount of energy in the compound and then subtract the 
amount of energy in a hypothetical strain-free reference compound. The 
difference between the two values should represent the amount of extra 
energy in the molecule due to strain. 

The simplest way to determine strain energies is to measure heats of 
combustion of the cycloalkanes. The heat of combustion of a compound is 
the amount of heat (energy) released when the compound burns completely 
with oxygen: 

—(CHg),- + n3 O, — nCO, + nH,O + Heat 

The more energy (strain) the sample contains, the more energy (heat) that’s 
released on combustion. If we compare the heats of combustion of two iso- 
meric substances, more energy is released during combustion of the more 
strained substance because that compound has a higher energy level to begin 
with. 

Since the heat of combustion of a hydrocarbon depends on its molecular 
weight, it’s more useful for comparison purposes to look at heats of com- 
bustion per CHg unit. In this way, the size of the hydrocarbon is not a factor, 
and we can compare cycloalkane rings of different sizes to a standard, strain- 
free, acyclic alkane. Table 4.2 and Figure 4.8 show the results of this com- 
parison. Total strain energies are calculated by taking the difference 
between sample heat of combustion per CHg and reference heat of combus- 
tion per CHg, and multiplying by the number of carbons, n, in the sample 
ring. 

{ 

TABLE 4.2 Heats of Combustion of Cycloalkanes 
SS a a a a 

Heat of Total 
Ring Heat of combustion strain 

size, combustion per CH, energy 

Cycloalkane (CHg), n (kcal/mol) (kcal/mol) (kcal/mol) 

Cyclopropane 3 499.8 166.6 27.6 
Cyclobutane 4 655.9 164.0 26.4 
Cyclopentane 5 793.5 158.7 6.5 
Cyclohexane 6 944.5 157.4 0 

Cycloheptane i 1108 158.3 6.3 
Cyclooctane 8 1269 158.6 9.6 

Cyclononane 9 1429 158.8 12.6 
Cyclodecane 10 1586 158.6 12.0 
Cycloundecane 11 1742 158.4 11.0 
Cyclododecane 12 1891 157.6 2.4 
Cyclotridecane he 2051 157.8 Oe 
Cyclotetradecane 14 2204 (157.4 0 

Alkane (reference) 157.4 0 
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String energy (kcal/mol) 

0 3 4 5 6 7 8 ey a aes Oe 
Ring size 

Figure 4.8 Cycloalkane strain energy as a function of ring size. 

Note that cyclohexane rings are strain-free. 

The data in Table 4.2 and the graph in Figure 4.8 show clearly that 
Baeyer’s theory is not fully correct. Cyclopropane and cyclobutane are indeed 
quite strained, just as predicted, but cyclopentane is more strained than 
predicted, and cyclohexane is strain-free. For rings of larger size, there is 

no regular increase in strain, and rings having more than 14 carbons are 
again strain-free. Why is Baeyer’s theory wrong? 

4.6 The Nature of Ring Strain 

Baeyer was wrong for a very simple reason: He assumed that all rings are 
flat. In fact, though, most cycloalkanes aren’t flat; they adopt puckered three- 
dimensional conformations that allow bond angles to be nearly tetrahedral. 
Nevertheless, the concept of angle strain goes far toward explaining the 
reactivity of three- and four-membered rings. 

Several factors in addition to angle strain are important in determining 
the shape and total strain energy of rings. One factor is the resistance to 
bond rotation, or torsional strain, encountered earlier in the discussion of 

alkane conformations (Section 4.1). We said at that time that open-chain 
alkanes are most stable in a staggered conformation and least stable in an 
eclipsed conformation. A similar conclusion holds for cycloalkanes: Torsional 
strain is present in cycloalkanes unless all of the bonds have a staggered 
arrangement. For example, cyclopropane must have considerable torsional 
strain (in addition to angle strain), because C—H bonds on neighboring 
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carbon atoms are eclipsed (Figure 4.9). Larger cycloalkanes minimize this 

strain by adopting puckered, nonplanar conformations. 

Hi \ Kclipsed 

yet \ Eclipsed 

(b) (c) 

Ear SS re ee 

Figure 4.9 The conformation of cyclopropane. Part (c) is a 

Newman projection along a C—C bond, showing the eclipsing of 

neighboring C—H bonds. 

Steric strain (Section 4.3) is a third factor that contributes to the overall 
strain energy of cycloalkanes. As we saw in gauche butane (Section 4.3), 
two nonbonded groups repel each other if they approach too closely and 
attempt to occupy the same space. Such nonbonded steric interactions are 
particularly important in determining the minimum-energy conformations 
of medium-ring (C;—C,,) cycloalkanes. 

In summary, the Baeyer theory is insufficient to explain the observed 
strain energies and geometries of cycloalkanes. Cycloalkanes adopt their 
minimum-energy conformations for a combination of three reasons: 

1. Angle strain, the strain due to expansion or compression of bond 
angles 

2. Torsional strain, the strain due to eclipsing of neighboring bonds 

3. Steric strain, the strain due to repulsive interactions when atoms 
approach each other too closely 
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4.5 We saw in Section 4.1 that each hydrogen—hydrogen eclipsing interaction in the 
eclipsed conformation of ethane costs about 1.0 kcal/mol. How many such eclipsing 
interactions are present in cyclopropane? What fraction of the overall 27.6 kcal/mol 
(115 kJ/mol) strain energy of cyclopropane is due to torsional strain? 

4.6 cis-1,2-Dimethyleyclopropane has a higher heat of combustion than trans-1,2- 
dimethylcyclopropane. How can you account for this difference? Which of the two 
compounds is more stable? 

4.7 Ifboth propane and cyclopropane were equally available and equally priced, which 
would be the more efficient fuel? Explain. 

Cees eee e essere sseeseseseseseseereseeresesereseseerereseeseseesesesceoes 

4.7 Cyclopropane: An Orbital View 

Cyclopropane is a colorless gas (bp = —33°C) that was first prepared by 
reaction of sodium with 1,3-dibromopropane: 

CH, CH, 

Jos 2Na 
BrH.C CH,Br —— H,C——CHs + 2 NaBr 

1,3-Dibromopropane Cyclopropane 

Since three points (the carbon atoms) define a plane, cyclopropane must be 
flat and, assuming it’s symmetrical, must have C—-C-C bond angles of 60°. 
How can molecular orbital theory account for this great distortion of the 
bonds from the normal 109° tetrahedral angle? 

The answer is that cyclopropane is best thought of as having bent 
bonds. In an unstrained alkane, maximum bonding is achieved when two 
atoms are located so that their overlapping orbitals point directly toward 
each other. In cyclopropane, though, the orbitals cannot point directly toward 
each other; rather, they must overlap at a slight angle (Figure 4.10). The 
result of this poor overlap is that cyclopropane bonds are weaker and more 
reactive than normal alkane bonds. 

4.8 Conformations of Cyclobutane and 
Cyclopentane 

Ee ee a ee Se 

Cyclobutane has nearly the same total amount of strain [26.4 kcal/mol (110 
kJ/mol)] as cyclopropane [27.6 kcal/mol (115 kJ/mol)]. Because of its larger 
‘number of ring hydrogens, cyclobutane has more torsional strain than cyclo- 
propane has even though it has less angle strain. Spectroscopic measure- 
ments indicate that cyclobutane is not quite flat but is slightly bent so that 
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Figure 4.10 Ahn orbital view of bent bonds in cyclopropane: (a) normal alkane C—C 

bonds have head-on overlap, but (b) cyclopropane bent bonds overlap an angle. (c) An 

electron-density map provided by low-temperature X-ray studies shows how the 

electron density in the C3—C3’ cyclopropane bond of the model compound is displaced 

off the internuclear axis, whereas the “normal” C3—C4 and C3'—C4' bonds are centered 

on their internuclear axes. 

Not quite 

eclipsed 

H) 
H_( Not quite 
/ eclipsed 

Observer 
(b) (c) 

Figure 4.11 The conformation of cyclobutane. Part (c) is a Newman projection along 
the C1—C2 bond showing that neighboring C—H bonds are not quite eclipsed. 
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one carbon atom lies about 25° above the plane of the other three (Figure 
4.11). The effect of this slight bend is to increase angle strain but to decrease 
torsional strain, until a minimum-energy balance between the two opposing 
effects is achieved. 

Cyclopentane was predicted by Baeyer to be nearly strain-free, but 
combustion measurements indicate that this is not the case. Although cyclo- 
pentane has practically no angle strain, the 10 pairs of neighboring hydro- 
gens introduce considerable torsional strain into a planar conformation. As 
a result, cyclopentane adopts a puckered, out-of-plane conformation that 
strikes a balance between increased angle strain and decreased torsional 
strain. Four of the cyclopentane carbon atoms are in approximately the 
same plane, with the fifth carbon atom bent out of the plane. Most of the 
hydrogens are nearly staggered with respect to their neighbors (Figure 4.12). 

(a) 

Observer 

(b) (c) 

Figure 4.12 The conformation of cyclopentane. Carbons 2, 3, 4, 

and 5 are nearly planar, but carbon 1 is out of the plane. Part (c) 

is a Newman projection along the C1—C2 bond showing that 

neighboring C—H bonds are nearly staggered. 
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PROBLEM... 

4.10 
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cis-1,2-Dimethylcyclobutane is less stable than its trans isomer, but cis-1,3-dimethyl- 

cyclobutane is more stable than its trans isomer. Explain. 

ee ee 
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How many hydrogen—hydrogen eclipsing interactions would be present if cyclopen- 
tane were planar? Assuming an energy cost of 1.0 kcal/mol for each eclipsing inter- 
action, how much total strain would you expect planar cyclopentane to have? How 
much of this strain is relieved by puckering if the measured total strain of cyclo- 
pentane is 6.5 kcal/mol? 

meee ew we ee mew eee eee were ee eee eee Hee Hee eer eeeeeeeeeeeeee 

4.9 Conformations of Cyclohexane 

Substituted cyclohexanes are the most important of all cycloalkanes because 
of their wide occurrence in nature. A large number of compounds, including 
many important pharmaceutical agents, contain cyclohexane rings. Com- 
bustion data show that cyclohexane rings are strain-free, with neither angle 
strain nor torsional strain. How can this be? 

The answer was first suggested in 1890 by H. Sachse and later expanded 
on by Ernst Mohr.? Cyclohexane rings are not flat as Baeyer assumed; they 
are puckered into a three-dimensional conformation that relieves all strain. 
The C-—C-C angles of cyclohexane can reach the strain-free tetrahedral 
value if the ring adopts the chair conformation shown in Figure 4.13, so 
called because of its similarity to a lounge chair—a back, a seat, and a foot- 
rest. Furthermore, if we sight along any one of the carbon—carbon bonds in 
a Newman projection, we find that chair cyclohexane has no torsional strain; 
all neighboring C—H bonds are perfectly staggered (Figure 4.13). 

The simplest way to visualize strain-free chair cyclohexane is to build 
your own molecular model. Two-dimensional drawings such as Figure 4.13 
are useful, but there is no substitute for holding, twisting, and turning a 
three-dimensional model in your hands. 

The chair conformation of cyclohexane is so important that all organic 

chemists must learn how to draw it properly by following the three steps 
in Figure 4.14. 

3Ernst Mohr (1873-1926); b. Dresden; Ph.D. Kiel (1897); professor, University of Heidelberg. 



H 2 CH2 4 H 

H CHe H 

Observer 

(b) (c) 

LSE SS Se eS ed 

Figure 4.13 The strain-free chair conformation of cyclohexane. 

All C-C-C bond angles are 111.5°, close to the ideal 109.5° 
tetrahedral angle. 

1. Draw two parallel lines, slanted 5 aa. 
downward and slightly offset from 
each other. This means that four of Piece 
the cyclohexane carbon atoms lie 

in a plane. 

2. Locate the topmost carbon atom 
above and to the right of the plane 
of the other four and connect the 
bonds. | 

3. Locate the bottommost carbon 
atom below and to the left of the 
plane of the middle four and n 

connect the bonds. Note that the 
bonds to the bottommost carbon 
atom are parallel to the bonds to 

the topmost carbon. 

eee ee ee ES ee 

Figure 4.14 How to draw the cyclohexane chair conformation. 

119 
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It’s important to remember when viewing chair cyclohexane that the 

lower bond is in front and the upper bond is in back. If this convention isn’t 

defined, an optical illusion can make it appear that the reverse is true. For 

clarity, the cyclohexane rings drawn in this book will have the front (lower) 

bond heavily shaded to indicate its nearness to the viewer. 

gg” This bond is in back. 

ee 
Se The bond is in front. 

4.10 Axial and Equatorial Bonds in 
Cyclohexane 

The chair conformation of cyclohexane has many consequences. For exam- 
ple, we’ll see in Section 11.12 that the chemical behavior of many substituted 
cyclohexanes is directly controlled by their conformation. Another conse- 
quence of the chair cyclohexane conformation is that there are two kinds of 
hydrogen atoms on the ring: axial hydrogens and equatorial hydrogens 
(Figure 4.15). Chair cyclohexane has six axial hydrogens that are perpen- 
dicular to the ring (parallel to the ring axis) and six equatorial hydrogens 
that are more or less in the rough plane of the ring (around the ring equator). 

Look carefully at the disposition of the axial and equatorial hydrogens 
in Figure 4.15. Each carbon atom in cyclohexane has one axial and one 
equatorial hydrogen. Furthermore, every cyclohexane ring has two sides, 
or “faces.” Each face has both axial and equatorial hydrogens in an alter- 
nating axial—equatorial—axial—equatorial arrangement. For example, the 
top face of the cyclohexane ring shown in Figure 4.16 has axial hydrogens 
on carbons 1, 3, and 5, but has equatorial hydrogens on carbons 2, 4, and 
6. Exactly the reverse is true for the bottom face: Carbons 1, 3, and 5 have 
equatorial hydrogens, but carbons 2, 4, and 6 have axial hydrogens. 

Note that we haven’t used the words cis and trans in this discussion of 
cyclohexane geometry. Two hydrogens on the same face of the ring are 
always cis, regardless of whether they’re axial or equatorial and regardless 
of whether they’re adjacent. Similarly, two hydrogens on opposite faces of 
the ring are always trans, regardless of whether they’re axial or equatorial. 
Axial and equatorial bonds can be drawn in the following way (look at a 
molecular model as you practice): 

1. Axial bonds The six axial bonds, one on each carbon, are parallel 
and have an alternating up—down relationship. 

2. Equatorial bonds The six equatorial bonds come in three sets of 
two parallel lines. Each set is also parallel to two ring bonds, as 
shown in blue on the structural diagram on page 122. 
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(c) Chair cyclohexane with all its hydrogen atoms 

eae eS eee 

Figure 4.15 Axial and equatorial hydrogen atoms in chair 

cyclohexane. 
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Axial bonds Completed cyclohexane 

ees 

Equatorial bonds 

Equatorial 
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Figure 4.16 Alternating axial and equatorial positions in chair 

cyclohexane. Each carbon atom has both an axial and an equatorial 

position, and each face has alternating axial/equatorial positions. 

Part (c) is a computer-generated picture of a cyclohexane ring 

viewed from the top. 

4.11 Conformational Mobility of 
Cyclohexane 

Since chair cyclohexane has two kinds of positions, axial and equatorial, we 
might expect to find two isomeric forms of a monosubstituted cyclohexane. 
In fact, though, this expectation is wrong. At room temperature, there is 
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only one methylcyclohexane, one bromocyclohexane, one cyclohexanol, and 
so on because cyclohexane rings are conformationally mobile. The two chair 
conformations can readily interconvert, with the result that axial and equa- 
torial positions become interchanged. The interconversion of chair confor- 
mations, usually referred to as a ring-flip, is shown in Figure 4.17. 
Molecular models show the process more clearly, and you should practice 
ring-flipping with models. 

Move this 

carbon down 

yee 

BED Thee 
Z 

Move this 

carbon up 

Ring-flip 

Figure 4.17 A ring-flip in chair cyclohexane interconverts axial 

and equatorial positions. 

We can mentally ring-flip a chair cyclohexane by holding the middle 
four carbon atoms in place while folding the two ends in opposite directions. 
The net result of carrying out a ring-flip is that axial and equatorial positions 
become interconverted. An axial substituent in one chair form becomes an 
equatorial substituent in the ring-flipped chair form, and vice versa. For 
example, axial methylcyclohexane becomes equatorial methylcyclohexane 

after ring-flip (Figure 4.18). Spectroscopic measurements indicate that the 
energy barrier to chair—chair interconversions is about 10.8 kcal/mol (45 
kJ/mol), a value low enough to make the process extremely rapid at room 
temperature. We therefore see only a single, rapidly interconverting average 
structure, rather than distinct axial and equatorial isomers. 
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Axial 

CH; 

H Ring-flip / Equatorial 

CH; 

H 

Figure 4.18 A ring-flip converts axial methylcyclohexane into 

equatorial methylcyclohexane. 
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Draw 1,1-dimethylcyclohexane, indicating whether each methyl group is axial or 
equatorial. 

Solution First draw a chair cyclohexane ring and then put two methyl groups on 
the same carbon. The methy] group in the rough plane of the ring must be equatorial, 
and the other (above-or below the ring) must be axial. 

_— Axial methyl group 
e& 

CH; 

CH 

ed Equatorial methyl group 

PROBLEM CRO eee OEE EEO EEE EER OHHH DERE EHH EEE HEHE PEE eee 

4.11 Draw two different chair conformations of bromocyclohexane, showing all hydrogen 
atoms. Identify each substituent as axial or equatorial. 
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Explain why a cis-1,2-disubstituted cyclohexane such as cis-1,2-dichlorocyclohexane 
must have one group axial and one group equatorial. 
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Explain why a trans-1,2-disubstituted cyclohexane must have either both groups 
axial or both groups equatorial. 

SHSCSCHAUHSAT HSER TC EESHRER eR TOO DECC Cee R CEC Cee ROC eC CRC eee 

Draw two different chair conformations of trans-1,4-dimethylcyclohexane, and label 
all positions as axial or equatorial. 

SOP See e eee essere resets resereaeseseeeereseeeereseesesese 

4.12 Conformations of Monosubstituted 
Cyclohexanes 

Let’s look at the consequences of axial and equatorial cyclohexane bonds in 
substituted cyclohexanes. Although cyclohexane rings rapidly flip confor- 
mations at room temperature, the two conformers of a monosubstituted 
cyclohexane aren’t equally stable. In methylcyclohexane, for example, the 
equatorial conformer is more stable than the axial conformer by 1.8 kcal/ 
mol (8 kJ/mol). Similarly for other monosubstituted cyclohexanes: A sub- 
stituent is almost always more stable in an equatorial position than in an 
axial position. 

It’s possible to calculate the exact percentages of any two isomers at 
equilibrium, as shown in Table 4.3. For example, an energy difference of 
1.8 kcal/mol means that about 95% of methylcyclohexane molecules have 
the methyl group equatorial at any given instant, and only 5% have the 
methyl] group axial. 

TABLE 4.3 The Relationship Between Stability and Isomer Percentages at 

Equilibrium? 
SS A a 

Energy difference at 25°C 

More stable isomer (%) Less stable isomer (%) (kcal/mol) (kJ/mol) 

50 50 0 0 

TAS: 7 25 0.651 2.72 
90 10 1.302 5.45 

95 5 1.744 7.29 

99 1 D2, 11.38 

99.9 0.1 4.092 eet 

i 

@The values in this table are calculated from the equation K = e “4/87, where K is the 

equilibrium constant between isomers; e ~ 2.718 (the base of natural logarithms); AZ = energy 

difference between isomers; 7 = absolute temperature (in kelvins); and R = 1.986 cal/mol - K 

(the gas constant). 
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The energy difference between axial and equatorial conformers is due 

to steric strain caused by so-called 1,3-diaxial interactions. That is, the 

axial methyl group on C1 is too close to the axial hydrogens three carbons 

away on C3 and C5, resulting in 1.8 kcal/mol of steric strain (Figure 4.19). 

a 

<< 

Ring-flip 

a Steric interference 

3 1 a 2 . 

stereo H 1 

Figure 4.19 Interconversion of axial and equatorial 

methylcyclohexane. The equatorial conformation is more stable by 

1.8 kcal/mol. 

1,3-Diaxial steric strain is already familiar; we’ve seen it before as the 

steric strain between methyl groups in gauche butane (Section 4.3). Recall 
that gauche butane is less stable than anti butane by 0.9 kcal/mol because 
of steric interference between hydrogen atoms on the two methyl] groups. If 
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we look at a four-carbon fragment of axial methylcyclohexane as a gauche 
butane, it’s apparent that the steric interaction is the same in both cases. 
Since methylcyclohexane has two such interactions, however, there is 2 x 
0.9 = 1.8 kcal/mol steric strain. The origin of 1,3-diaxial steric strain is 
shown in Figure 4.20. 

CH; HO HOY CH. 
a . H H 

H H H H 
Hi ih el del 

Gauche butane Axial 
(0.9 kcal/mol strain) methylcyclohexane 

(1.8 keal/mol strain) 

H ERE 

HC H H H 

H CHs H CH, 

H H H H 

Anti butane Equatorial 

(no steric strain) methylcyclohexane 

(no steric strain) 

a a ee eS 

Figure 4.20 Origin of 1,3-diaxial cyclohexane interactions. 

Sighting along the C1—C2 bond of axial methylcyclohexane shows that 
the axial hydrogen at C3 has a gauche butane interaction with the axial 
methyl group at C1. Sighting similarly along the C1—C6 bond shows that 
the axial hydrogen at C5 has a gauche butane interaction with the axial 
methyl group at Cl. Both of these interactions are absent in equatorial 
methylcyclohexane, and we therefore find an energy difference of 1.8 kcal/ 
mol (8 kJ/mol) between the two forms. 

What’s true for methylcyclohexane is also true for other monosubsti- 
tuted cyclohexanes: A substituent is almost always more stable in an equa- 
torial position than in an axial position. The exact amount of 1,3-diaxial 
steric strain in a specific compound depends, of course, on the nature and 
size of the axial group. Table 4.4 lists strain values for some common sub- 
stituents. As you might expect, the amount of steric strain increases through 
the series H3C-— < CH3CH»2- < (CH3)2CH- « (CH3)3C- in parallel with the 
increasing bulk of the successively larger alkyl groups. Note that the values 
in Table 4.4 refer to 1,3-diaxial interactions of the indicated group with a 
single hydrogen atom. These values must therefore be doubled to arrive at 
the amount of strain in a monosubstituted cyclohexane. 
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TABLE 4.4 Steric Strain Due to 1,3-Diaxial Interactions 

Bis ey 
Strain of one H-Y 3 1 
1,3-diaxial interaction 

a4 (kcal/mol) (kJ/mol) 

—F 0.12 0.5 

—C) 0.25 1.4 

—Br 0.25 1.4 

—OH 0.5 2.1 

—CHz3 0.9 3.8 

—CH,CH3 0.95 4.0 

—CH(CHs3)2 ey 4.6 

— C(CHs3)3 2.7 11.3 

—C,H; 1.5 6.3 

—COOH 0.7 2.9 

—=CN 0.1 0.4 
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4.15 Howcan you account for the fact (Table 4.4) that an axial tert-butyl substituent has 
much larger 1,3-diaxial interactions than isopropyl, but isopropyl is fairly similar 
to ethyl and methyl? Use molecular models to help with your answer. 

PROBLEM cro ane vete ot sie al cjereys o0)4 01's doje el ale¥al al elfay'sVo] «1 ale le mgel'e lo! sliay acai auate/ /suaiaeyel aiistatrats 

4.16 Why do you suppose an axial cyano substituent causes practically no 1,3-diaxial 
steric strain (0.1 kcal/mol)? 
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4.17 Look at Table 4.3 and calculate the percentages of axial and equatorial conformers 
present at equilibrium in fert-butylcyclohexane. 
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4.13 Conformational Analysis of 
Disubstituted Cyclohexanes 

Monosubstituted cyclohexanes usually have the substituent equatorial. In 
disubstituted cyclohexanes, however, the situation is more complex because 
the steric effects of both substituents must be taken into account. All steric 
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interactions in both possible conformations must be analyzed before deciding 
which conformation is favored. 

Let’s look first at 1,2-dimethylcyclohexane. There are two isomers, cis- 
1,2-dimethylcyclohexane and trans-1,2-dimethylcyclohexane, and we have 
to consider them separately. In the cis isomer, both methyl groups are on 
the same side of the ring, and the compound can exist in either of the two 
chair conformations shown in Figure 4.21. (Note that it’s often easier to see 
whether a compound is cis- or trans-disubstituted by first drawing a flat 
representation and then converting to a chair conformation.) 

4 3 Cc H 5 H <> CH, ‘ 

4 % 

2 = Ring-flip 

H H CH; teens 
6 1 58 1 

H 

cis-1,2-Dimethyl- One gauche interaction between CH3 One gauche interaction between CH; 

cyclohexane groups = 0.9 kcal/mol plus two groups = 0.9 kcal/mol plus two 

CH3—H 1,3-diaxial interactions; CH3—H 1,3-diaxial interactions; 

total strain = 0.9 + 1.8 = 2.7 kcal/mol total strain = 0.9 + 1.8 = 2.7 kcal/mol 

he Se eS 

Figure 4.21 Conformations of cis-1,2-dimethylcyclohexane. The 

two conformations are equal in energy since each has one axial 

methyl group and one equatorial methyl group. 

Both conformations of cis-1,2-dimethylcyclohexane in Figure 4.21 have 
one methyl group axial and one methyl] group equatorial. The conformation 
on the left has an axial methyl group at C2 that has 1,3-diaxial interactions 
with hydrogens on C4 and C6. The ring-flipped conformation on the right 
has an axial methyl group at Cl that has 1,3-diaxial interactions with 
hydrogens on C3 and C5. In addition, both conformations have gauche 
butane interactions between the two methyl] groups. The two conformations 

are exactly equal in energy, with a total steric strain of 2.7 kcal/mol (11.3 

kJ/mol). 
In trans-1,2-dimethylcyclohexane, the two methyl groups are on oppo- 

site sides of the ring, and the compound can exist in either of the two chair 
conformations shown in Figure 4.22. The situation here is quite different 
from that of the cis isomer. The trans conformation on the left in Figure 

4.22 has both methyl groups equatorial, and therefore it has only a gauche 

butane interaction between methyls and no 1,3-diaxial interactions. The 

conformation on the right, however, has both methyl groups axial. The axial 

methyl group at C1 interacts with axial hydrogens at C3 and C5, and the 

axial methyl group at C2 interacts with axial hydrogens at C4 and C6. 

These four 1,3-diaxial interactions make the diaxial conformation 3.6 — 

0.9 = 2.7 kcal/mol less favorable than the diequatorial conformation. We 

therefore predict that trans-1,2-dimethylcyclohexane will exist almost exclu- 

sively (> 99%) in the diequatorial conformation. 
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trans-1,2-Dimethylcyclohexane One gauche interaction between Four 1,3-diaxial 

CH3 groups = 0.9 kcal/mol interactions = 3.6 kcal/mol 

Figure 4.22 Conformations of trans-1,2-dimethylcyclohexane. The 

conformation with both methyl groups equatorial is favored by 2.7 

kcal/mol. 

PRACTICE 

The same kind of conformational analysis just carried out for 1,2- 

dimethylcyclohexane can be carried out for any substituted cyclohexane. 

For example, let’s look at cis-1-tert-butyl-4-chlorocyclohexane in the follow- 

ing practice problem. It turns out that the large amount of steric strain 

caused by an axial tert-butyl group effectively holds the cyclohexane ring 

in a single conformation. We can sometimes take advantage of this steric 

locking if we want to study the chemical reactivity of an immobile cyclo- 

hexane ring. 

PROBE Miraisee cote atetniescis io ot-pario)e) salmaaa vetidskc te) sieges fala\efeste 

What is the most stable conformation of cis-1-tert-butyl-4-chlorocyclohéxane, and by 

how much is it favored? 

Solution First draw the two chair conformations of the molecule. cis-1-tert-Butyl- 

4-chlorocyclohexane can exist in either of the two chair conformations indicated: 

H 

H H 

(CHg)3C H H Cl 

2 x 0.25 = 0.5 kcal/mol steric strain 2X 2.7 = 5.4 kcal/mol steric strain 

In the left-hand conformation, the tert-butyl group is equatorial and the chlorine is 

axial. In the right-hand conformation, the tert-butyl group is axial and the chlorine 
is equatorial. These conformations aren’t of equal energy because an axial tert-butyl 

substituent and an axial chloro substituent produce different amounts of steric strain. 
Table 4.4 shows that a single tert-butyl-hydrogen 1,3-diaxial interaction costs 2.7 
kcal/mol, whereas a single chlorine—hydrogen 1,3-diaxial interaction costs only 
0.25 kcal/mol. An axial tert-butyl group therefore induces (2 x 2.7) — (2 x 0.25) = 
4.9 kcal/mol more steric strain than does an axial chlorine, and the compound adopts 
the conformation having the chlorine axial and the tert-butyl equatorial. 
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4.18 Draw the most stable chair conformation of these molecules, and estimate the amount 
of 1,3-diaxial strain in each. 
(a) trans-1-Chloro-3-methylcyclohexane (b) cis-1-Ethyl-2-methylcyclohexane 
(c) cis-1-Bromo-4-ethylcyclohexane (d) cis-1-tert-Butyl-4-ethylcyclohexane 
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4.14 Boat Cyclohexane 
SSS a a 

In addition to chair cyclohexane, a second conformation known as boat 
cyclohexane is also free of angle strain. We haven’t paid it any attention 
thus far, however, because boat cyclohexane is much less stable than chair 
cyclohexane (Figure 4.23). 

Steric strain of hydrogens 
at Cl and C4 

CH, 
4 

fn is H H 
H CH, H Torsional 

rt tee & 5 - strain 

HH HH 
Observer 

Figure 4.23 The boat conformation of cyclohexane. There is no 

angle strain in this conformation, but there is both steric strain and 

torsional strain. 

There are two kinds of carbon atoms in boat cyclohexane. Carbons 2, 

3, 5, and 6 lie in a plane, with carbons 1 and 4 above the plane. The inside 
hydrogen atoms on carbons 1 and 4 approach each other closely enough to 
cause considerable steric strain, and the four pairs of hydrogens on carbons 
2, 3, 5, and 6 are eclipsed. Thus, boat cyclohexane has both steric strain and 
torsional strain. The Newman projection in Figure 4.23, obtained by sighting 
along the C2—C3 and C5—C6 bonds, shows this eclipsing clearly. 

Measurements indicate that boat cyclohexane is approximately 7.0 kcal/ 
mol (29 kJ/mol) less stable than chair cyclohexane, although this value is 

reduced to about 5.5 kcal/mol by twisting slightly, thereby relieving some 
torsional strain (Figure 4.24). Even the twist-boat conformation is still 
much more strained than the chair conformation, though, and molecules 

adopt this geometry only under special circumstances. 
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(a) Boat cyclohexane (b) Twist-boat cyclohexane 
(7.0 kcal/mol strain) (5.5 kcal/mol strain) 

SSeS a ee 

Figure 4.24 Boat and twist-boat conformations of cyclohexane. 

The twist-boat conformation is lower in energy than the boat 

conformation by 1.5 kcal/mol. Both conformations are much more 

strained than chair cyclohexane. 
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4.19 trans-1,3-di-tert-Butylcyclohexane exists largely in a twist-boat conformation. Why 
might this be? Draw the likely twist-boat conformation. 
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4.15  Conformations of Polycyclic 
Molecules 

The last point we'll consider about cycloalkane stereochemistry is what 
happens when two or more cycloalkane rings are fused together to construct 
a polycyclic molecule such as decalin. 

| CH. CH, 10 9 
HacM on “CH, ‘ i 4 

CH,| CH, eS 
H 

Decalin (two fused cyclohexane rings) 

Decalin consists of two cyclohexane rings joined together to share two 
carbon atoms (the bridgehead carbons, C1 and C6) and a common bond. 
Decalin can exist in either of two isomeric forms, depending on whether the 
rings are trans fused or cis fused. In trans-decalin, the hydrogen atoms at 
the bridgehead carbons are on opposite sides of the rings; in cis-decalin, the 
bridgehead hydrogens are on the same side. Figure 4.25 shows how both 
compounds can be represented using chair cyclohexane conformations. 

trans-Decalin 

cis-Decalin 

Figure 4.25 Representations of trans- and cis-decalin. 
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Note that trans- and cis-decalin are not interconvertible by ring-flips 
or other rotations. They are stereoisomers (Section 3.9) and bear the same 
relationship to each other that cis- and trans-1,2-dimethylcyclohexane do. 

Polycyclic compounds are extremely important, and many valuable sub- 
stances have fused-ring structures. For example, the steroids, such as cho- 
lesterol, have four rings—three six-membered and one five-membered— 
fused together. Though steroids look complicated compared with cyclo- 
hexane or decalin, they consist simply of chair cyclohexane rings locked 
together. The same principles that apply to the conformational analysis of 
simple cyclohexane rings apply equally well (and often better) to steroids. 

H3C 

CH3 

HO 

Cholesterol (a steroid) 

Another common fused-ring system is the norbornane or bicy- 
clo[2.2.1]heptane structure. Norbornane is a bicycloalkane, so called because 
two rings would have to be broken open in order to generate an acyclic 
structure. Its systematic name, bicyclo[2.2.1]heptane, reflects the fact that 
it has a total of seven carbons, is bicyclic, and has three “bridges” of 2, 2, 
and 1 carbon atoms connecting the two “bridgehead” carbons. 

A 2-carbon brid 
A 1-carbon bridge carbon bridge 

A 2-carbon bridge ——> 

QE Brideshead carbons 

Norbornane 

(bicyclo[2.2.1]heptane) 

Norbornane has a conformationally locked boat cyclohexane ring in 
which carbons 1 and 4 are joined by an extra —-CH.- group. Note how, in 
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drawing this structure, we show one bond crossing in front of another by 
indicating a break in the rear bond. Making a molecular model is partic- 
ularly helpful when trying to see the three-dimensionality of norbornane. 

Substituted norbornanes, such as camphor, are found widely in nature, 
and many have played important historical roles in developing organic struc- 
tural theories. 

HeCiowiOHe 

CH; 
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4.20 Which isomer is more stable, trans-decalin or cis-decalin? Explain your answer in 
terms of the steric interactions present in the two molecules. 
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4.16 Summary and Key Words 

Carbon—carbon single bonds in alkanes are formed by sigma overlap of two 
carbon sp? hybrid orbitals. Rotation is possible around sigma bonds because 
of their cylindrical symmetry, and alkanes therefore have a large number 
of rapidly interconverting conformations. Newman projections make it 
possible to visualize the spatial consequences of bond rotation by sighting 
directly along a carbon—carbon bond axis. The staggered conformation of 
ethane is 2.9 kcal/mol (12 kJ/mol) more stable than the eclipsed confor- 
mation because of torsional strain. In general, any alkane is most stable 
when all of its bonds are staggered. 

H HH 
H H Rotation QR 

—__—_> 

H H 
H H H H 

H 

Staggered ethane Eclipsed ethane 

Most organic molecules contain saturated rings. These alicyclic (ali- 

phatic cyclic) molecules have special characteristics that affect the chemistry 

they undergo. Combustion studies indicate that not all cycloalkanes are 

equally stable. Cyclopropane and cyclobutane are the least stable rings, 

whereas cyclopentane and the medium-sized rings (cycloheptane through 

cyclotridecane) all have varying degrees of strain. Cyclohexane and large 

rings (cyclotetradecane and above) are virtually strain-free. 
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Three different kinds of strain contribute to the overall energy level of 
a cycloalkane: (1) angle strain, the resistance of a bond angle to compression 
or expansion from the normal 109° tetrahedral value; (2) torsional strain, 
the energy cost of having neighboring C—H bonds eclipsed rather than stag- 
gered; and (3) steric strain, the result of the repulsive van der Waals inter- 
actions that arise when two groups try to occupy the same spatial position. 

Cyclopropanes are highly strained (27.6 kcal/mol) because of both angle 
strain and torsional strain. Cyclobutane is also highly strained (26.4 kcal/ 
mol) because of both angle strain and torsional strain. Cyclopentane is free 
of angle strain but has a large number of eclipsing interactions. Both cyclo- 
butane and cyclopentane pucker slightly away from planarity in order to 
relieve torsional strain. 

Cyclohexane rings are the most important of all ring sizes because of 
their wide occurrence. Cyclohexane is strain-free because of its puckered 
chair conformation, in which all bond angles are near 109° and all neigh- 
boring C—H bonds are staggered. Chair cyclohexane has two kinds of hydro- 
gens: axial and equatorial. Axial hydrogens are directed up and down, 
parallel to the ring axis, whereas equatorial hydrogens lie in a belt more 
or less along the equator of the ring. Each carbon atom has one axial and 
one equatorial hydrogen. 

Chair cyclohexanes are conformationally mobile and can undergo a 
ring-flip that interconverts axial and equatorial positions: 

Substituents on the ring are more stable in the equatorial pdsition, since 
axial substituents cause 1,3-diaxial steric strain. The amount of 1,3-diaxial 

strain caused by an axial substituent depends on its bulk. The stereochem- 
istry of cyclohexane and its derivatives is best learned by using molecular 
models to examine conformational relationships. 

ADDITIONAL PROBLEMG.....................0cceceeeeee ees 

4.21 

4.22 

4.23 

Define these terms in your own words: 

(a) Angle strain (b) Steric strain (c) Torsional strain 
(d) Heat of combustion (e) Conformation (f) Staggered 
(g) Eclipsed (h) Gauche butane 

Consider 2-methylbutane (isopentane). Sighting along the C2—C3 bond: 
(a) Draw a Newman projection of the most stable conformation. 

(b) Draw a Newman projection of the least stable conformation. 
(c) If a CH3—-CHs eclipsing interaction costs 2.5 kcal/mol and a CH3—-CH3; gauche 

interaction costs 0.9 kcal/mol, construct a quantitative diagram of energy versus 
rotation about the C2—C3 bond. 

What are the energy differences between the three possible staggered conformations 
around the C2—C3 bond in 2,3-dimethylbutane? 
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Construct a qualitative potential-energy diagram for rotation about the C-C bond 
of 1,2-dibromoethane. Which conformation would you expect to be more stable? Label 
the anti and the gauche conformations of 1,2-dibromoethane. 
Which conformation of 1,2-dibromoethane (Problem 4.24) would you expect to have 
the larger dipole moment? The observed dipole moment is mw = 1.0 D. What does 
this tell you about the actual structure of the molecule? 

The barrier to rotation about the C—C bond in bromoethane is 3.6 kcal/mol (15 kJ/ 
mol). 

(a) What energy value can you assign to an H-Br eclipsing interaction? 
(b) Construct a quantitative diagram of potential energy versus amount of bond 

rotation for bromoethane. 

Define these terms: 

(a) Axial bond (b) Equatorial bond 
(c) Chair conformation (d) 1,3-Diaxial interaction 

Draw a chair cyclohexane ring and label all positions as axial or equatorial. 

Why is a 1,3-cis disubstituted cyclohexane always more stable than its trans isomer? 

Why is a 1,2-trans disubstituted cyclohexane always more stable than its cis isomer? 

Which is more stable, a 1,4-trans disubstituted cyclohexane or its cis isomer? 

N-Methylpiperidine has the conformation shown. What does this tell you about the 
relative steric requirements of a methyl group versus an electron lone pair? 

e, 

N-Methylpiperidine 

Draw the two chair conformations of cis-1-chloro-2-methylcyclohexane. Which is 
more stable and by how much? 

Draw the two chair conformations of trans-1-chloro-2-methylcyclohexane. Which is 
more stable and by how much? 

B-Glucose contains a six-membered ring in which all of the substituents are equa- 
torial. Draw £-glucose in its more stable chair conformation. 

HO O CH,OH 

HO OH 

OH 

Glucose 

From the data in Tables 4.3 and 4.4, calculate the percentages of molecules that 
have their substituents in an axial orientation for these compounds: 
(a) Isopropylcyclohexane (b) Bromocyclohexane 
(c) Cyclohexanecarbonitrile, CgH,,CN (d) Cyclohexanol, CgH,,OH 

Assume that you have a variety of cyclohexanes substituted in the positions indi- 
cated. Identify the substituents as either axial or equatorial. For example, a 1,2-cis 
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relationship means that one substituent must be axial and one equatorial, whereas 
a 1,2-trans relationship means that both substituents are axial or both are equatorial. 

(a) 1,3-Trans disubstituted (b) 1,4-Cis disubstituted 
(c) 1,3-Cis disubstituted (d) 1,5-Trans disubstituted 
(e) 1,5-Cis disubstituted (f) 1,6-Trans disubstituted 

The diaxial conformation of cis-1,3-dimethylcyclohexane is approximately 5.4 kcal/ 
mol (23 kJ/mol) less stable than the diequatorial conformation. Draw the two possible 
chair conformations and suggest a reason for the large energy difference. 

Approximately how much steric strain does the 1,3-diaxial interaction between the 
two methyl groups (Problem 4.38) introduce into the diaxial conformation? 

In light of your answer to Problem 4.39, draw the two chair conformations of 1,1,3- 
trimethylcyclohexane and estimate the amount of strain energy in each. Which 

conformation is favored? 

We'll see in Chapter 11 that alkyl halides undergo an elimination reaction to yield 
alkenes on treatment with strong base. For example, chlorocyclohexane gives cyclo- 
hexene on reaction with NaNHg. 

ew ie eles Catt) + NaCl + NH, 

If axial chlorocyclohexanes are generally more reactive than their equatorial iso- 
mers, which do you think would react faster, cis-1-tert-butyl-2-chlorocyclohexane or 
trans-1-tert-butyl-2-chlorocyclohexane? Explain. 

We saw in Problem 4.20 that cis-decalin is less stable than trans-decalin. Assume 
that the 1,3-diaxial interactions in trans-decalin are similar to those in axial methyl- 
cyclohexane (one CH3~—H interaction costs 0.9 kcal/mol), and calculate the magnitude 
of the energy difference between cis- and trans-decalin. 

Using molecular models as well as structural drawings, explain why trans-decalin 
is rigid and cannot ring-flip, whereas cis-decalin can easily ring-flip. ; 

How many geometric isomers of 1,2,3,4,5,6-hexachlorocyclohexane are there? Draw 

the structure of the most stable isomer. 

Here’s a tough one. Explain the observation that the all-cis isomer of 4-tert-buty]l- 
cyclohexane-1,3-diol reacts readily with acetone and an acid catalyst to form an 
acetal, but that other stereoisomers do not react. 

oy He e0(CHa)s 0 
HO” CH,CCH, 

eS Hoos O 

An acetal 

In formulating your answer, draw the stable chair conformations of all four stereo- 
isomers and of the product acetal. Use molecular models for help. 

Increased substitution around a bond leads to increased strain. Take the four sub- 
stituted butanes listed below, for example. For each compound, sight along the 
C2-C3 bond and draw Newman projections of the most stable and least stable 
conformations. Use the data in Table 4.1 to assign strain energy values to each 
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conformation. Which of the eight conformations is most stable, and which is least 
stable? 
(a) 2-Methylbutane (b) 2,2-Dimethylbutane 
(c) 2,3-Dimethylbutane (d) 2,2,3-Trimethylbutane 

One of the two chair structures of cis-1-chloro-3-methylcyclohexane is more stable 
than the other by 3.7 kcal/mol. Which is it? What is the energy cost of a 1,3-diaxial 

interaction between a chlorine and a methyl group? 

The German chemist J. Bredt proposed in 1935 that bicycloalkenes such as 1-norbor- 
nene that have a double bond to the bridgehead carbon are too strained to exist. 
Make a molecular model of 1-norbornene and explain Bredt’s proposal. 

1-Norbornene 
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Chapter 5 

An Overview of 
Organic Reactions 

When first approached, organic chemistry can seem like a bewildering col- 
lection of facts—a collection of millions of compounds, dozens of functional 
groups, and a vast number of reactions. With study, though, it becomes 
evident that there are only a few fundamental concepts that underlie all 
organic reactions. 

Far from being a collection of isolated facts, organic chemistry is a 
beautifully logical subject unified by a few broad themes. When these themes 
are understood, learning organic chemistry becomes much easier and rote 
memorization can be avoided. The aim of this book is to point out the themes 
and to clarify the patterns that unify organic chemistry. We’ll begin by 
taking an overview of the fundamental kinds of organic reactions that take 
place and seeing how they can be described. 

Kinds of Organic Reactions 

140 

Organic chemical reactions can be organized in two ways: by what kinds of 
reactions occur and by how reactions occur. When beginning a study of the 
subject, it’s easier to look first at the kinds of reactions that take place. 
There are four particularly important kinds of organic reactions: additions, 
eliminations, substitutions, and rearrangements. 

Addition reactions occur when two reactants add together to form a 
single new product with no atoms “left over.” We can generalize the process 
as: 

These reactants ... to give this 
A + — ; 

add together... 2 C single product. 
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As an example of an important addition reaction that we’ll be studying soon, 
alkenes such as ethylene react with acids such as HBr to yield alkyl halides: 

H—Br 

+ 

These two H H Weuae 
reactants... \ / ae 

c=c H—C—C—H_ -:: add to give 
\ | this product. 

H H H H 

Ethylene Bromoethane 

(an alkene) (an alkyl halide) 

Elimination reactions are, in a sense, the opposite of addition reac- 
tions. Eliminations occur when a single reactant splits apart into two prod- 
ucts, a process we can generalize as: 

This one ... Splits apart to give 
reactant... a 2 ae these two products. 

As an example of an important elimination reaction, alkyl halides such as 
bromoethane split apart into an acid and an alkene when treated with base: 

are oe This one NaOH x te ... gives these 
—C— C— a =C + H—Br 

reactant... Hi 7 ‘i a oy . H—Br two products. 

HH Hi H 

Bromoethane Ethylene 
(an alkyl halide) (an alkene) 

Substitution reactions occur when two reactants exchange parts to 
give two new products, a process we can generalize as: 

These two reactants ID) Tee aS Ae Bas to give these two 

exchange parts... new products. 

As an example of a substitution reaction, alkanes such as methane react 
with chlorine gas in the presence of ultraviolet light to yield alkyl] chlorides. 
A -Cl group from chlorine substitutes for an —H group of methane, and two 
new products result: 

i i These two | Light ... give these 
—C—H + Cl—C]l —=. H—C—Cl + H—Cl 

reactants... H 1 a | two products. 

H H 

Methane Chloromethane 

(an alkane) (an alkyl halide) 
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5.2 How Organic Reactions Occur: : 

Rearrangement reactions occur when a single reactant undergoes a 
reorganization of bonds and atoms to yield an isomeric product, a process 

we can generalize as: 

This single reactant... A —> B_ ... gives this isomeric product. 

As an example of a rearrangement reaction, the alkene 1-butene can be 
converted into its constitutional isomer, 2-butene, by treatment with an acid 

catalyst: 

CH;CH, H HC H 

Bs Acid catalyst \ is 
C=C <——_ _— C=C 

e / yy 
H H H CH 

1-Butene 2-Butene 
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Classify these reactions as additions, eliminations, substitutions, or rearrangements: 

(a) CH3;3Br + KOH —~> CH30H + KBr 
(b) CH3;CH,OH —~ H,C—CH,z + H20 
(c) H,C—CHy, a Ho Te 1. CH3;CH3 
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Mechanisms 

Having looked at the kinds of reactions that take place, let’s now see how 
reactions occur. An overall description of how a specific reaction occurs is 
called a reaction mechanism. A mechanism describes in detail exactly what 
takes place at each stage of a chemical transformation. It describes which 
bonds are broken and in what order, which bonds are formed and in what 

order, and what the relative rates of the steps are. A complete mechanism 
must also account for all reactants used, all products formed, and the 
amounts of each. 

All chemical reactions involve bond breaking and bond making. When 
two reactants come together, react, and yield products, specific chemical 
bonds in the starting materials are broken, and specific chemical bonds in 
the products are formed. Fundamentally there are two ways that a covalent 
two-electron bond can break: A bond can break in an electronically sym- 
metrical way so that one electron remains with each product fragment, or 
a bond can break in an electronically unsymmetrical way so that both bond- 
ing electrons remain with one product fragment, leaving the other fragment 
with an empty orbital. The symmetrical cleavage is called a homolytic 
process, and the unsymmetrical cleavage is called a heterolytic process. 
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fi R Rieouny Homolytic bond breaking (radical) 
(% (one electron stays with each fragment) 

A eo AF nie Heterolytic bond breaking (polar) 
(two electrons stay with one fragment) 

Conversely, there are two ways that a covalent two-electron bond can 
form: A bond can form in an electronically symmetrical (homogenic) way 
when one electron is donated to the new bond by each reactant, or a bond 
can form in an electronically unsymmetrical (heterogenic) way when both 
bonding electrons are donated to the new bond by one reactant. 

Homogenic bond making (radical) ae 
Ay ig os (one electron donated by each fragment) 

- Terecn Heterogenic bond making (polar) 

oe on ee (two electrons donated by one fragment) 

Those processes that involve symmetrical bond breaking and bond mak- 
ing are called radical reactions. A radical (sometimes called a “free rad- 
ical”) is a species that contains an odd number of valence electrons and thus 
has a single, unpaired electron in one of its orbitals. Those processes that 
involve unsymmetrical bond breaking and bond making are called polar 
reactions. Polar reactions involve species that contain an even number of 
valence electrons and thus have only electron pairs in their orbitals. Polar 
processes are the more commonly encountered reaction type in organic chem- 
istry, and a large part of this book is devoted to their description. 

In addition to polar and radical reactions, there’s a third, less commonly 
encountered type called pericyclic reactions. Rather than explain pericyclic 
reactions now, though, we’ll study them in more detail at a later point. 

5.3 Radical Reactions and How They 
Occur 

Radical reactions are not as common as polar reactions, but they are never- 
theless quite important in organic chemistry, particularly in certain indus- 
trial processes. Let’s see how they occur. 

Although most radicals are electrically neutral, they are highly reactive 

because they contain an atom with an odd number of electrons (usually 
seven) in its outer shell, rather than a stable noble-gas octet. They can 

achieve the desired octet in several ways. For example, a radical might 
abstract an atom from another molecule, leaving behind a new radical. The 

net result is a radical substitution reaction: 

ae electron Unpaired electron 

Rad: + A: B —=> Rad:A +°B 

Reactant Substitution Product 

radical product radical 



144 CHAPTER 5 An Overview of Organic Reactions 

Alternatively, a reactant radical might add to an alkene, taking one 
electron from the alkene double bond and yielding a new radical. The net 
result is a radical addition reaction: 

Unpaired electron Unpaired electron 

( Rad 
\ / \ i 

Rad: + C=C —> —C—C: 
7 * 7, \ 

Reactant Alkene Addition product 
radical radical 

Let’s look at a specific example of a radical reaction to see its charac- 
teristics. The details of the reaction aren’t important at this point; it’s impor- 
tant only to see that radical reactions involve odd-electron species. 

5.4 An Example of a Radical Reaction: 
Chlorination of Methane 

The chlorination of methane is a typical radical substitution reaction. 
Although inert to most reagents, alkanes react readily with chlorine to give 
chlorinated alkane products: 

H H 
| 

arias, eet cy eee ise + H—Ck 

H H 

Methane Chlorine Chloromethane 

A more detailed discussion of this radical substitution reaction is given in 
Chapter 10. For the present, it’s necessary only to know that studies have 
shown alkane chlorination to be a multistep process involving radicals. 

Radical substitution reactions normally require three kinds of steps: an 
initiation step, propagation steps, and termination steps. 

1. Initiation—the initial production of radicals The initiation step 
begins the reaction by producing reactive radicals. In the present 
case, the relatively weak Cl—-Cl bond is homolytically broken by 
irradiation with ultraviolet light. Two reactive chlorine radicals are 
produced, and further chemistry ensues. 

2. Propagation steps—radicals undergo substitution reactions Once 
chlorine radicals have been produced in small amounts, propagation 
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steps take place. When a reactive chlorine radical collides with a 
methane molecule, it abstracts a hydrogen atom to produce HCl 
and a methyl radical (-CH3). This methyl radical reacts further 
with Cl, in another substitution step to give the product chloro- 
methane and a chlorine radical, which cycles back into the first 
propagation step. Once the sequence has been initiated, it becomes 
a self-sustaining cycle of repeating steps 2a and 2b, making the 
overall process a chain reaction. 

asl. + HCH, ——> Hct CH, 

b. -CHs + ensCR —- : Cl:CH, +: Cl: 

c. Repeat steps a and b over and over. 

3. Termination steps—the chain is broken Occasionally, two radicals 
might collide and combine to form a stable product in a termination 
step. When this happens, the reaction cycle is broken and the chain 
is ended. Such termination steps occur infrequently because the 
concentration of radicals in the reaction at any given moment is 
very small. Thus, the likelihood that two radicals will collide is also 
small. 

:Cl- + Clg. —— > CCH, > Possible termination steps 

H;C: = ‘CH; ee H3;C : CH, | 

Alkane chlorination is not a generally useful reaction because most 
alkanes (other than methane and ethane) have several different kinds of 

hydrogens, and mixtures of chlorinated products usually result in such cases. 
Nevertheless, radical chain reactions constitute a basic reaction type of 
considerable importance. 

The radical substitution reaction just discussed is only one of several 
different processes that radicals can undergo. The fundamental principle 
behind all radical reactions is the same, however: All bonds are broken and 

formed by reaction of odd-electron species. 

sligiatelese ie «bie bias lee) @ele/e 0. 0-626 016 4 010 0 ee 6 6816's olele « 8 'e) © @)nlee Bele 6 618.6 6 

When a mixture of methane and chlorine is irradiated, reaction commences imme- 

diately. When irradiation is stopped, the reaction gradually slows down but does not 
stop immediately. How do you account for this behavior? 

iy alalnl @ ele elelelslialé sb! ale) s)s\e ews sja.s 9 4 @ @ie 4 08 010 eee eae 6 #8) 0806) 0 6: d;10 asks 

Draw and name all monochloro products you would expect to obtain from reaction 
of 2-methylpentane with chlorine. 
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5.4 Radical chlorination of pentane is a poor way to prepare 1-chloropentane, 

see ewww eee 

CH;CH,CH,CH,CH,Cl, but radical chlorination of neopentane, (CH3)4C, is a good 
way to prepare neopentyl chloride, (CH3)3CCH,Cl. How do you account for this 

difference? 

i 

5.5 Polar Reactions and How They Occur 

Polar reactions occur as the result of attractive forces between positive and 
negative charges on molecules. In order to see how these reactions take 
place, we need first to recall our previous discussion of polar covalent bonds 
and then to look more deeply into the effects of bond polarity on organic 
molecules. 

Most organic molecules are electrically neutral; they have no net charge, 
either positive or negative. We saw in Section 2.4, however, that certain 
bonds within a molecule, particularly the bonds in functional groups, are 
polar. Bond polarity is a consequence of an unsymmetrical electron distri- 
bution in the bond and is due to the electronegativity of the atoms involved 
(Table 5.1, which repeats the information in Figure 2.3 for convenience). 

TABLE 5.1 Relative Electronegativities of Some Common Elements 

Atoms such as oxygen, nitrogen, fluorine, chlorine, and bromine are 

more electronegative than carbon. Thus, a carbon atom bonded to one of 
these electronegative atoms has a partial positive charge (5*), and the elec- 
tronegative atom has a slight negative charge (5~). Conversely, metallic 
elements are less electronegative than carbon. A carbon atom bonded to a 
metal therefore has a partial negative charge, and the metal has a partial 
positive charge: 

eo Mo 

| On | oT 
ev) SS eS 

where Y = O,N, Cl, Br, I where M = a metal such as Mg or Li 
/ 
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The polarity patterns of some common functional groups are shown in 
Table 5.2. 

TABLE 5.2 Polarity Patterns in Some Common Functional Groups 

Functional group 
structure 

Functional group 
Compound type structure Compound type 

d+ 5- \s f 57 

Alcohol he OTT Carbonyl C=O 
/ A 

Nituiox a + Alkene C=C Carboxylic acid aC 
Z, \ \ 

OH s- 
Symmetrical, nonpolar 

O &- 

i \ BFrt as ; : ét I Alkyl halide em (ex Carboxylic acid chloride fo. 

/ Cl s- 

3 \s <0 Or, 
Amine aN He Oar 

/ w) 
Aldehyde —C 

Noe bis 98% \ 
Ether —C—0O —C— H 

7 x 

Nitrile —C=N a 
Ester —C 

No et oC 
Grignard reagent —C—MegBr O—C 

/ 
P O 5- ae Nes a aif Alkyllithium —C—Li Ketone C 

This discussion of bond polarity is oversimplified in that we’ve consid- 
ered only bonds that are inherently polar due to electronegativity effects. 
Polar bonds can also result from the interaction of functional groups with 
solvents and with acids. For example, the polarity of the carbon—oxygen 
bond in methanol is greatly enhanced by protonation: 

H H 
RAF ing Reidy sehr: 

H—C~—O—H —— H—C—O+H :A™ 
te Z, 

H H H 

Protonated 

Methanol methanol cation 

(weakly polar C—O bond) (strongly polar C—O bond) 
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In neutral methanol, the carbon atom is somewhat electron-poor 
because the electronegative oxygen attracts carbon—oxygen bond electrons. 
In the protonated methanol cation, though, a full positive charge on oxygen 
strongly attracts electrons in the carbon—oxygen bond and makes the carbon 

much more electron-poor. 
Yet a further consideration is the polarizability (as opposed to polarity) 

of an atom. As the electric field around a given atom changes due to changing 
interactions with solvent or with other polar reagents, the electron distri- 
bution around that atom also changes. The measure of this response to an 
external influence is the polarizability of the atom. Larger atoms with 
more loosely held electrons are more polarizable than smaller atoms with 
tightly held electrons. Thus, iodine is much more polarizable than fluorine. 
This means that the carbon—iodine bond, although electronically symmet- 
rical according to the electronegativity table (Table 5.1), can nevertheless 
react as if it were polar. 

What does functional-group polarity mean with respect to chemical 
reactivity? Since unlike charges attract, the fundamental characteristic of 
all polar organic reactions is that electron-rich sites in the functional groups 
of one molecule react with electron-poor sites in the functional groups of 
another molecule. Bonds are made when the electron-rich reagent donates 
a pair of electrons to the electron-poor reagent, and bonds are broken when 
one of the two product fragments leaves with the electron pair. 

As we saw in Section 2.8, chemists normally indicate the electron-pair 
movement that occurs during a polar reaction by using curved arrows. A 
curved arrow indicates where electrons move as bonds in reactants are broken 
and bonds in products are formed. It means that an electron pair moves 
from the atom at the tail of the arrow to the atom at the head of the arrow 
during the reaction. 

This curved arrow shows that electrons are { 

moving from :B™ (electron-rich) to A* (electron-poor) 

ae ge — A: B 

Electrophile Nucleophile The electrons that moved from : B~ 
(electron-poor) (electron-rich) end up here in this new bond. 

In referring to the fundamental polar process and to the species involved, 
chemists have coined the words nucleophile and electrophile. A nucleophile 
is a reagent that is “nucleus-loving”; nucleophiles have electron-rich sites 
and can form a bond by donating a pair of electrons to an electron-poor site. 
Nucleophiles are often, though not always, negatively charged. An elec- 
trophile, by contrast, is “electron-loving”; electrophiles have electron-poor 
sites and can form a bond by accepting a pair of electrons from a nucleophile. 
Electrophiles are often, though not always, positively charged. 

If the definitions of nucleophiles and electrophiles sound similar to those 
given in Section 2.8 for Lewis acids and Lewis bases, that’s because there 
is indeed a correlation between electrophilicity—nucleophilicity and Lewis 
acidity—basicity. Lewis bases are electron donors and usually behave as 
nucleophiles, whereas Lewis acids are electron acceptors and usually behave 
as electrophiles. The major difference is that the terms electrophile and 
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nucleophile are normally used only when bonds to carbon are involved. We'll 
explore these ideas in more detail in Chapter 10. 

SASUS OLS S76). e) 9S! W'W8.O 8D) S76. VOL 6 6 10: 816.0 O06 0:6 We a:.0)\0).b dele 6)6'4.4 8 avai) e preiela.elncb: 

Identify the functional groups present in these molecules and show the direction of 
polarity in each. 

O 
| | 

(a) Acetone, CH3;CCH; (b) Ethyl propenoate, H,C—CHCOCH,CH; 
(c) Chloroethylene, H,C—CHCI1 
(d) Tetraethyllead, (CH3;CH2)4Pb (the “lead” in gasoline) 

See 5 a4 86m a 8) Ges) Seis) 5) ee) Se = Siwia) ee, wie).08 008 o) 6) 0,6 10.0. 0.8) dia 6 6 a. a9 0.6806 

Which of the following would you expect to behave as electrophiles and which as 
nucleophiles? 

(a) Ht (b) HO:- (c) :Brt 
(d) :NH; (e) CO, (f) Mg? 

5.6 An Example of a Polar Reaction: 
Addition of HBr to Ethylene 

Let’s look at a typical polar process, the addition reaction of ethylene with 
HBr that we saw earlier. When ethylene is treated with hydrogen bromide 
at room temperature, bromoethane is produced. Overall, the reaction can 
be formulated as follows: 

H H H Br 

C=C + H—Br os pay es lai 

H \H H 

Ethylene Hydrogen bromide Bromoethane 
(nucleophile) (electrophile) 

This reaction, an example of a general polar reaction type known as an 
electrophilic addition, can be understood in terms of the general concepts 
just discussed. We’ll begin by looking at the nature of the two reactants. 

What do we know about ethylene? We know from Section 1.10 that 

a carbon-carbon double bond results from orbital overlap of two sp?- 
hybridized carbon atoms. The sigma part of the double bond results from 
sp”—sp? overlap, and the pi part results from p—p overlap. 

What kind of chemical reactivity might we expect of carbon—carbon 
double bonds? We know that alkanes, such as ethane, are rather inert, 

because all valence electrons are tied up in strong, relatively nonpolar, 

carbon—carbon and carbon—hydrogen bonds. Furthermore, we know that 

the bonding electrons in alkanes are relatively inaccessible to external re- 

agents because they are sheltered in sigma orbitals between nuclei. 
The electronic situation in ethylene and other alkenes is quite different. 

For one thing, double bonds have greater electron density than single bonds 
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have—four electrons in a double bond versus only two electrons in a single 

bond. Equally important, the electrons in the pi bond are accessible to exter- 

nal reagents because they are located above and below the plane of the 

double bond rather than being sheltered between the nuclei (Figure 5.1). 

of : i oe fe =< 
Carbon-carbon sigma bond: 
stronger; less accessible bonding electrons Carbon-carbon pi bond: 

weaker; more accessible electrons 

SSeS a ee) 

Figure 5.1 A comparison of carbon—carbon single and double 

bonds. A double bond is both more electron-rich (nucleophilic) and 

more accessible to attack by external reagents than a single bond. 

Both electron richness and electron accessibility lead to a prediction of 
high reactivity for carbon—carbon double bonds. In the terminology of polar 
reactions just introduced, we might predict that carbon—carbon double bonds 
should behave as nucleophiles. That is, the chemistry of alkenes should be 
dominated by reaction of the electron-rich double bond with electron-poor 
reagents. This is exactly what we find: The most important reaction of 
alkenes is their reaction with electrophiles. 

What about HBr? As a strong mineral acid, HBr is a powerful proton 
(H*) donor. Since a proton is positively charged and electron-poor, it is a 
good electrophile. Thus, the reaction between H* and ethylene is a typical 
electrophile—nucleophile combination, characteristic of all polar reactions. 
(Although chemists often talk about “H*” when referring to acids, in fact 
there’s really no such species. Protons are always associated with another 
molecule for stability, for example with water in H30*.) 

We'll see more details about alkene electrophilic addition reactions 
shortly, but for the present we can look at the reaction as taking place by 
the pathway shown in Figure 5.2. The reaction begins when the alkene 
(ethylene) donates a pair of electrons from its C=C double bond to form a 
new single bond to H*. Note that the curved arrow in the first step of Figure 
5.2 indicates an electron pair moving from the double bond to form a single 
bond to hydrogen. 

One of the double-bond carbon atoms forms a new bond to the incoming 
hydrogen, but the other carbon atom, having lost its share of the double- 
bond electrons, is now trivalent, has only, six valence electrons, and is left 

with the positive charge. This positively charged species, a carbon cation or 
carbocation, is itself an electrophile that can accept an electron pair from 
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nucleophilic bromide anion to form a C-Br bond and give neutral bromo- 
ethane addition product. Once again, a curved arrow in Figure 5.2 shows 
the electron-pair movement from bromide anion to carbon. 

ip
a 

Bre 

H--
 

lal 

The electrophile Ht is attacked by i CSH 
the pi electrons of the double bond, 
and a new C-H sigma bond is | 
formed. This leaves the other carbon 
atom with a + charge and a vacant 

p orbital. :Br - 

at 

Carbocation 
Br- donates an electron pair to the intermediate 
positively charged carbon atom, 

forming a C—Br sigma bond and | 
yielding the neutral addition 
product. Br H 

Ss A 
At C are C a 

H’ VCH 
H H 

Se a eS ee 

Figure 5.2 The polar addition reaction of HBr and ethylene. The 

reaction takes place in two steps, both of which involve 

electrophile—nucleophile interactions. 

The electrophilic addition of HBr to ethylene is only one example of a 
polar process; there are many other types that we’ll study in detail in later 
chapters. Regardless of the details of individual reactions, all polar processes 
can be accounted for in the general terms just presented. To repeat: Polar 
reactions take place between an electron-poor site and an electron-rich site 
and involve the sharing of an electron pair from a nucleophile with an 
electrophile. 

Ceres eee eee reese reese rere eeeses eH ereeeee HEH EEE eHES EEE Eo EES 

5.7 What product would you expect from reaction of HBr with cyclohexene? 

C+ —: 
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5.7 Describing a Reaction: Rates and 
Equilibria 

All chemical reactions can be written as equilibrium processes. Starting 
materials can react to give products, and products can revert back to starting 
materials. The position of a chemical equilibrium is expressed by an equa- 
tion in which K,,, the equilibrium constant, is equal to the product concen- 
trations multiplied together, divided by the starting material concentrations 
multiplied together. For the generalized reaction 

aA + 6B == cC + dD 

we have 

K. = [Products] _ [C]*{D]¢ 
eq ~ [Reactants]  [A]*[B]® 

The equilibrium constant tells which side of the reaction arrow is ener- 
getically more favored. If K,, is larger than 1, then the product concentra- 
tions [C]*[D]¢ are larger than the reactant concentrations [A]{B]°, and the 
reaction proceeds as written from left to right. Conversely, if K,, is smaller 
than 1, the reaction does not take place as written. 

In the reaction of ethylene with HBr, for example, we can write the 
following equilibrium expression and can determine experimentally that 
the equilibrium constant at room temperature is approximately 7.5 x 107: 

H,C—=CH, + HBr => CH3CH,Br 

_ “{(CH.CH,Br] | ; 
Kea > “THB C=C 

Since K,, is relatively large, the reaction proceeds in the direction written 
and 99.999 997% of all ethylene molecules are converted into bromoethane 
molecules. Although we often speak of such reactions as “going to comple- 
tion,’ this is imprecise terminology since in practically no reaction does 
every molecule react. For practical purposes, though, equilibrium constants 
of greater than 10° can be considered to indicate “complete” reaction, since 
the amount of reactant left will be barely detectable (less than 0.1%). 

What determines the direction in which a reaction proceeds? In order 
for a reaction to have a favorable equilibrium constant and to proceed as 
written, the energy level of the products must be lower than the energy level 
of the starting materials. In other words, energy must be given off. The 
situation is analogous to that of a rock poised near the top of a hill. The 
rock is in a high-energy position because energy was required to raise it to 
the top. When it rolls downhill, it releases energy until it reaches a more 
stable low-energy position at the bottom. 
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The total amount of energy change during a reaction is called the stan- 
dard Gibbs free-energy change, AG°.! (The Greek letter delta, A, is the 
mathematical symbol for the difference between two numbers, in this case 
the difference between the free energy of the products and the free energy 
of the starting materials.) For a favorable reaction, AG° has a negative 
value, meaning that energy is released to the surroundings; for an unfa- 
vorable reaction, AG° has a positive value, meaning that energy is absorbed 
from the surroundings. 

Keg > 1; energy out: AG° negative 

Keg <1; energy in: AG® positive 

Because the equilibrium constant, K,,, and the free-energy change, AG°, 
both measure whether or not a reaction is favored, they are mathematically 
related: 

AG° = Free energy of products — Free energy of reactants 

AG’ = -RT In K,, ore Keita €) 

where R = 1.986 cal/degree - mol (8.309 J/degree - mol), the gas constant 

T = Absolute temperature in kelvins 

e = 2.718, the base of natural logarithms 

In K., = Natural logarithm of K,, 

As an example of how this mathematical relationship can be used, the 
reaction of ethylene with HBr has K,, = 7.5 x 10", and we can therefore 
calculate that AG° = —10.7 kcal/mol (—45 kJ/mol) at room temperature 

(298 K): 

Ke, = 1-0 * 10" and inKo, = 18.1 

AG* =RTiln Kus = —(1.986 cal/K - mol)(298 K)(18.1) 

—10,700 cal/mol = —10.7 kcal/mol 

1The superscript ° in AG° means that all components are in their standard states. For gases, 
the standard state is at 1 atm pressure; for solutions, the standard state is 1 M in concentration. 
The superscript is dropped and the free energy change is AG if a reaction is carried out under 
‘other than standard-state conditions. 



154 CHAPTER 5 An Overview of Organic Reactions 

To what is the energy change during a reaction due? The Gibbs free- 

energy change is attributable to a combination of two factors, an enthalpy 

factor, AH°, and an entropy factor, AS°: 

AG = AH® — TAS* 

where T is the absolute temperature in kelvins 

For the reaction of ethylene with HBr at room temperature (298 K), 

the values are AG° = —10.7 kcal/mol, AH°® = —20.1 kcal/mol, and AS° = 

—31.5 cal/K - mol: 

AG? = -10.7 kcal/mol 
AH° = —20.1 kcal/mol H,C=CH, + HBr =~ CH3CHoBr) yoo _ _9 9315 keal/K - mol 

T = 298K 

The enthalpy term, AH”, is called the heat of reaction and is a measure 
of the change in total bonding energy during a reaction. If AH” is negative, 
as in the reaction of HBr with ethylene, then the bonds in the product are 
stronger (more stable) than the bonds in the starting material, heat is 
evolved, and the reaction is said to be exothermic. If AH° is positive, the 
bonds in the product are weaker (less stable) than the bonds in the starting 
material, heat is absorbed, and the reaction is said to be endothermic. For 

example, if a certain reaction breaks reactant bonds with a total strength 
of 100 kcal/mol and forms new product bonds with a total strength of 120 
kcal/mol, then AH° for the reaction is —20 kcal/mol and the reaction is 

exothermic. [Remember: Breaking bonds takes energy, and making bonds 
releases energy. ] 

Strength of bonds broken: AH° = 100 kcal/mol 

Strength of bonds formed: AH® = —120 kcal/mol 

Net change = —20 kcal/mol 

The entropy term, AS°, is a measure of the change in the amount of 

molecular disorder or freedom of motion caused by a reaction. To illustrate 
with an elimination reaction of the type 

A — B+C 

there is more freedom of movement (disorder) in the products than in the 
reactant because one molecule has split into two. Thus, there is a net gain 
in entropy during the reaction, and AS° has a positive value. 

On the other hand, for an addition reaction of the type 

A+B— C 

the opposite is true. Because such reactions restrict the freedom of movement 
of two molecules by joining them together, the product has less disorder 
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than the reactants, and AS° has a negative value. The reaction of ethylene 

and HBr to yield bromoethane is such a process (AS° = —31.5 cal/K - mol). 
Of the two terms that make up AG’, the enthalpy term (AH°) is usually 

larger and more important than the entropy term (T'AS°) at normal reaction 
temperatures. Furthermore, enthalpy changes during reactions are rela- 
tively easily measured, and large compilations of data are available. For 
these reasons, the entropy contribution, TAS°, is sometimes ignored when 
making thermodynamic arguments, and chemists often make the simpli- 

fying assumption that AG° ~ AH”. Table 5.3 describes the thermodynamic 
terms more fully. 

TABLE 5.3 Explanation of Thermodynamic Quantities: AG° = AH° — TAS° 

Term 

AG® 

Name Explanation 

Gibbs free-energy change Overall energy difference between reactants and prod- 

AH* 

AS° 

PROBLEM 

(kcal/mol) ucts. When AG’ is negative, a reaction can occur spon- 
taneously. AG° is related to the equilibrium constant 
by the equation 

AG = -RT In Keq 

Enthalpy change Heat of reaction; the energy difference between strengths 
(kcal/mol) of bonds broken in a reaction and bonds formed 

Entropy change Overall change in freedom of motion or “disorder” re- 

(cal/degree - mol) sulting from reaction; usually much smaller than AH° 

Knowledge of equilibria and of the simple thermodynamic quantities 

that go into making up an equilibrium are extremely valuable, but it’s 

important to realize their limitations. What an equilibrium constant tells 

is the position of the equilibrium, or how much product is formed. What the 

equilibrium constant does not tell is the rate of reaction, or how fast the 

equilibrium is established. Some reactions are extremely slow even though 

they have favorable equilibrium constants. Gasoline is stable when stored, 

for example, because the rate of its reaction with oxygen is slow under 

normal circumstances. Under other circumstances, however, such as contact 

with a lighted match, gasoline reacts rapidly with oxygen and undergoes 

complete conversion to the equilibrium products water and carbon dioxide. 

Rates (how fast a reaction occurs) and equilibria (how much a reaction 

occurs) are entirely different. 

Rate — Is the reaction fast or slow? 

Equilibrium —- In what direction does the reaction proceed? 

Sea atiaMatiala ay Cia eei ake 66:6" oe wipe. 5) 810) 0 dis. <) ee (6M 610 6518 5 eho 4):8 ol.aye e,e 5.00) eye. i6)'s) 6) 

5.8 Which reaction is more favored, one with AG°® = —11 kcal/mol or one with AG®° = 

+11 kcal/mol? 
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Use your calculator to find the value of AG° at 298 K for reactions where K., = 
1000, K.g = 1, and K,, = 0.001. Then find the value of K., for reactions where 

AG? = -10 kcal/mol, AG° = 0 kcal/mol, and AG° = +10 kcal/mol. 

ee 

5.8 Describing a Reaction: Bond 
Dissociation Energies 

We’ve just seen that energy is released (negative AH’) when a bond is made 
and absorbed (positive AH°) when a bond is broken. The measure of 
the energy change on bond making or bond breaking is a quantity called 
the bond dissociation energy. Bond dissociation energy is defined as the 
amount of energy required to break a given bond to produce two radical 
fragments when the molecule is in the gas phase at 25°C. 

Bond dissociation 
A . B eee A atatef te B 

energy 

Each specific bond has its own characteristic strength, and extensive 
tabulations of bond-strength data are available. For example, a C—H 
bond in methane has a bond dissociation energy AH° = +104 kcal/mol 
(435 kJ/mol), meaning that 104 kcal/mol is required to break a C-H bond 

of methane to give the two radical fragments -CH3 and -H. Conversely, 
104 kcal/mol of energy is released when a methyl radical and a hydrogen 
atom combine to form methane. Table 5.4 lists some other bond-strength 
data. 

If enough bond dissociation energies were known, it would seem possible 
to calculate AH° for any hypothetical process, thereby avoiding a lot of time- 
consuming work in the laboratory. Unfortunately, there are two problems 
with using bond-strength data to calculate whether or not a reaction is 
favorable. First, the calculation says nothing about the rate of reaction, 
since a reaction may have a favorable AH° and still not take place. Second, 
bond dissociation energies refer to reactions occurring in the gas phase and 
aren’t directly relevant to solution chemistry. 

In practice, most organic reactions are carried out in solution, where 

solvent molecules can surround and interact with dissolved reagents, a phe- 
nomenon called solvation. Solvation can weaken bonds and cause large 
changes in the value of AH° for a given reaction. In addition, the entropy 
term, AS°, can also be affected by solvent molecules, since the solvation of 
polar reagents by polar solvents causes. a certain amount of orientation 
(reduces the amount of disorder) in the solvent. Although we can often use 
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TABLE 5.4 Bond Dissociation Energy Data for the Reaction A-B—>A-+B- 

Bond 

H—H 

add 

HCl 

H— Br 

H—I 

Cl—Cl 

Br— Br 

iI 

CH;— H 

CH;— Cl 

CH;— Br 

CH;— I 

CH;— OH 

CH;— NH, 

C,H;— 

C.H;— Cl 

C.H;— 

C,H;— I 

C2H;— OH 

(CH3)2,CH— H 

(CH3)eCH— Cl 

(CH3)2.CH— Br 

(CH3)3C— H 

(CH3)3C— Cl 

(CH3)3C— Br 

AH? AH? AH® 
(kcal/mol) || Bond (kcal/mol) || Bond (kcal/mol) 

104 (CH;);C=1 CH;— CH, 88 

103 H,.C=CH—C] 88 (CH3)2,CH— CH, 84 
88 H,C=CHCH,—H | 87 (CH;);C— CH; 81 

58 H,C—CHCH,— CH; 74 

46 a 
112 CHs 

104 
Cl 

84 97 CT CH,— CH; 

56 CH, —H 
91 CY 85 

80 CH;C —H 86 
98 CH2— Cl HO—H 119 

70 81 CY HO— OH 51 
68 CH,0 —H 102 
53 nF CH,S—H 88 ; 82 9 C.H;0 —H 103 
95 
iat OH || CT ae CH,C— CH, 77 
68 CH,CH,O0 — CH; 81 

91 HC=C—H 125 NH, —H 103 
79 H—CN 130 
65 

bond-strength data to get a rough idea of how thermodynamically favorable 
a given reaction might be, we have to keep in mind that the answer is only 
approximate. 

To take a familiar example, what do the thermodynamics look like for 
the reaction of gaseous HBr with gaseous ethylene? By totaling the energy 

released in making new bonds and the energy absorbed in breaking old 
bonds, we can calculate an approximate AH” for the overall reaction. 

Pip S Sanaa cae rp aL SES ELEN, 

| LiBr i ARY 
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H H H B 
ds / | ‘4 
pits . + HBr — H—C—C—H 

| H H HOH 

Bonds broken Bonds formed 

H—Br AH° = 87 kcal/mol C—H AH° = 99 kcal/mol 

1C—C AH°® = 62kcal/mol C—Br AH° = _ 68 kcal/mol 
AH? 149 kcal/mol AH° 167 kcal/mol 

Net change: = 149 — 167 = —18 kcal/mol 

I 

Since the bonds formed in the gas-phase reaction of HBr with ethylene 
are stronger than the bonds broken, we calculate that the reaction is favor- 
able by about —18 kcal/mol (—75 kJ/mol), in good agreement with the actual 
value of —20.1 kcal/mol. We can’t be certain that the reaction will actually 
take place, since the calculation says nothing about reaction rates, but it 

does, in fact, occur as written. 

PROBLEM erapet cre catetever eter ale rel oye faiteli oreWen vio fatal al clay olatsie Vel afe].< teil o fataveiia/s) stab ecaastets ie 

5.11 Calculate AH” for each step in the gas-phase radical substitution reaction of chlorine 

with methane (Section 5.4): 
(a) Cl ——> 2Cl- 
(b) CH, + Cl- —~ -CH; + HCl 
(c) *CH3; + Cl, —~> CH;Cl + Cl: 
(d) What is the overall AH° for the reaction? Consider only the propagation steps 

(b) and (c) in deciding your answer. 

5.12 Calculate AH° for these reactions: 

(a) -CH3;CH,OCH3 + HI —~> CH;CH,OH + CHsI 

(b) CH3Cl + NHz; ——~ CHsNH, + HCl 

| 

5.9 Describing a Reaction: Energy 
Diagrams and Transition States 

In order for a reaction to take place, reactant molecules must collide, and 
reorganization of atoms and bonds must occur. Let’s again look at the addi- 
tion reaction of HBr with ethylene: 

H locline’ H H H H 
* ye HS “sl | | N Brim | . 

—_——_> eee cece ea 
H H HoH H H 

Carbocation 
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As the reaction proceeds, ethylene and HBr must approach each other, the 
ethylene pi bond and H-Br bond must break, a new carbon—hydrogen bond 
must form in the first step, and a new carbon—bromine bond must form in 
the second step. 

Over the years, chemists have developed a method for graphically 
depicting the energy changes that occur during a reaction using reaction 
energy diagrams of the sort shown in Figure 5.3. The vertical axis of the 
diagram represents the total energy of all reactants, while the horizontal 
axis, called the reaction coordinate, represents the progress of the reaction 
from beginning (left) to end (right). Let’s take a careful look at the reaction, 
one step at a time, and see how the addition of HBr to ethylene can be 
described on a reaction energy diagram. 

Transition state 

—___—  Carbocation product 
+ 

CH3CH2 Br- 

Activation 

energy 

AG* 

Reactants 
H,C=CH, + HBr 

Reaction progress ———>— 

Se SS) 

Figure 5.3. A reaction energy diagram for the first step in the 

reaction of ethylene with HBr. The energy difference between 

reactants and transition state, AG?, controls the reaction rate. The 

energy difference between reactants and carbocation product, 

AG*°, controls the position of the equilibrium. 

At the beginning of the reaction, ethylene and HBr have the total 

amount of energy indicated by the reactant level on the left side of the 

diagram. As the two molecules crowd together and reaction commences, 

their electron clouds repel each other causing the energy level to rise. If the 

collision has occurred with sufficient force and proper orientation, the reac- 

tants continue to approach each other despite the rising repulsion until the 

new carbon—hydrogen bond starts to form. At some point, a structure of 

maximum energy is reached, a structure we call the transition state. 
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The transition state represents the highest-energy structure involved 

in the step, is unstable, and can’t be isolated. Nevertheless, we can imagine 

it to be a kind of activated complex of the two reactants in which the carbon— 

carbon pi bond is partially broken and the new carbon—hydrogen bond is 

partially formed (Figure 5.4). 

Figure 5.4 A hypothetical transition-state structure for the first 

step of the reaction of ethylene with HBr. The C—C pi bond is just 

beginning to break, and the C—H bond is just beginning to form. 

The energy difference between reactants and transition state is called 
the activation energy, AG*, and determines how rapidly the reaction 

occurs. (A double dagger superscript, *, always refers to the transition state.) 
A large activation energy corresponds to a large energy difference between 
reactants and transition state, and results in a slow reaction because few 
reacting molecules collide with enough energy to climb the high barrier. A 
small activation energy results in a rapid reaction because almost all react- 
ing molecules are energetic enough to climb to the transition state. 

The situation whereby reactants need enough energy to climb the acti- 
vation barrier from starting material to transition state is like the situation 
of hikers who need enough energy to climb over a mountain pass. If the 
pass is a high one, the hikers need a lot of energy and will surmount the 
barrier very slowly. If the pass is low, however, the hikers need less energy 
and will reach the top quickly. 

Although it’s difficult to generalize, most organic reactions have acti- 
vation energies in the range 10—35 kcal/mol (40-150 kJ/mol). The reaction 
of ethylene with HBr, for example, has an activation energy of approxi- 
mately 34 kcal/mol. Reactions with activation energies less than 20 kcal/ 
mol take place spontaneously at room temperature or below, whereas reac- 
tions with higher activation energies normally require heating. Heat pro- 
vides the energy necessary for the reactants to climb the activation barrier. 

Once the high-energy transition state has been reached, the reaction 
can either continue on to give the product or revert back to starting mate- 
rials. Since both choices are energetically downhill from the high point of 
the transition state, both are equally likely. If reversion to starting materials 
occurs, no net change in the system is observed. If, however, the reaction 
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continues on to give carbocation, energy is released as the new C—H bond 
forms fully, and the curve on the reaction energy diagram therefore turns 
downward until it reaches a minimum. 

This minimum point represents the energy level of the carbocation 
product of the first step. The energy change, AG°, between starting materials 
and carbocation is simply the difference between the two levels on the dia- 
gram. Since the carbocation is less stable than the starting alkene, the first 
step is endothermic, and energy is absorbed. 

Not all reaction energy diagrams are like that for the reaction of ethyl- 

ene and HBr. Each specific reaction has its own specific energy profile. Some 
reactions are very fast (low AG*) and some are very slow (high AG*); some 
have a negative AG° and some have a positive AG*. Figure 5.5 illustrates 
some different possibilities for energy profiles. Note in this figure the use 

Reaction progress ———> Reaction progress 

(a) 

Reaction progress ———> Reaction progress ———> 

(c) (d) 

ee ee 

Figure 5.5 Hypothetical reaction energy diagrams: 

(a) a fast exothermic reaction (small AG?, negative ING |p 

(b) a slow exothermic reaction (large AG*, negative AG‘); 

(c) a fast endothermic reaction (small AG#, small positive AG‘); 

(d) a slow endothermic reaction (large AG?, positive AG"). 
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eee eee renee 

of the words exothermic and endothermic to refer to reactions in which AG® 
is negative and positive, respectively. This usage is not strictly correct, since 
these words refer only to AH” and not to AG’. As mentioned earlier, though, 
chemists often make the simplifying assumption that AG° and AH® are 

approximately equal. 
It should be emphasized again that the overall energy change occurring 

during a reaction is measured by AG*, not AH°. Calculations of changes in 
bond dissociation energies (AH°) such as that done earlier for the reaction 
of ethylene and HBr (Section 5.8) are useful but can give only an indication 
as to whether or not a given reaction will have a favorable equilibrium 
constant. Such calculations don’t take solvent effects or entropy factors into 
account. 

ee ee ee ee er) 

Which reaction is faster: one with AG? = 45 kJ/mol or one with AG* = 70 kJ/mol? 
Is it possible to predict which of the two has the larger K.,? 

Bee eee ee me eee eee eee ee ee eee eee DEE eee eee O EEE ODE EH E HEE 

5.10 Describing a Reaction: Intermediates 

How can we characterize the carbocation structure formed in the first step 
of the reaction of ethylene with HBr? The carbocation is clearly different 
from the starting materials, yet it isn’t a transition state and it isn’t a final 
product. : 

HW (atv H H H H 
eA = tS eae :Br: Aah 

c=C SE Bre caer) Aa Sloman 

fs \ 
H H H H H H 

Reaction intermediate 

We call the carbocation, which is formed briefly during the course of 
the multistep reaction, a reaction intermediate. As soon as the interme- 
diate is formed in the first step by reaction of ethylene with H*, it reacts 
further with bromide ion in a second step to give the final product, bromo- 
ethane. This second step has its own activation energy, AG*, its own tran- 
sition state, and its own energy change, AG®. We can picture the second 
transition state as an activated complex between the electrophilic carbo- 
cation intermediate and the nucleophilic bromide anion, in which the bro- 
mide ion is donating a pair of electrons to the positively charged carbon 
atom and the new C-Br bond is just starting to form. 
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A complete energy diagram for the overall reaction of ethylene with 
HBr is shown in Figure 5.6. In essence, we draw diagrams for each of the 
individual steps and then join them in the middle so that the product of 
step 1 (the carbocation) serves as the starting material for step 2. As indicated 
in Figure 5.6, the reaction intermediate lies at an energy minimum between 
steps 1 and 2. Since the energy level of this intermediate is higher than the 
level of either starting material (ethylene + HBr) or product (bromoethane), 
the intermediate is reactive and cannot be isolated. It is, however, more 

stable than either of the two transition states that surround it. 

First transition state Carbocation intermediate 

Second transition state 

H,C—CH, + HBr 

Reaction progress 

Se ee eS) 

Figure 5.6 An overall reaction energy diagram for the reaction of 

ethylene with HBr. Two separate steps are involved, each with its 

own transition state. The energy minimum between the two steps 

represents the carbocation reaction intermediate. 

Each step in a multistep process can always be considered separately. 

Each step has its own AG* (rate) and its own AG*® (energy change). The 

overall AG® of the reaction, however, is the energy difference between initial 

reactants (far left) and final products (far right). This is always true regard- 

less of the shape of the reaction energy curve. Figure 5.7 illustrates some 

different possible cases. 

PRACTICE PROBLEM..........--:-scecceececee erste tenn en ee nsnces 

Sketch a reaction energy diagram for a one-step reaction that is very fast and highly 

exothermic. 
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Reaction progress Reaction progress 

(a) (b) 

Se ee ee 

Figure 5.7. Hypothetical reaction energy diagrams for some two- 

step reactions. The overall AG° for any reaction, regardless of 
complexity, is simply the energy difference between starting 
materials and final product. Note that reaction (a) is exothermic, 

whereas reaction (b) is endothermic. 

Solution A very fast reaction has a low AG}, and a highly exothermic reaction has 
a large negative AG®. Thus, the diagram will look like this: 

LD etsy aga 

PROBLEM 5 syst ss8vatave ies oasis aval ise ahnjnlaco.e) 9 lava oe felts enaieinle(elnlin) eel alareie(el uichekeinih feieielts 

5.14 Draw a reaction energy diagram for a two-step reaction with an endothermic first 
step and an exothermic second step. Label the parts of the diagram corresponding 
to starting material, product, and intermediate. 

PROBLEM. ss. uce*nisyeceih plard prane araletsarnsi ster elon tavioteinnan ren tinen yen erie salen, 

5.15 Draw a reaction energy diagram showing both propagation steps in the radical 
reaction of chlorine with methane. Is the overall AG° for this reaction positive or 
negative? Label the parts of your diagram corresponding to AG° and AG*. 

CH yn Olga CHCleHel 

COPS OHHH HEHE ETOH HEHEHE EE ET EEE OEE EEO HEHE ECE EEO SHEE OE OOS 
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5.11 Summary and Key Words 

There are four important kinds of reactions: additions, eliminations, sub- 
stitutions, and rearrangements. Addition reactions take place when two 
reactants add together to give a single product; elimination reactions take 
place when one reactant splits apart to give two products; substitution 
reactions take place when two reactants exchange parts to give two new 
products; and rearrangement reactions take place when one reactant 
undergoes a reorganization of bonds and atoms to give a new product. 

Addition A+B == C 

Elimination eens eer 6 

Substitution AB + 02D.) A= + Bt—-D 

Rearrangement A — B 

A full description of how a reaction occurs is called its mechanism. 
There are two kinds of mechanisms by which reactions can take place: 
radical mechanisms and polar mechanisms. Polar reactions, the most com- 
mon type, occur as the result of attractive interactions between an electron- 
rich (nucleophilic) site in the functional group of one molecule and an 
electron-poor (electrophilic) site in the functional group of another mole- 
cule. Bonds are formed in polar reactions when the nucleophile donates an 
electron pair to the electrophile. This movement of electrons is indicated by 
a curved arrow showing the direction of electron travel from the nucleophile 
to the electrophile. Radical reactions involve odd-electron species; bonds are 
formed when each reactant donates one electron to the new bond. 

Polar Bick oA ee 

Nucleophile Electrophile 

Radical B- + -A —> A:B 

The energy changes that take place during reactions can be described 

by considering both rates (how fast reaction occurs) and equilibria (how 
much reaction occurs). The position of a chemical equilibrium is determined 
by the magnitude of the Gibbs free-energy change (AG°) that takes place 
during reaction. The free-energy change is composed of two parts, AG° = 
AH° — TAS’. The enthalpy term (AH*) corresponds to the net change in 
strength of chemical bonds broken and formed during reaction. The entropy 
term (AS°) corresponds to the change in the amount of disorder during 

reaction. Since the enthalpy term is usually larger and more important than 
the entropy term, chemists often make the assumption that AG° ~ AH”. 

Reactions can be described pictorially using reaction energy diagrams 
that follow the reaction course from starting material through transition 
state to product. The transition state is an activated complex occurring at 
the highest-energy point during reaction. The amount of energy needed by 
reactants to reach this high point is the activation energy, AG‘. It is the 
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magnitude of AG* that determines the rate of the reaction: The higher the 
activation energy, the slower the reaction. Most organic reactions have acti- 
vation energies in the range of 10—35 kcal/mol. 

Many reactions take place in more than one step and involve the for- 
mation of reaction intermediates. An intermediate is a species that lies 
at an energy minimum between steps on the reaction curve and is formed 

briefly during the course of a reaction. 

ADDITIONAL PROBLEMS. ......................0cs sees eens 

5.16 

5.17 

5.18 

5.19 

5.20 

5.21 

5.22 

Identify the functional groups in these molecules: 

(a) CH;CH,C=N (b) ey a (c) ° ° 

CH;CCH,COCH; 

S C 
O NH; eo il 

Predict the direction of polarity of the functional groups you identified in Problem 
5.16. 

Identify these reactions as being additions, eliminations, substitutions, or rear- 

rangements: 

(a) CH3;CH,Br + NaCN —~> CH3CH,CN (+ NaBr) 

ao 

® (on Eesti \ i H,0) 

Cap an —— 

hie 

eos oa 

+ O,N—NO, odd (+ HNO,) 

Explain the differences between addition, elimination, substitution, and rearrange- 

ment reactions. 

Define the following: 

(a) Polar reaction (b) Heterolytic bond breakage 
(c) Homolytic bond breakage (d) Radical reaction 
(e) Functional group (f) Polarization 

Give an example of each of the following: 
(a) A nucleophile (b) An electrophile 
(c) A polar reaction (d) A substitution reaction 
(e) A heterolytic bond breakage (f) A homolytic bond breakage 

Classify the following as either nucleophiles or electrophiles. 

(a) +Cls- (b) BFs (c) HO: (d) CH3NH, 
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5.24 

5.25 

5.26 

5.27 

5.28 

5.29 

5.30 

5.31 

5.32 
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Drawa reaction energy diagram for a one-step endothermic reaction. Label the parts 
of the diagram corresponding to reactants, products, transition state, AG°, and AG*. 
Is AG° positive or negative? 

Drawa reaction energy diagram for a two-step exothermic reaction. Label the overall 
AG*, transition states, and intermediate. Is AG° positive or negative? 
Describe the difference between a transition state and an intermediate. 

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

Draw a reaction energy diagram for a reaction with K.q = 1. What is the value of 
AG* in this reaction? 

Look at the reaction energy diagram shown here and answer the following questions: 

Reaction progress 

(a) Indicate AG° for the reaction. Is it positive or negative? 
(b) How many steps are involved in the reaction? 
(c) Which step is faster? 

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

Use the information in Table 5.4 to calculate AH? for these reactions: 

(a) CH30H + HBr —~ CHsBr + HO 

(b) CH;CH,OH + CH3;Cl —~ CH3;CH,OCH; + HCl 

Use the information in Table 5.4 to calculate AH° for the reaction of ethane with 

chlorine, bromine, and iodine: 

(a) CH3;CH3 + Cle ——~ CH3CH,Cl + HCl 

(b) CH;CH3 + Brg ——> CH;CH,Br + HBr 

(c) CH3;CH; cle I, —?> CH3CH,I a HI 

What can you conclude about the relative ease of chlorination, bromination, and 
iodination? 

An alternative course for the reaction of bromine with ethane could result in the 

formation of bromomethane: 

H;,C—CH3 Sf Bro ae 2 CH3Br 

Calculate AH° for this reaction, and comment on how it compares with the value 
you calculated in Problem 5.30 for the formation of bromoethane. 

Radical chlorination of alkanes is of interest mechanistically but is of little general 
utility because mixtures of products usually result when more than one kind of C-H 
bond is present in the substrate. Calculate approximate AH°® values for the possible 
monochlorination reactions of 2-methylbutane. Use the bond dissociation energies 
measured for CH;CH,—H, H-CH(CH3)., and H-C(CH3)3 as representative of typical 
primary, secondary, and tertiary C—H bonds. 
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5.33 

5.34 

5.35 

5.36 

Give the IUPAC name for each of the products formed in Problem 5.32. 

Despite the limitations of radical halogenation of hydrocarbons, the reaction is still 

useful for synthesizing certain halogenated compounds. For which of the following 

compounds does radical halogenation give a single monohalogenation product? 

(a) CoHg (b) CH;CH,CH, (c) (a 

(d) (CH3)3CCH2CHs (e) CH3 (f) CH3;C=CCHs3 

Ft 
We’ve said that the chlorination of methane proceeds by the following steps: 

(ay Cl, = ocr 
(b) Cl: + CH, ——> HCl + -CHs 
(c) -CH, + Cle — > CH;Cl + Cl- 

Alternatively, one might propose a different series of steps: 

(d) Cl —~> 2Cl: 
(e) Cl: + CH, ——> CH;Cl + H: 
(f) H- + Cl, —~> HCl + Cl: 

Calculate AH° for each step in both possible routes. What insight does this provide 

into the relative merits of each route? 

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

Isopropylidenecyclohexane Plsoproptleyclohexcae 

5.37 

At equilibrium, the product mixture contains about 30% isopropylidenecyclohexane 
and about 70% 1-isopropylcyclohexene. 

(a) What kind of reaction is occurring? Is the mechanism polar or radical? 
(b) Draw curved arrows to indicate electron flow in each step. 
(c) Calculate K,, for the reaction. 
(d) Use Table 5.4 to calculate AH° for the reaction. 

(e) Since the reaction occurs slowly at room temperature, what is its approximate 

AG*? 
(f) Draw a quantitative energy diagram for the reaction. 

2-Chloro-2-methylpropane reacts with water in a two-step process to yield 2-methyl- 
2-propanol. The first step is slower than the second, the reaction takes place slowly 
at room temperature, and the equilibrium constant is near 1. 

CH; CH; CH, 
| H.O | 

CH,—C—Cl == | CH,;—C* - Saal + HCl 
| | | 
CHs CH CH; 

2-Chloro-2-methylpropane 2-Methyl1-2-propanol 
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(a) Give approximate values for the AG* and AG” that are consistent with the above 

information. 
(b) Draw a reaction energy diagram, labeling all points of interest and making sure 

that the relative energy levels on the diagram correspond to the known data. 

The reaction of hydroxide ion with chloromethane to yield methanol and chloride 
ion is an example of a general reaction type called a nucleophilic substitution 
reaction. 

HO- + CH3;Cl = = CH;0H + Cl- 

The value of AH° for the reaction is —18 kcal/mol and the value of AS° is +13 cal/ 

mol - K. What is the value of AG° at 25°C (298 K)? Is the reaction exothermic or 

endothermic? 

Use the value of AG® you calculated in Problem 5.38 to find the equilibrium constant 

K,, for the reaction of hydroxide ion with chloride ion. 
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Alkenes: Structure 
and Reactivity 

Alkenes are hydrocarbons that contain a carbon—carbon double bond func- 
tional group. The word olefin is often used as a synonym in the chemical 
literature, but alkene is the generally preferred term. Alkenes occur abun- 
dantly in nature, and many have important biological roles. For example, 
ethylene is a plant hormone that induces ripening in fruit, and a-pinene is 
the major component of turpentine. 

H H 

C=C 

H H 

Ethylene a-Pinene 

Life itself would be impossible without such alkenes as B-carotene, a 
compound that contains 11 double bonds. B-Carotene, the orange pigment 
responsible for the color of carrots, serves as a valuable dietary source of 
vitamin A and is thought to offer some protection against certain types of 
cancer. 

SS NS SOS eS ES oe 

B-Carotene 
(orange pigment and vitamin A precursor) 

170 



6.1 Industrial Preparation and Use of Alkenes 171 

Industrial Preparation and Use of 
Alkenes 

Ethylene (ethene) and propylene (propene), the simplest alkenes, are the 
two most important organic chemicals produced industrially. More than 35 
billion pounds of ethylene and 20 billion pounds of propylene are produced 
each year in the United States for use in the synthesis of polyethylene, 
polypropylene, ethylene glycol, acetic acid, acetaldehyde, and a host of other 

raw materials (Figure 6.1). 

CH3;CH,0H Ethanol 
CH3;CHO Acetaldehyde 
CH;COOH Acetic acid 

O 

CH.2CH, Ethylene oxide 

H,C=CH,——> }\ HOCH,CH,0H Ethylene glycol 
Cl1CH,CH,Cl Ethylene dichloride 

Ethylene H,C=CHCl Vinyl chloride 
(30.5 billion Ib/yr) 

CH;CH —— CH, 

Propylene 

(14.9 billion Ib/yr) 

i 
Vinyl acetate 

+ CH,CH,CH,CH2+ Polyethylene 

CH;CH(OH)CH3 Isopropyl! alcohol 

O 
Ay 

CH3;CH—CHg, Propylene oxide 

: CH(CHs3)2 

CH3 CHs3 
| | 

--CHCH,CHCH,-> 

Se 

Figure 6.1 Compounds derived industrially from ethylene (ethene) 

and propylene (propene). 

Cumene 

Polypropylene 

Ethylene, propylene, and butene are synthesized industrially by ther- 

mal cracking of both natural gas (C,—Cy, alkanes) and straight-run gasoline 

(C4—Cg n-alkanes): 

CH3(CH2),CH3 

n = 0=6 

850—900°C 

Steam 
Ho ate CH, e H,C=CH, 

ats CH;CH=CHg, + CH;CH,CH = CHa 
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Thermal cracking, introduced in 1912, takes place in the absence of 
catalysts at temperatures up to 900°C. Although it undoubtedly involves 
radical reactions, the exact processes are complex. Evidently, the high- 
temperature reaction conditions cause spontaneous homolysis of carbon— 
carbon and carbon—hydrogen bonds, with resultant formation of smaller 
fragments. We might imagine, for instance, that a molecule of butane could 
split into two ethyl radicals, which could then each lose a hydrogen atom 

to generate two molecules of ethylene and Ho: 

H 

900°C | 
CH;CH,—CH,CH; ——> 2CH,—CH: —~> 2H,C=CH, + He 

Thermal cracking is an example of a reaction whose energetics are 
dominated by entropy (AS°) rather than by enthalpy (AH°) in the free-energy 
equation AG° = AH° — TAS°. Although the bond dissociation energy AH® 
for a carbon—carbon single bond is high (about 88 kcal/mol), the large pos- 
itive entropy change resulting from the fragmentation of one large molecule 
into several smaller pieces, together with the extremely high temperature, 
T, makes the TAS” term larger than the AH° term. As a result, the cracking 
reaction is favored. 

6.2 Calculating the Degree of 
Unsaturation 

Because of its double bond, an alkene has fewer hydrogens than an alkane 
with the same number of carbons—C,,H2, for an alkene versus C,,H2,+9 for 
an alkane—and is therefore referred to as unsaturated. Ethylene, for 
instance, has the formula C2H,, whereas ethane has the formula CoHe: 

ae | ond 
C=C H—C—C—H 

ih \ al 
H H H H 

Ethylene: C.H, Ethane: CoH, 

(fewer hydrogens—unsaturated) (more hydrogens—saturated) 

In general, each ring or double bond in a molecule causes a pair of 
hydrogens to be removed from the alkane formula C,H»2,42. Knowing this 
relationship, it’s possible to work backward from a molecular formula to 
calculate the degree of unsaturation of a molecule—the number of rings 
and/or multiple bonds present in an unknown. 

Let’s assume that we want to find the structure of an unknown hydro- 
carbon. A molecular weight determination on the unknown yields a value 
of 82, which corresponds to a molecular formula of CgHj9. Since the satu- 
rated Cg alkane hexane has the formula CgH,4, we can calculate that the 
unknown compound has two fewer pairs of hydrogens (H,4 — Hj) = Hy = 
2 H,) and its degree of unsaturation is two. The unknown therefore contains 
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two double bonds, one ring and one double bond, two rings, or one triple 
bond. There’s still a long way to go to establish structure, but the simple 
calculation has told us a lot about the molecule. 

peo O} <I> oon 
4-Methy]1-1,3-pentadiene Cyclohexene Bicyclo[3.1.0]hexane 4-Methyl-2-pentyne 

(two double bonds) (one ring, one (two rings) (one triple bond)) 
double bond) 

CgHi0 

Similar calculations can be carried out for compounds containing ele- 
ments other than just carbon and hydrogen. 

1. Organohalogen compounds, C, H, X, where X = F, Cl, Br, or I: Since 
a halogen substituent is simply a replacement for hydrogen in an 
organic molecule (both are monovalent), we can add the number of 
halogens and hydrogens to arrive at an equivalent hydrocarbon 
formula from which the number of double bonds and/or rings can 

be found. For example, the alkyl halide formula C,HgBrg is equiv- 
alent to the hydrocarbon formula C,Hg and thus has one degree of 
unsaturation: 

Replace 2 Br by 2 H 

BrCH,CH—CHCH2Br = HCH,CH=CHCH,H 

C4HeBro = “C,H,” One unsaturation: 

Add one double bond 

2. Organooxygen compounds, C, H, O: Since oxygen is divalent, it 

doesn’t affect the formula of an equivalent hydrocarbon and can be 

ignored when calculating the degree of unsaturation. The easiest 

way to convince yourself of this is to see what happens when an 

oxygen atom is inserted into an alkane C-C or C-H bond: There’s 

no change in the number of hydrogen atoms. For example, the for- 

mula C;H,O is equivalent to the hydrocarbon formula C5Hg and 

thus has two degrees of unsaturation: 

O removed from here 

J 
H.C —CHCH =CHCH,—H ll H,C —=CHCH =CHCH,0H 

C;HgO = “C;H,” Two unsaturations: 

two double bonds 

3. Organonitrogen compounds, C, H, N: Since nitrogen is trivalent, an 

organonitrogen compound has one more hydrogen than an equiv- 

alent hydrocarbon has, and we therefore subtract the number of 
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PROBLEM... 

6.1 

PROBLEM... 

6.2 

PROBLEM... 

nitrogens from the number of hydrogens to arrive at the equivalent 
hydrocarbon formula. Again, the best way to convince yourself of 
this is to see what happens when a nitrogen atom is inserted into 
an alkane bond: Another hydrogen atom is required to fill the third 
valency on nitrogen, and we must therefore mentally subtract this 
extra hydrogen atom to arrive at the equivalent hydrocarbon for- 
mula. For example, the formula C5H»N is equivalent to C;Hg and 
thus has two degrees of unsaturation: 

H CH H CH, H 

ae Modu t hn 
coe i one 

H~ ~CH, N—H H~ ~CHAH 
| N 
H | Removed 

H 

CsHyN = “CsH,” Two unsaturations: one ring 
and one double bond 

ee ee ee ee or et 

Calculate the degree of unsaturation in these hydrocarbons: 

(a) CgHi4 (b) C5He (c) CizHe0 

(d) CooH32 (e) C4oHs6, B-carotene 

Smee we mee eee eee eee eee Ee EEE EE EEE HEHEHE EEE EEE EEE EE ED 

Calculate the degree of unsaturation in these formulas, and then draw as many 
structures as you can for each. { 

(a) C4Hes (b) C4H¢ (c) C3H, 

Cee ww meee ee eee ewe wee ee eee eee EEE eH EEE HEHE EEE EEE EEE 

Calculate the degree of unsaturation in these formulas: 
(a) CgH;N (b) CgHsNO2 (c) CgHgCl3 

(d) CoH 6Br2 (e) CyoHi2N203 (f) Czo9H3202 

6.3 Nomenclature of Alkenes 

Alkenes are named according to a series of rules similar to those developed 
for alkanes, with the suffix -ene used instead of -ane to identify the family. 
There are three steps: 

Step 1 Name the parent hydrocarbon. Find the longest carbon chain 
containing the double bond, and name the compound accord- 
ingly, using the suffix -ene: 
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CH3CH2 H CH3;CH,; H tion4 Hi en 
C=C C=C 

“a \ / a 
CH;CH,CH, H CH3CH2CH, H 

Named as a pentene NOT as a hexene, since the 
double bond is not contained 

in the six-carbon chain 

Step 2 Number the carbon atoms in the chain, beginning at the end 
nearer the double bond. If the double bond is equidistant from 
the two ends, begin at the end nearer the first branch point. 
This rule assures that the double-bond carbons receive the low- 
est possible numbers: 

CH3 
| 

CH;CH,CH,CH —CHCH3 CH;3;CHCH —CHCH,CH3 
6 5 4 3 eae 1 2 38 xD 6 

Step 3 Write the full name, numbering the substituents according to 
their position in the chain and listing them alphabetically. Indi- 
cate the position of the double bond by giving the number of 
the first alkene carbon. If more than one double bond is present, 
indicate the position of each and use the suffixes -diene, -triene, 

tetraene, and so on. 

iy 
CH3;CH,CH,CH—CHCH; CH;CHCH —=CHCH,CHs3 
Ge 5 4593 2ehi 2 “e A a6 

2-Hexene 2-Methy1-3-hexene 

CH3CH2 H 
\ ii 
oe =—C 1 sia: 

CH3CH2CH2 H H,C —C—CH—CH, 
5 4 3 1 2 3 4 

2-Ethy!-1-pentene 2-Methy1-1,3-butadiene 

Cycloalkenes are named in a similar way, but because there’s no chain 

end to begin from, we number the cycloalkene so that the double bond is 

between C1 and C2 and the first substituent has as low a number as possible: 

6 5 
; 1 CHs 5 1 4 ‘ 

CH; 

4 2 4 2 3 

3 3 = 

1-Methylcyclohexene 1,4-Cyclohexadiene 1,5-Dimethylcyclopentene 
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PROBLEM... 

For historical reasons, there are a small number of alkenes whose 
names, though firmly entrenched in common usage, don’t conform to strict 
rules of nomenclature. For example, the alkene derived from ethane should 
properly be called ethene, but the name ethylene has been used so long that 
it is accepted by IUPAC. Table 6.1 lists several other common names that 
are often used and that are recognized by IUPAC. Note that a =CH2 sub- 
stituent is called a methylene group, a H,C=CH- substituent is called a 
vinyl group, and a Hx»C=CH-CH,- substituent is called an allyl group: 

Hypa H,C=CH=- H,c=CH—CH,+ 

A methylene group A vinyl group An allyl group 

TABLE 6.1 Common Names of Some Alkenes® 

Compound Systematic name Common name 

H,C=CH, Ethene Ethylene 

CH;CH=CH, Propene Propylene 

CH; 

eee CH, 2-Methylpropene Isobutylene 

CH3 

HC = ‘ —CH=CH, 2-Methyl-1,3-butadiene Isoprene 

CH;CH=CHCH=CH, 1,3-Pentadiene Piperylene, 

H,C= CH= Ethenyl Vinyl (an alkenyl group) 

H,C=CH—CH,+ 2-Propeny] Allyl 

H.C + Methylene 

CH3;CH = Ethylidene 

*Both common and systematic names are recognized by IUPAC. 

TPE OHHH EEE EEE EHH R ee OH eee Dee ee eeeee 

Give proper IUPAC names for these compounds: 

H3;C CHg3 CH3 

(a) H2C= ater ee (b) CHsCH,CH= CcHLCH, 

Ou, | 
CH; CH3 
| | 

(c) CH;CH=CHCHCH=CHCHCH3 
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PROBLEM Stes See Se OMe e eee eee SAT Tee ae Tee UGE Maa SEES) 0) @0 Ue elas a hie alenei ee levers (ete 6 

6.5 Draw structures corresponding to these IUPAC names: 
(a) 2-Methyl-1,5-hexadiene (b) 3-Ethyl-2,2-dimethyl-3-heptene 
(c) 2,3,3-Trimethyl-1,4,6-octatriene (d) 3,4-Diisopropy]l-2,5-dimethyl-3-hexene 
(e) 4-tert-Butyl-2-methylheptane 

6.6 Name these cycloalkenes: 

(a) (b) CH; (c) CH 
C1 ; CH; Gnas 

CH; 
SG Oh 01e Ste aS = mle 6.80 BU © © eels a) 014/06 0.00 010 « s 016 6 ele 06.6 b oes 6 6.816 0 8:6 06 le 6 0 ote ee 

6.4 Electronic Structure of Alkenes 

We saw in Section 1.10 that the carbon atoms in a double bond are sp? 
hybridized and have three equivalent orbitals that lie in a plane at angles 
of 120° to one another. The fourth carbon orbital is an unhybridized p orbital, 
which is perpendicular to the sp? plane. When two such carbon atoms 
approach each other, they form two kinds of bonds: a sigma bond, formed 
by head-on overlap of sp? orbitals, and a pi bond, formed by sideways overlap 
of p orbitals. As is always true when orbitals overlap, both bonding and 
antibonding molecular orbitals result (Section 1.7). Only the bonding com- 
binations are filled, however; the higher-energy antibonding orbitals remain 
vacant (Figure 6.2). 

As you might expect, a carbon—carbon double bond is both stronger (152 
kcal/mol versus 88 kcal/mol; 636 kJ/mol versus 368 kJ/mol) and shorter 
(1.33 A versus 1.54 A) than a carbon-carbon single bond. Table 6.2 compares 
the experimentally determined bond parameters of ethylene and ethane. 
The doubly bonded carbons and the four atoms attached to them lie in a 
plane, with bond angles of approximately 120°. 

TABLE 6.2 Molecular Parameters for Ethylene and Ethane? 
=a ee Oe es ee oe a 

Ethylene Ethane 

H—C—H bond angle (degrees) 116.6 109.3 qoc=CN 

H—C—C bond angle (degrees) 120K 109.6 
Ethylene 

C—C bond strength (kcal/mol) 152 88 

C—C bond length (A) T33 1.54 - 7 

C—H bond strength (kcal/mol) 107 98 HO ~ rhe 

C—H bond length (A) 1.076 1.10 ee ‘a 

2The double bond is both stronger and shorter than the single bond. Ethane 
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sp’-hybridized carbon 4 e 

Po : SS A 

o* Antibonding orbital a* Antibonding orbital 

a> 

o Bonding orbital a Bonding orbital 

Figure 6.2. An orbital picture of the carbon—carbon double bond. 

Both sigma and pi bonding molecular orbitals are filled. The 
antibonding combinations are unfilled. 

We know from Section 4.1 that relatively free rotation is possible around 
sigma bonds and that open-chain alkanes like butane therefore have many 
rapidly interconverting conformations. The same is not true for double 
bonds, however: Carbon—carbon double bonds do not have circular cross- 
sections, and rotation is therefore restricted (Figure 6.3). 

If we were to force rotation to occur around a double bond, we would 
need to break the pi bond temporarily (Figure 6.4). Thus, the barrier to 
double-bond rotation must be at least as great as the strength of the pi bond 
itself. 

We can make a rough estimate of how much energy is required to break 
the pi bond of an alkene by subtracting the value for the strength of an 
average carbon-carbon sigma bond (88 kcal/mol) from the total bond 
strength value for ethylene (152 kcal/mol). This calculation predicts an 
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Carbon-carbon single 
bond; circular 
cross-section 

Carbon-carbon double 
bond; unsymmetrical 
cross-section 

Figure 6.3 Cross sections cut through carbon-carbon single and 
double bonds. Free rotation is possible around a single bond but 
not around a double bond. 

90° 
ST UEEEER EDP REEnEneeemeencaee 

rotation 

Pi bond Broken pi bond after rotation 
(p orbitals are parallel) (p orbitals are perpendicular) 

Figure 6.4 The pi bond must break in order for rotation to take 

place around a carbon—carbon double bond. 
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approximate bond strength of 64 kcal/mol (268 kJ/mol) for the ethylene pi 
bond, and it’s therefore clear why rotation can’t occur. (Recall that the 
barrier to bond rotation in ethane is only 2.9 kcal/mol.) 

Ethylene C=C bond strength (sigma + pi) 152 kcal/mol 

Ethane C—C bond strength (sigma only) 88 kcal/mol 

Difference (pi bond only) 64 kcal/mol 

6.5 Cis—Trans Isomerism in Alkenes 

The lack of rotation around the carbon—carbon double bond is of more than 
just theoretical interest; it also has chemical consequences. Imagine the 
situation for a disubstituted alkene such as 2-butene. (Disubstituted means 
that two substituents other than hydrogen are bonded to the double-bond 
carbons.) The two methyl groups in 2-butene can either be on the same side 
of the double bond or on opposite sides, a situation reminiscent of substituted 
cycloalkanes (Section 3.9). Figure 6.5 shows the two 2-butene isomers. 

CH3 CH; 
x / 
C=C 

if 
H H 

cis-2-Butene 

H CH3 
Fe / 
C=C 
a 

CH3 H 

trans-2-Butene 

Figure 6.5 Cis and trans isomers of 2-butene. The cis isomer has 

the substituent methyl groups on the same side of the double 

bond, and the trans isomer has the methyl! groups on opposite 

sides. 

Since bond rotation can’t occur, the two 2-butenes can’t spontaneously 
interconvert; they are distinct, isolable compounds. As with disubstituted 
cycloalkanes (Section 3.9), we call such compounds cis—trans stereoiso- 
mers because they have the same formula and overall skeleton but differ 
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in the spatial arrangement of their atoms. The compound with substituents 
on the same side of the double bond is referred to as cis-2-butene; the isomer 
with substituents on opposite sides is trans-2-butene. 

Cis—trans isomerism is not limited to disubstituted alkenes. It can occur 
whenever both of the double-bond carbons are attached to two different 
groups. If one of the double-bond carbons is attached to two identical groups, 
however, then cis—trans isomerism is not possible (Figure 6.6). 

A D B D 

nae 2 ae These two compounds are identical; 
\ \ they are not cis—trans isomers. 

B D A D 

A D B D 

fea = cr These two compounds are not identical; 
/ \ they are cis—trans isomers. 

B E A E 

Figure 6.6 The requirement for cis—trans isomerism in alkenes. 

Compounds that have one of their carbons bonded to two 

identical groups can’t exist as cis—trans isomers. 

Rae CHES EINN etter ete ete TePe id eles 'efele\'o1Siloyala\s/ 6 Nis'e) 6 411219. at cyornin Sale lose pisusiieis. seis ere rats 

6.7 Which of the following compounds can exist as pairs of cis—trans isomers? Draw 
each cis—trans pair, and indicate the geometry of each isomer. 

(a) CH;CH=CH, (b) (CH3)gC —=CHCH3 
(c) CH3;CH,CH=CHCH3 (d) (CH3)eC =C(CH3)CH2CH3 
(e) CICH=CHCl (f) BrCH=CHCl 

6.8 How can you account for the observation that cyclohexene does not show cis—trans 
double-bond isomerism, whereas cyclodecene can exist in both cis and trans forms? 
Making molecular models should be helpful. 

Seco eee eee eerste erese eres Heres eseeE se HEHEHE SEH EHS ESE HEHE OHO HEE DEES 

6.6 Sequence Rules: The E,Z Designation 
a a aD 

In the previous discussion of isomerism in the 2-butenes, we used the terms 
cis and trans to denote alkenes whose substituents were on the same side 
and opposite side of a double bond, respectively. This cis—trans nomencla- 
ture is unambiguous for all disubstituted alkenes, but how do we denote 
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the geometry of trisubstituted and tetrasubstituted double bonds? (Tri- 
substituted means three substituents other than hydrogen attached to the 
double-bond carbons; tetrasubstituted means four substituents other than 

hydrogen.) 
The answer is provided by the L,Z system of nomenclature, which uses 

a series of sequence rules to assign priorities to the substituent groups on 
the double-bond carbons. Considering each of the double-bond carbons sep- 
arately, we use the sequence rules to decide which of the two attached groups 
is higher in priority. If the higher-priority groups on each carbon are on the 
same side of the double bond, the alkene is designated Z (for the German 
zusammen, “together”). If the higher-priority groups are on opposite sides, 
the alkene is designated E (for the German entgegen, “opposite”). The easiest 
way to learn which is which is to think with an accent: Z = groups on “ze 
zame zide” (E = the other one). These assignments are shown in Figure 6.7. 

High High High Low 

x 7 2 _ 
Cc Cc c 

\ / ny 
Low Low Low High 

ss ee J — ey, 

Z double bond Edouble bond { 

See ee eee 

Figure 6.7. The E,Z system of nomenclature for substituted 

alkenes. 

Introduced by Cahn, Ingold, and Prelog! in 1964, the sequence rules 
are as follows: 

Sequence rule 1 Look at the atoms directly attached to each of the double- 
bond carbons and rank them in order of decreasing atomic number. That is, 
an atom with higher atomic number like Cl (17) receives higher priority 
than an atom with lower atomic number like H (1). Thus, the common atoms 

that we might find attached to a double bond would be assigned the following 
priority sequence: 

35 17 8 7 6 1 
Br Cl > Oj] N =] Co] H 

Vladimir Prelog (1906-_); b. Sarajevo (now in Yugoslavia); Dr. Ing., Institute of Technology, 
Prague (Votocek); Professor, University of Zagreb, Federal Institute of Technology (ETH), 
Zurich (1941-1976); Nobel Prize (1975). 
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For example: 

Low High Low Low 
priority H | Cl priority priority H | CHs3_ priority 

eas \m ea 
C=C C=C 

x 7a 
Sees CHa Lew Pen. CHigp Cl Teguise 

priority priority priority priority 

(E)-2-Chloro-2-butene (Z)-2-Chloro-2-butene 

Since chlorine has a higher atomic number than carbon (17 versus 6), 
it receives higher priority than a methyl (CH3) group. Methyl receives 
higher priority than hydrogen, however, and the left-hand isomer in the 
preceding display is therefore assigned E geometry (high-priority groups on 
opposite sides of the double bond). The right-hand isomer has Z geometry 
(high-priority groups on ze zame zide of the double bond). 

Sequence rule 2 If a decision can’t be reached by ranking the first atoms 
in the substituent, look at the second, third, or fourth atoms away from the 
double-bond carbons until a difference is found. Thus, an ethyl substituent, 

—CH>2CHs, and a methyl] substituent, -CH3, are equivalent by rule 1 since 
both have carbon as the first atom. By rule 2, however, ethyl receives higher 
priority than methyl because its second atoms are one carbon and two hydro- 
gens rather than three hydrogens. Look at the following examples to see 
how the rule works: 

H H H H 

ee, powers +O—H 20-¢-H 

u : " Lower i 

Lower Higher Higher 

CHs H CH3 i 

256 —0H ee ae ~C—Cl 

i hi H hi 
Higher Lower Lower Higher 

Sequence rule 3 Multiple-bonded atoms are considered equivalent to the 

same number of single-bonded atoms. For example, an aldehyde substituent 

(-CH=O), which has a carbon atom doubly bonded to one oxygen, is equiv- 

alent to a substituent with a carbon atom singly bonded to two oxygen atoms: 
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H H 

\ oat 
c=0 is equivalent to Ca vl 

This carbon is This oxygen This carbon is This oxygen 

bonded to is bonded to bonded to is bonded to 

H,O,0 C,C H,0;0 C,Cc 

As further examples, the following pairs are equivalent: 

H H H 

whith is equivalent’ sia Cc / \ 18 equiva en O / New 

Hi y »\ 
He 

This carbon is This carbon This carbon is This carbon 

bonded to is bonded to bonded to is bonded to 

H,€,C Hace H,C,C Hinc.¢ 

C cS 
Ney 

a3 = (OE 

This carbon is 

bonded to 

— is equivalent to eer 
ie 

Or 

This carbon This carbon is This carbon 

is bonded to bonded to is bonded to 

Ceee HeGr Gre SNe: HCG. G 

Taking all the sequence rules into account, we can assign the config- 
urations shown in the following examples. Work through each one to con- 
vince yourself that the assignments are correct. 

H 
* 

H C=CHs 

\ / 
C=C 
£ 

CH; CH3 

(E)-3-Methy1-1,3-pentadiene 

CH3 

Fi cada Br 

‘= CH; ton 

PN H ‘sad 

H 
\ 

H CH,OH 

(E)-1-Bromo-2-isopropyl- (Z)-2-Hydroxymethyl- 

1,3-butadiene 2-butenoic acid 
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6.10 
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6.11 
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SOP S ee eres eee eeeeeaeneseeeneesreeeseseeseeeees 

Assign E or Z configuration to the double bond in this compound: 

H CH(CHs3) 
‘on. a 
C=C€ 
— 

H3C CH,OH 

Solution Look at the two double-bond carbons individually. The left-hand carbon 
has two substituents, -H and —CH3, of which —CH3 receives higher priority by 
sequence rule 1. The right-hand carbon also has two substituents, -CH(CH3). and 
—CH,OH, but rule 1 doesn’t allow a priority assignment to be made since both groups 
have carbon as their first atom. By rule 2, however, -CH,OH receives higher priority 
than —CH(CH3)2, since -CH,OH has an oxygen and two hydrogens as its second 
atoms, whereas -CH(CHs3), has two carbons and one hydrogen as its second atoms. 
Thus, the two high-priority groups are on the same side of the double bond, and we 

assign Z configuration. 

C, C, H bonded 

£ to this carbon 
Low H Veraeee Low 

C=C 
i \ 

High HC CH,OH High 
SS O, H, H bonded 

to this carbon 

Z configuration 

ciahiniel aie db laieiare Nude &)bllelb >, 6.6: 6.0, 0 (0) ve © e alelaie:a sie\ele ¢)5) siele\o ieee e)s' sie 0 ee 

Which member in each set is higher in priority? 

(a) -H or -Br (b) —Cl or —Br (c) -CH3 or -CH2CH3 

(d) -NH,z or -OH (e) -CH,OH or —-CHg3 (f) -CH,OH or -CH=O 

See Hi etalaietels aac wis ws <8 a8: Pies 06 'e.¥:elehe\(e:/s @ 1 e)'9: 0) 8e).0. eis eter d1s, 5) 8 ee SSA 

Rank the sets of substituents in order of Cahn-Ingold-Prelog priorities: 

(a) -CH3, -OH, —-H, —Cl 

(b) -CH3, -CH,CH3, -CH=CH2, -CH,OH 

(c) -COOH, -CH,OH, -C=N, -CH2NH2 

(d) -CH,CH;, -C=CH, -C=N, -CH,0CH3 

Petes ietore Deis aiwhe)lt olaalea 4.6 .0/e) 6 ojeiere)e 6 ate dia) Oe wis 9)'6)'0) 0/68 (A'S Sie AB) epee ie 

Assign E or Z configuration to these alkenes: 

CH CH,OH (b) Cl CH,CH3 

ca li a aoe 
C=C C=C 
7 oa 

CH;CH, Cl CH;0 CH,CH,CHs 
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(c) CHs ee (d) H ie 

CH,OH CHs CH2NHp, 

ORR eee em ee eee EEE HEE EE EHH EH EH HEHEHE HEHEHE HEHEHE HEED 

6.7. Alkene Stability 

Although the cis—trans interconversion of alkene isomers does not occur 
spontaneously, it can be made to happen under appropriate conditions—for 
example, on treatment with a strong acid catalyst. If we were to interconvert 
cis-2-butene with trans-2-butene and allow them to reach equilibrium, we 
would find that they aren’t of equal stability. At equilibrium, the trans 
isomer is more favored than the cis isomer by a ratio of 76% trans to 24% 
Cis. 

H CH CH. CH 
OO : 

Cc—C eS C=C 
Ve \ catalyst J \ 

CH; H H H 

Trans (76%) Cis (24%) 

Using the relationship between equilibrium constants and free-energy 
differences in Table 6.3 (which repeats Table 4.3 for convenience), we can 
calculate that cis-2-butene is less stable than trans-2-butene by 0.66 kcal/ 
mol (2.6 kJ/mol) at room temperature. 

TABLE 6.3 The Relationship Between Stability and Isomer 
Percentages at Equilibrium 
a Sa a ETO 

More stable Less stable Energy difference at 25°C 
isomer (%) isomer (%) (kcal/mol) (kJ/mol) 

50 50 0 0 

75 25 0.65 Bie 

90 10 1.30 5.45 

95 5 1.74 7.29 

99 1 Zee 11.38 

99.9 0.1 4.09 Viel 

Cis alkenes are less stable than their trans isomers because of steric 
(spatial) strain between the two bulky substituents on the same side of the 
double bond. This is the same kind of steric interference that we saw pre- 
viously in the axial conformation of methyleyclohexane (Section 4.12). 
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Steric strain in No steric strain in 

cis-2-butene trans-2-butene 

Although it’s sometimes possible to obtain information about relative 
stabilities of alkenes by establishing a cis—trans equilibrium through treat- 
ment of the alkene with strong acid, there’s an easier way to gain nearly 
the same information. One of the more important reactions that alkenes 
undergo is called catalytic hydrogenation. In the presence of a catalyst such 
as palladium or platinum, hydrogen adds to a carbon—carbon double bond 
to yield the corresponding saturated alkane: 

H CH3 CH3 CH3 

a i Sea CH3;CH2CH,CH3 re oa a 

CH3 H H H 

trans-2-Butene Butane cis-2-Butene 

Consider the hydrogenations of cis- and trans-2-butene, both of which 

react with hydrogen to give the same product, butane. Energy diagrams for 

the two reactions are shown in Figure 6.8. Since cis-2-butene is less stable 

than trans-2-butene by 0.66 kcal/mol, the energy diagram shows the cis 

alkene at a higher energy level. After reaction, however, both curves are 

at the same energy level (butane). It therefore follows that AG® for reaction 

of the cis isomer must be larger than for reaction of the trans isomer. In 

other words, more energy is evolved in the hydrogenation of the cis isomer 

than of the trans isomer because there was more energy present in the cis 

isomer to begin with. 

If we were to measure the heats of reaction for the two hydrogenations 

and find their difference, we could determine the relative stabilities of cis 

and trans isomers without having to measure an equilibrium position. 

A large number of such heats of hydrogenation (AH*hyaro¢) have been 
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Butane 

Reaction progress 

eee 

Figure 6.8 Reaction energy diagrams for hydrogenation of cis- 

and trans-2-butene. The cis isomer is higher in energy than the 
trans isomer by about 0.66 kcal/mol and therefore gives off more 

energy in the reaction. 

measured, and the results bear out our expectation. For cis-2-butene, 
AP hydrog = 28.6 kcal/mol (120 kJ/mol); for the trans isomer, AH*pyarog = 
27.6 kcal/mol (116 kJ/mol). (Note that these AH° values should be negative 
numbers because heat is evolved during hydrogenation. The minus sign is 
usually dropped, however, to make comparisons easier.) ( 

H CH3 CHs CH; 

\ / \ y 
C=C C=C 

if x 
CH3 H H H 

Trans isomer Cis isomer 

AP*hydrog = 27.6 kcal/mol AP nydrog = 28.6 kcal/mol 

Although the energy difference in the heats of hydrogenation for the 2- 
butene isomers (1 kcal/mol) agrees reasonably well with the energy differ- 
ence calculated from equilibrium data (0.66 kcal/mol), the two numbers 
aren’t exactly the same. There are two reasons for the difference. The first 
is simply experimental error; heats of hydrogenation require considerable 
expertise and specialized equipment to measure accurately, and we are look- 
ing at a small difference between two large numbers. The second reason is 
that heats of reaction and equilibrium constants don’t measure exactly the 
same quantity. Heats of reaction measure enthalpy changes, AH°, whereas 
equilibrium constants measure overall free-energy changes, AG° (AG° = 
AH° — TAS°). We therefore expect a slight difference when comparing the 
two measurements. 
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Although heats of hydrogenation are not as accurate as we might like, 
we can nevertheless gain some useful and interesting information from 
them. Table 6.4 lists some representative data, and Figure 6.9 plots the 
results graphically. 

The data in Table 6.4 and in Figure 6.9 show that alkenes become 
more stable with increasing substitution. For example, ethylene has 
AF*hydrog = 32.8 kcal/mol (137 kJ/mol), but when one alkyl substituent is 
attached as in 1-butene (AH*hydrog = 30.3 kcal/mol) the alkene becomes 

TABLE 6.4 Heats of Hydrogenation of Some Alkenes 
Dae none eT) 

AH puydrog 

Substitution Alkene (kcal/mol) (kJ/mol) 

H,C—CH, 32.8 137 

Monosubstituted CH;CH=CH, 30.1 126 
(one alkyl CH3;CH,CH—=CH, 30.3 127 
group next to (CH3),CHCH=—CH, 30.3 12% 
double bond) (CH3)3CCH=CH, 30.3 127 

Disubstituted Cis CH;CH=CHCH3 28.6 120 

(two alkyl groups) Trans CH;CH—CHCH3 27.6 115 

Trisubstituted (CH3)gC— CHCH3 26.9 113 
(three alkyl groups) 

Tetrasubstituted (CH3),C—= C(CH3)> 26.6 Li 
(four alkyl groups) 

40 

Ethylene 
Monosubstituted 

ae _....Disubstituted.... a Trisubstituted Tetrasubstituted 

20 | 

10 

Heat of hydrogenation (kcal/mol) 

0 

Se eS ee 

Figure 6.9 A plot of heat of hydrogenation versus substitution 

pattern for alkenes. Alkene stability increases with increasing 

substitution. 
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approximately 2.5 kcal/mol more stable. Increasing the degree of substi- 
tution leads to still further stability. As a general rule, alkenes follow the 
stability order: 

Tetrasubstituted > Trisubstituted > Disubstituted >  Monosubstituted 

R R R H R Panels: H R H 

\ / By / / \ ‘3 4 f 
C=¢ = C=C Ee C=C 5-7 + C—C > C=C 

i i / eo y x 7 * ie \ 
R R H Rely H H H 

Two explanations have been advanced to account for the observed sta- 
bility order. Most chemists feel that the stability order is due primarily to 
hyperconjugation (Figure 6.10), a stabilizing effect resulting from overlap 
between the unfilled antibonding carbon—carbon pi bond orbital and a filled 
carbon—hydrogen sigma bond orbital on a neighboring substituent. The 
more substituents that are present, the more opportunities exist for hyper- 
conjugation and the more stable the alkene. 

Antibonding C—C pi orbital 
(unfilled) 

a 

ee: 
Qo 

Bonding C—H sigma orbital 
(filled) 

Figure 6.10 Hyperconjugation—a stabilizing effect due to overlap 

between an unfilled antibonding pi orbital and a neighboring filled 

C-H sigma bond orbital. 

In addition to the effect of hyperconjugation, a simple bond-strength 
argument can also be used to explain the observed alkene stability order. 
A bond between an sp” carbon and an sp? carbon is somewhat stronger than 
a bond between two sp? carbons. Thus, in comparing 1-butene and 2-butene, 
the monosubstituted isomer has one sp?—sp* bond and one sp?—sp? bond, 
and the disubstituted isomer has two sp?—sp? bonds. Highly substituted 
alkenes always have a higher ratio of sp?—sp? bonds to sp°—sp? bonds than 
less substituted alkenes and are therefore more stable. 

sp°—sp? sp°—sp? sp°—sp® sp®—sp” 

J J Pet 1 
CH3;— CH=CH— CH CH;— CH,—_CH>=CH, 

2-Butene 1-Butene 
(more stable) (less stable) 
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Which alkene in each of the following sets is more stable? 
(a) 1-Butene or 2-methylpropene (b) (Z)-2-Hexene or (E)-2-hexene 
(c) 1-Methylcyclohexene or 3-methylcyclohexene 

eee. SSeS SO BS, SS, SS SD a ain Sim ie'e 6 (0) 0 (6 w 8 0:8. 616.8 pe eleen in Sie.0,euetee twa 

The double bonds in small-ring cycloalkenes must have cis geometry, because a 
stable trans double bond is impossible in a five- or six-membered ring. At some point, 
however, a ring becomes large enough to accommodate a trans double bond. The 
following heats of hydrogenation have been measured: 

SE 

AH “hydrog 

(kcal/mol) (kJ/mol) 

cis-Cyclooctene 23.0 96.2 
trans-Cyclooctene 32.2 134.7 
cis-Cyclononene 23.6 98.7 
trans-Cyclononene 26.5 110.9 

cis-Cyclodecene 20. 86.6 
trans-Cyclodecene 24.0 100.4 

How do you explain these data? Make molecular models of the trans cycloalkenes 
to see their conformations. 

2 

6.8 Alkene Electrophilic Addition 
Reactions 

Before beginning a detailed discussion of alkene reactions, let’s review 
briefly some conclusions from the previous chapter (Sections 5.6—5.10). At 
that time, we said that alkenes behave as nucleophiles. The carbon—carbon 
double bond is electron-rich and can donate a pair of electrons to an elec- 
trophile in polar reactions. For example, reaction of 2-methylpropene with 
HBr leads to the formation of 2-bromo-2-methylpropane. Careful study of 
this and similar reactions by Sir Christopher Ingold? and others many years 
ago has led to the generally accepted mechanism shown in Figure 6.11 for 
what is called an electrophilic addition reaction. 

The reaction begins with an attack on the electrophile, HBr, by the 

electrons of the nucleophilic pi bond. Two electrons from the pi bond form 

a new sigma bond between the entering hydrogen and an alkene carbon, as 

ir Christopher Ingold (1893-1970); b. Ilford, England; D.Sc., London (Thorpe); professor, 
Leeds (1924-1930), University College, London (1930-1970). 
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es
 H* Br- 

HC ~__ H 

The electrophile H* is attacked by H,O> or 
the pi electrons of the double bond, 
and a new C-H sigma bond is | 
formed. This leaves the other carbon 
atom with a + charge and a vacant 
p orbital. : Br ses ‘N@ H 

eet Nee 

Carbocation 

Br- donates an electron pair to the intermediate 

positively charged carbon atom, | 
forming a C—Br sigma bond and 
yielding the neutral addition product. 

Br H 

ss i 
po Oe 

H;C“ “H 
H,C H 

SSE eee 

Figure 6.11 Mechanism of the electrophilic addition of HBr to 
2-methylpropene. The reaction occurs in two steps and involves a 

carbocation intermediate. 

shown by the curved arrow at the top of Figure 6.11. The carbocation inter- 
mediate that results is itself an electrophile that can accept an electron pair 
from nucleophilic bromide ion to form a C—Br bond and yield a neutral 

addition product. 
The reaction energy diagram for the overall electrophilic addition reac- 

tion, previously shown in Figure 5.6 and repeated in Figure 6.12, has two 
peaks (transition states) separated by a valley (carbocation intermediate). 
The energy level of this intermediate is higher than that of the starting 
alkene, but the reaction as a whole is exothermic (negative AG°). The first 
step, protonation of the alkene to yield the intermediate cation, is relatively 
slow, but once formed, the cation intermediate rapidly reacts further to yield 
the final bromoalkane product. The relative rates of the two individual steps 
are indicated in Figure 6.12 by the fact that AG? is larger than AG’. 

6.9 Addition of HX to Alkenes: 
Carbocations 

Electrophilic addition of HX to alkenes is a general reaction that makes it 
possible to synthesize a variety of products. For example, addition of HCl 
and HBr is straightforward:? 
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Carbocation intermediate 

Second transition state 

Reaction progress ———> 

a | 

Figure 6.12 Reaction energy diagram for the two-step 

electrophilic addition of HBr to 2-methylpropene. The first step is 
slower than the second step. 

3Organic reaction equations can be written in different ways to emphasize different points. 
For example, the reaction of ethylene with HBr might be written in the format A + B > C 
to emphasize that both reaction partners are equally important for the purposes of the dis- 
cussion. The reaction solvent and notes about other reaction conditions such as temperature 
are usually written either above or below the reaction arrow. 

Solvent 

H,C=CH, + HBr = CH;CH.Br 

Alternatively, we might choose to write the same reaction in the format 

an 

to emphasize that reagent A is the organic starting material whose chemistry is of greater 
interest. Reagent B is then placed above the reaction arrow, together with notes about solvent 
and reaction conditions. For example: 

Reagent 

HBr 
H,C=CHy, “Bther, 25°C CH3;CH2Br 

Solvent 

Both reaction formats are frequently used in chemistry, and you sometimes have to look 
carefully at the overall transformation to see what the different roles of the chemicals shown 
next to the reaction arrows are. 
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CHs Cl 

Eth 
Pais + HCl —~> a 

CH3 CH; 

2-Methylpropene 2-Chloro-2-methylpropane 

(94%) 

CH CH, 3 iy + Hp, ther, C 

1-Methylcyclohexene 1-Bromo-1-methylcyclohexane 

(91%) 

Addition of HI to alkenes also occurs, but it’s best to use a mixture of 
phosphoric acid and potassium iodide to generate HI in the reaction mixture, 
rather than to use HI directly. The overall mechanism is the same as for 

the other additions: 

I 

| 
CH,CH,CH,CH =CH, so CH,CH,CH,CHCH; 

1-Pentene (AD 2-Iodopentane 

6.10 Orientation of Electrophilic 
Addition: Markovnikov’s Rule 

Look carefully at the three reactions just shown. In all cases, an unsym- 
metrically substituted alkene has given a single addition product, rather 
than the mixture that might have been expected. For example, 2-methyl- 
propene might have reacted with HCl to give 1-chloro-2-methylpropane 
(isobuty] chloride) in addition to 2-chloro-2-methylpropane, but it didn’t. We 
say that such reactions are regiospecific (ree-jee-oh-specific) when only 
one of two possible directions of addition is observed. 

A regiospecific reaction: 

CH3 Cl CHs 

CCH, + HCl = ee eee 

CH fs ' 

2-Methylpropene 2-Chloro-2-methylpropane 1-Chloro-2-methylpropane 

(sole product) (not formed) 
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By looking at the results of many such reactions and cataloging them, 
the Russian chemist Vladimir Markovnikov‘4 proposed in 1869 what has 
become known as Markovnikov’s rule: In the addition of HX to an alkene, 
the H attaches to the carbon with fewer alkyl substituents, and the X attaches 
to the carbon with more alkyl substituents: 

No alkyl groups 
on this carbon 

2 alkyl groups CHs a 

on this Seay tect + Cl _Ether | CH,—C—CH; 

| 
CH, CH; 

2-Methylpropene 2-Chloro-2-methylpropane 

2 alkyl groups 
on this carbon 

ae CH, 
eC + HBr — = Cf 

x 
1 alkyl group 

on this carbon 

1-Methylcyclohexene 1-Bromo-1-methylcyclohexane 

When both ends of the double bond have the same degree of substitution, 
a mixture of products results: 

1 alkyl group 1 alkyl group 

on this carbon on this carbon 
Br Br 

| | 
CH,CH,CH=CHCH, + HBr —Ethe, CH,CH,CH,CHCH, + CH,CH,CHCH,CH; 

2-Pentene 2-Bromopentane 3-Bromopentane 

Since carbocations are involved as intermediates in these reactions, 
another way to express Markovnikov’s rule is to say that, in the addition 
of HX to an alkene, the more highly substituted carbocation is formed as 
an intermediate in preference to the less highly substituted one. For exam- 
ple, addition of H* to 2-methylpropene yields the intermediate tertiary 
carbocation rather than the primary carbocation, and addition to 1-methyl- 

cyclohexene yields a tertiary cation rather than a secondary one. Why should 
this be? 

- 4Vladimir Vassilyevich Markovnikov (or Markownikoff) (1833-1904); b. Nijni-Novgorod, 
Russia; pupil of Butlerov, Erlenmeyer, Baeyer, and Kolbe; professor in Odessa (1871) and 
Moscow (1873). 
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H Cl 

CH;— C—CH, = a ria ibe? 

CH; CH, 

CH; tert-Butyl carbocation 2-Chloro-2-methylpropane 

(tertiary; 3°) 
ich + HCl 

CHs 

2-Methylpropene i : 

+ 2 
CH,—C—CH, | “> CH,;— a CH,Cl 

| 
CH3 CH; 

Isobutyl carbocation 1-Chloro-2-methylpropane 

(primary; 1°) (not formed) 

Br 
+ CH, CH; 

Bis 
— 

H H 
H H 

CH, (A tertiary carbocation) 1-Bromo-1-methylcyclohexane 

Ci + HBr 

H 

H H 1-Methylcyclohexene CH, CH, 

Br7 { 
—>. 

+ H H 

Br 

(A secondary carbocation) 1-Bromo-2-methylcyclohexane 

(not formed) 

PRACTICE, PROBLEM. Witt tiancrenyacvils ccm ostlerncomnre tits sr arrears 

What product would you expect from reaction of HCl with 1-ethylcyclopentene? 

CH,CH; 
+ HCL. =a? 

Solution Markovnikov’s rule predicts that the hydrogen will add to the double- 
bond carbon that has one alkyl group (C2 on the ring) and the chlorine will add to 
the double-bond carbon that has two alkyl groups (C1 on the ring). The expected 
product is 1-chloro-1-ethylcyclopentane. 
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2 alkyl groups 

on this carbon 

¥ CH,CH, 
oo 

1 te dL 
s Cl 

-Chloro-1: 1 alkyl group 1-Chloro-1-ethyleyclopentane 
on this carbon 

PROBLEM Sieeeiccenaete sie Meme eR O LOH SLO RC te 01018) 8) 5.6.6 .wib, a. ee (h)'9:) 016 (6: 0/0 e 4 jee 0, 818.18 eho er e\ranedareus 

6.14 Predict the products of these reactions: 

CH, 

a ese) + HBr —> (c) CH3;CH,CH,CH=CH, el 

FRCCHEIEE UE rater ats a al siete Fate oeNay erator alavas he tei Steh dv aha ose tabueacat ie ome ean aie 

6.15 What alkenes would you start with to prepare these alkyl halides? 
(a) Bromocyclopentane (b) CH;CH,CHBrCH,CH,CH; 

(c) 1-lodo-1-ethylcyclohexane (d) Cl 

ee ee ry 

6.11 Carbocation Structure and Stability 

To understand the reasons for the Markovnikov orientation of electrophilic 
addition reactions, we need to learn more about the structure and stability 
of carbocations and about the general nature of reactions and transition 
states. The first point to explore involves structure. 

A great deal of evidence has shown that carbocations are planar; the 
carbon is sp? hybridized and the three substituents are oriented to the 
corners of an equilateral triangle, as indicated in Figure 6.13. Since there 
are only six valence electrons on carbon, and since all six are used in the 
three sigma bonds, the p orbital extending above and below the plane is 
unoccupied. (Note the electronic similarity of carbocations to trivalent boron 
compounds such as BFs [Section 1.13].) 
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4 Vacant p orbital 4 

R! Recall: . ~ B————__F 

Figure 6.13 The electronic structure of a carbocation. The carbon 

is sp? hybridized and has a vacant p orbital. 

The second point to explore involves carbocation stability. 2-Methy]l- 
propene might react with HCl to form a carbocation having three alkyl 
substituents (a tertiary ion, 3°), or it might react to form a carbocation having 
one alkyl substituent (a primary ion, 1°). Since the tertiary chloride, 2- 
chloro-2-methylpropane, is the only product observed, formation of the ter- 
tiary cation is evidently favored over formation of the primary cation. Ther- 
modynamic measurements show that, indeed, the stability of carbocations 

increases with increasing substitution: More highly substituted carbocations 
are more stable than less highly substituted ones. 

One way of determining carbocation stabilities is to measure the amount 
of energy required to form the carbocation from its corresponding alkyl 
halide, R-X — R* + :X~. As shown in Table 6.5 and Figure 6.14, tertiary 
halides ionize to give carbocations much more readily than secondary or 
primary halides. As a result, trisubstituted (tertiary, 3°) carbocations are 
more stable than disubstituted (secondary, 2°) ones, which are more stable 
than monosubstituted (primary, 1°) ones: 

R H H H 
Bie mi ah aes 

| | | | 
H H 

Tertiary (3°) > Secondary (2°) > Primary (1°) > Methyl 

More stcble QT Les stable 

Although the data in Table 6.5 are taken from measurements made in 
the gas phase, a similar carbocation stability order is found in solution. The 
values for ionization are much lower in’ solution since polar solvents can 
stabilize the ions, but the order of carbocation stability remains the same. 



TABLE 6.5 

Type 

Methyl 

Primary 

Secondary 

Tertiary 
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Enthalpies of Ionization for Alkyl Halides in the Gas Phase: R-Cl— Rt + Cl- 

AH° 
Reaction (kcal/mol) (kJ/mol) 

CH;Cl ——> CH,+ +-Clz 227 950 

CH;CH.Cl —> CH;CH,* + Cl- 195 816 

(CH3)2CHCl —-> (CH3)oCH* + ClI- 173 724 

(CH3)sCCl1 ——> (CHg)sC*+ + Cl- 157 657 
eee 
*Enthalpies are calculated in the following way: 

Net: 

CH;—Cl — > CH;: + Cl: AH° 

CH3°: —-?> CH,* sem AH? 

Cl- + e — > Cl AH? 

CH3;—Cl — > CH;* + Cl- AH° = 227 kcal/mol net ionization enthalpy 

84 kcal/mol bond strength 

226.7 kcal/mol ionization energy 

—83.2 kcal/mol electron affinity 

200 }- 

150 }- 

100 }- 

50 
Ionization enthalpy (kcal/mol) 

Ee a ee Ee 

Figure 6.14 A graph of ionization enthalpy versus substitution 

pattern for the gas-phase ionization of alkyl chlorides to yield 

carbocations. More highly substituted alkyl halides ionize more 
readily than less highly substituted ones. 

Why are more highly substituted carbocations more stable than less 
highly substituted ones? There are at least two reasons. Part of the answer 
has to do with hyperconjugation, and part has to do with inductive effects. 
Hyperconjugation, discussed in Section 6.7 in connection with the stability 
order of substituted alkenes, is the overlap of a p orbital and a neighboring 
C-H sigma bond orbital. In the present situation, hyperconjugation between 
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ee 

the vacant carbocation p orbital and a neighboring C—H sigma bond acts 
to lower the energy level of the carbocation (Figure 6.15). 

Figure 6.15 Stabilization of a carbocation through 

hyperconjugation. The sigma electrons in the neighboring C—H 

bond help stabilize the positive charge. 

The effect of hyperconjugation in carbocations is to allow neighboring 
sigma bond electrons to stabilize the positive charge by spreading the charge 
out, or delocalizing it, over a greater volume of space. We'll see repeatedly 
in later chapters that delocalizing charge invariably leads to greater stabil- 
ity. The more alkyl groups there are on the carbocation, the more possibilities 
there are for hyperconjugation and the more stable the carbocation—in other 
words: tertiary > secondary > primary > methyl. 

Inductive effects, discussed in Section 2.4 in connection with polar cova- 
lent bonds, result from the shifting of electrons in a bond in response to the 
electronegativity of a nearby atom. In the present instance, electrons from 
a relatively large and polarizable alkyl group can shift toward a neighboring 
positive charge more easily than electrons from an attached hydrogen can. 
Thus, the more alkyl groups there are attached to the positively charged 
carbon, the more electron density shifts toward the charge and the more 
inductive stabilization of the cation there is. 

COP O RRO O eH Eee eR HO ee eee HEHEHE HEHEHE HEHEHE HEE HEHEHE EE 

Show the structures of the carbocation intermediates you would expect in these 
reactions: 

ie CH; 

(a) CH;CH,C—CHCHCH; + HBr —> ? 

(b) 
CHCH; + HI. —=> .? 

Oem eee Ome rare meee eee EEE HEE HEH HEHEHE HEHEHE HEE HS 
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6.12 The Hammond Postulate 
OS TE EE I EE CE] 

To summarize our knowledge of electrophilic addition reactions up to this 
point, we know two facts: 

1. We know that electrophilic addition reactions to unsymmetrically 

substituted alkenes involve the more highly substituted carboca- 
tion. A more highly substituted carbocation evidently forms faster 
than a less highly substituted one and, once formed, rapidly goes 
on to give the final product. 

2. We know that more highly substituted carbocations are more stable 
than less highly substituted ones. That is, the stability order of 
carbocations is tertiary > secondary > primary > methyl. 

What we haven’t yet seen is how these two facts are related. Why is it 
that the stability of the carbocation intermediate affects the rate at which 
the carbocation is formed and thereby determines the structure of the final 
product? After all, carbocation stability is determined by AG’, but reaction 
rate is determined by AG* (activation energy). The two quantities aren’t 
directly related. 

Although there is no precise thermodynamic relationship between the 
stability of a high-energy carbocation intermediate and the rate of its for- 
mation, there is an intuitive relationship between the two. It’s generally 
true when comparing two similar reactions that the more stable interme- 
diate usually forms faster than the less stable one. The situation is shown 
graphically in Figure 6.16, where the reaction energy profile shown in part 

Less 

Slower stable 
reaction intermediate 

Slower Less 

_ reaction stable 
intermediate 

Les 
More 
stable 
intermediate 

Faster 

reaction eee 
Faster stable 

reaction intermediate 

Reaction progress ———>~- Reaction progress 

(a) (b) 

ae ee eee 

Figure 6.16 Reaction energy diagrams for two similar competing 

reactions. In (a), the faster reaction yields the more stable 

intermediate. In (b), the slower reaction yields the more stable 

intermediate. The curve shown in (a) represents the usual situation. 
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(a) represents the usual situation rather than the profile shown in part (b). 
That is, the two curves remain on parallel courses rather than crossing each 

other. 
An explanation of the relationship between reaction rate and inter- 

mediate stability was first advanced in 1955. Known as the Hammond 
postulate,° this explanation is not a thermodynamic law; it is simply a 
reasonable account of observed facts. It intuitively links reaction rate and 
intermediate stability by looking at the energy level and structure of the 
transition state. 

Transition states represent energy maxima. They are high-energy acti- 
vated complexes that occur transiently during the course of a reaction and 
that immediately go on to a more stable species. Although we can’t actually 
observe transition states, because they have no finite lifetime, the Hammond 
postulate says that we can get an idea of the structure of a particular 
transition state by looking at the structure of the stable species in the nearest 
energy minimum. In terms of reaction energy diagrams, we can imagine 
the two cases shown in Figure 6.17. The reaction profile in part (a) shows 
the energy curve for an endothermic reaction step, and the profile in part 
(b) shows the curve for an exothermic step. 

Transition state 
Transition state 

Reactant 

Product 

Reaction progress Reaction progress 

(a) (b) 

aaa Eee a ee 

Figure 6.17 Reaction energy diagrams for endothermic and 

exothermic steps. (a) In an endothermic step, the energy levels of 
transition state and product are similar. (b) In an exothermic step, 

the energy levels of transition state and reactant are similar. 

5George Simms Hammond (1921— _); b. Auburn, Maine; Ph.D. (1947), Harvard University; 
professor, lowa State University; California Institute of Technology; University of California, 
Santa Cruz; Allied Chemical Company. 
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In the endothermic reaction in Figure 6.17(a), the energy level of the 
transition state is much closer to that of the product than to that of the 
reactant. Since the transition state is closer energetically to the product, we 
make the natural assumption that it’s also closer structurally. In other 
words, we can say that the transition state for an endothermic reaction step 
structurally resembles the product of that step. Conversely, the transition 
state for the exothermic reaction in part (b) is much closer energetically to 
the reactant than to the product, and we say that the transition state for an 
exothermic reaction step structurally resembles the reactant for that step. 

The structure of a transition state resembles the 
Hammond postulate structure of the nearest stable species. Transition 

states for endothermic steps structurally resemble 
products, and transition states for exothermic 
steps structurally resemble starting materials. 

How does the Hammond postulate apply to electrophilic additions to 
alkenes? We know that the formation of a carbocation by protonation of an 
alkene is an endothermic step. Therefore, the transition state for alkene 
protonation should structurally resemble the carbocation intermediate, and 
any factor that makes the carbocation product more stable should also make 
the nearby transition state more stable. Since increasing alkyl substitution 
stabilizes carbocations, it also stabilizes the transition states leading to those 
ions, thus resulting in faster reaction. More highly substituted carbocations 
form faster because their stability is reflected in the transition state that 
forms them. A hypothetical transition state for alkene protonation might 
be expected to look like that shown in Figure 6.18. 

Since the transition state for alkene protonation shown in Figure 6.18 
resembles the carbocation product, we can imagine it to be a structure in 
which one of the alkene carbon atoms has almost completely rehybridized 
from sp? to sp? and in which the remaining alkene carbon bears a substantial 
portion of the positive charge. The positive charge in this transition state 
is delocalized and stabilized by hyperconjugation in the same way that the 
product carbocation is. The more alkyl groups that are present, the greater 
the extent of charge stabilization in the transition state and the faster it 

forms. Figure 6.19 summarizes the situation by showing competing reaction 

energy profiles for the reaction of 2-methylpropene with HCl. 

ai wielieieicieih) eta teimielaleiédielél oie eile ) 6 GiWls'etaia\s ie « 620.9)\0' eel: ¢)6 e's) e686) Ei ee, 058.9 \9 

What about the second step in the electrophilic addition of HCl to an alkene—the 

reaction of chloride ion with the carbocation intermediate? Is this step exothermic 

or endothermic? According to the Hammond postulate, should the transition state 

for this second step resemble the reactant (carbocation) or product (chloroalkane)? 

Make a rough drawing of what you would expect the transition-state structure to 

look like. 
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Alternative reactant-like Product-like transition state 

transition state 

yy 

R 

Carbocation 

Figure 6.18 The structure of a hypothetical transition state for 

alkene protonation. The transition state is closer in both energy 

and structure to the carbocation than to the reactant. Thus, an 

increase in carbocation stability (lower AG*°) also causes an increase 

in transition-state stability (lower AG?). 
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_— Primary transition state 

(CHs)2CHCH} Cl- 

Tertiary transition state 

H,C=C(CHs)» 
+ HCl 

(CH3)2CHCH,Cl 

(CH3)3CCl 

Reaction progress 

er ae Ser ee See 

Figure 6.19 A reaction energy diagram for the electrophilic 

addition of HCI to 2-methylpropene. The tertiary cation forms faster 
than the primary cation intermediate because it’s more stable. The 

same factors that make the tertiary cation more stable also make 

the transition state leading to it more stable. 

6.13. Mechanistic Evidence: Carbocation 
Rearrangements 

How do we know that the carbocation mechanism for addition of HX to 
alkenes is correct? The answer is that we don’t know it’s correct, or at least 
we don’t know with absolute certainty. Although an incorrect reaction mech- 
anism can be disproved by demonstrating that it doesn’t satisfactorily 
account for observed data, a correct reaction mechanism can never be 

entirely proven. The best we can do is to show that a proposed mechanism 
is fully consistent with all known facts. If enough data are satisfactorily 
explained, then the mechanism is probably correct. 

What evidence is there to support the two-step carbocation mechanism 
we’ve proposed for the reaction of HX with alkenes? How do we know that 
the two reactants, HX and alkene, don’t simply come together in a single 
step to give the final product without going through a carbocation inter- 
mediate? One of the best pieces of evidence for a carbocation mechanism 
was discovered during the 1930s by F. C. Whitmore® at Pennsylvania State 

6Frank C. Whitmore (1887-1947); b. North Attleboro, Mass.; Ph.D. Harvard (E. L. Jackson); 
professor, Pennsylvania State University. 
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University, who found that structural rearrangements often occur during 
the reaction of HX with an alkene. For example, reaction of HCl with 3- 
methyl-1-butene yields a substantial amount of 2-chloro-2-methylbutane in 
addition to the “expected” product, 2-chloro-3-methylbutane: 

imal ta i HC H,C H HC H 

oe wo + HCl ; Oe eee. % ee Be H,C a H H3C C H H.C io H 

H Gi BH H 

3-Methyl-1-butene 2-Chloro-3-methylbutane 2-Chloro-2-methylbutane 

(~50%) (~50%) 

How can the unexpected formation of 2-chloro-2-methylbutane be 
explained? If the reaction takes place in a single step, it would be hard to 
account for rearrangement, but if the reaction takes place in two steps, 
rearrangement is more easily explained. Whitmore suggested that it is a 
carbocation intermediate undergoing rearrangement. The secondary carbo- 
cation intermediate formed by protonation of 3-methyl-1-butene rearranges 
to a more stable tertiary carbocation by a hydride shift: the shift of a 
hydrogen atom and its electron pair (a hydride ion, : H~) from C2 to C1. 

Cli att | CH, H H;C 
HCW | I . at Ps H,C~_| | -H Hydride ee (-H 

Hu CX “a HA. “CO SH ee H.C~ Now “a 

| | i 
H H Hii) 

‘ 
3-Methyl1-1-butene A 2° carbocation A 3° carbocation 

[or Jar 

CHa, Eh CH; H 

HG | -H HG. |i 
Hm Ne SF Gt oe ht 

a 
Fain Cl H, H 

2-Chloro-3-methylbutane 2-Chloro-2-methylbutane 

Carbocation rearrangements can also occur by the shift of an alkyl group 
with its electron pair. For example, reaction of 3,3-dimethyl-1-butene with 
HCl leads to an equal mixture of 2-chloro-3,3-dimethylbutane and rear- 
ranged 2-chloro-2,3-dimethylbutane. In this instance, a secondary carbo- 
cation rearranges to a more stable tertiary carbocation by the shift of a 
methyl group: 
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CH, H CHs H H,C H 

ae MOM Mibll bo eethccann \4 CSOtoviocrn ss lie se H,c~ “cA” ~H B.GSaaeere. Hotta Gceetr 3 | bY Sela isp | Fak 

3,3-Dimethyl-1-butene A 2° carbocation A 3° carbocation 

[or or 

CH; H CH, H 

H.C. | poe HOw! [aH 
reed “CA C1~ Se" 

Eee Cae EL 

2-Chloro-3,3-dimethylbutane 2-Chloro-2,3-dimethylbutane 

Note the similarities of these two carbocation rearrangements. In both 
cases, a group (: H~ or :CH37) moves to a positively charged carbon, taking 
its electron pair with it. Also in both cases, a less stable carbocation rear- 
ranges to a more stable ion. Rearrangements of the sort just shown are a 
common feature of carbocation chemistry. We’ll see at numerous places in 
future chapters that their occurrence in a reaction provides strong mecha- 
nistic evidence for the presence of carbocation intermediates. 
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6.18 Propose a mechanism to account for the formation of 1-bromo-1-ethylcyclohexane 
on reaction of vinylcyclohexane with HBr. 

i CH,CH3 

Br 

Vinylcyclohexane 1-Bromo-1-ethylcyclohexane 
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6.14 Summary and Key Words 
a eS SE Mo 

Alkenes are hydrocarbons that contain one or more carbon—carbon double 

bonds. Because they contain fewer hydrogens than related alkanes, alkenes 

are often referred to as being unsaturated. A double bond has two parts: 

a sigma bond formed by head-on overlap of two sp” orbitals and a pi bond 

formed by sideways overlap of two p orbitals. The overall bond strength of 

an alkene double bond is greater than that of a carbon—carbon single bond, 

with the pi bond part estimated at 64 kcal/mol (268 kJ/mol). 
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Alkenes are named by IUPAC rules using the suffix -ene. Because rota- 

tion around the double bond is restricted, substituted alkenes can exist as 

a pair of cis-trans stereoisomers. The geometry of a double bond can be 

specified by application of the Cahn—Ingold—Prelog sequence rules, which 

assign priorities to double-bond substituents. If the high-priority groups on 

each carbon are on the same side of the double bond, the geometry is Z 

(zusammen, “together”); if the high-priority groups on each carbon are on 

opposite sides of the double bond, the geometry is E (entgegen, “apart”). The 

stability order of alkyl-substituted double bonds is: 

Tetrasubstituted > Trisubstituted > Disubstituted > Monosubstituted 

R,C=CR, > R,C=CHR > RCH=CHR ~ R,C=CH, > RCH=CHy, 

The chemistry of alkenes is dominated by electrophilic addition reac- 
tions. When HX reacts with an unsymmetrically substituted alkene, Mar- 
kovnikov’s rule predicts that the hydrogen will add to the carbon having 
fewer alkyl substituents and that the X group will add to the carbon having 
more alkyl substituents. Electrophilic additions to alkenes take place 
through carbocation intermediates formed by reaction of the nucleophilic 
alkene pi bond with electrophilic H—A. Carbocation stability follows the 
order 

Tertiary (3°) > Secondary (2°) > Primary (1°) > Methyl 

R,Cct = RCH = RCH, = Co 

Markovnikov’s rule can be restated by saying that, in the addition of 
HX to an alkene, the more stable carbocation intermediate is formed. This 

result is explained by the Hammond postulate, which states that the 
transition state of an exothermic reaction step structurally resembles the 
reactant, whereas the transition state of an endothermic reaction step struc- 
turally resembles the product. Since an alkene protonation step is endo- 
thermic, the stability of the more highly substituted carbocation is reflected 

in the stability of the transition state leading to its formation. 
One of the best pieces of evidence in support of a carbocation mechanism 

for electrophilic addition reactions is the observation of structural rear- 
rangements that sometimes occur during reaction. Rearrangements occur 
by shift of either a hydride ion, :H™ (a hydride shift), or an alkyl group 
anion, :R~, from a neighboring carbon atom to the positively charged car- 
bon. The net result is isomerization of a less stable carbocation to a more 
stable one. 

ADDITIONAL..PROBLEMS 0: on. ona teasers meinen «anes 

6.19 Calculate the number of double bonds and/or rings in these formulas: 

(a) Benzene, CgH, (b) Cyclohexene, CgH;o 
(c) Myrcene (bay oil), CypHi¢ (d) Lindane, CgHgCl¢ 

(e) Pyridine, C5H5N (f) Safrole, Ci9H 1902 
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Calculate the number of multiple bonds and/or rings in these formulas, and then 
draw five possible structures for each: 

(a) CioHi¢ (b) CsHgO (c) C7H0Cle 

(d) C19H 602 (e) C;H9gNO. (f) CgH; 9CINO 

A compound of formula Cj 9H,,4 undergoes catalytic hydrogenation but absorbs only 

two equivalents of hydrogen. How many rings does the compound have? 

Give IUPAC names for these alkenes: 

CH, CH,CH,CH,CH, 

(a) Peer cece (b) CH;CH—CHCHCH,CH,CHCH; 
| ‘ie 

CH, 

(c) H,C—C(CH,CH;), (a) Screen 
daa, 

CH, 

(e) oa enen ae (f) H,C=C—CHCH, 

(g) H,C—CHC(CHs) (h) (CHs);CCH—=CHC(CHs); 
Ocimene is a triene found in the essential oil of many plants. What is its correct 

TUPAC name? 

ot Keen otf 

Ocimene 

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

oa a i) ain 

a-Farnesene 

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

6.24). 

Draw structures corresponding to these systematic names: 

(a) 2,4-Dimethyl-1,4-hexadiene (b) 3,3-Dimethy]-4-propyl-1,5-octadiene 

(c) 4-Methyl-1,2-pentadiene. (d) 2,6-Dimethyl-1,3,5,7-octatetraene 

(e) 3-Butyl-2-heptene (f) 2,2,5,5-Tetramethyl-3-hexene 

Menthene, a hydrocarbon found in mint plants, has the systematic name 1-isopropyl- 

4-methylcyclohexene. Draw its structure. 

These names are incorrect. Draw structures and give correct IUPAC names: 

(a) 2-Methyl-2,4-pentadiene (b) 3-Methylene-1-pentene 

(c) 3,6-Octadiene (d) 5-Ethyl-4-octene 

(e) 3-Propyl-3-heptene (f) 3-Vinyl-1-propene 

Draw and name the five possible pentene isomers, C;H9. Ignore E,Z isomers. 
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6.30 

6.31 

6.32 

6.33 

6.34 

6.35 

6.36 

Draw and name the 138 possible hexene isomers, CgHj.. Ignore E,Z isomers. 

Which of the compounds you drew in Problems 6.29 and 6.30 show cis—trans 
isomerism? 

According to heat-of-hydrogenation data, trans-2-butene is more stable than cis-2- 
butene by 1 kcal/mol. Hydrogenation measurements also show that trans-2,2,5,5- 

tetramethyl-3-hexene is more stable than its cis isomer by 9.3 kcal/mol. Explain 

this large difference. 

gS EIT EI I SS PE I PINTS IEE ILI TET ETE 

AH “hydtor 

(kcal/mol) (kJ/mol) 

Cis CH,CH=CHCH; 28.6 120 

Trans CH;CH=CHCHs3 27.6 116 

Cis (CH3)3CCH—CHC(CHs3)3 36.2 151 

Trans (CH3)sCCH=CHC(CHs3)3 26.9 112 

Allene (1,2-propadiene), H,C=C=CHpg, has two adjacent double bonds. What kind of 

hybridization must the central carbon have? Sketch the bonding orbitals in allene. 
What shape do you predict for allene? 

1,4-Pentadiene, a compound with two nonadjacent double bonds, has AH*pyarog = 
60.8 kcal/mol, which is approximately twice the value for 1-pentene (AH °byarog = 

30.1 kcal/mol). 1,2-Pentadiene, however, has AH*pydrog = 71.3 kcal/mol. What does 
this tell you about the stability of 1,2-pentadiene? What explanation might there 
be for these results? 

Predict the major product in each of these reactions: 

CH; 
(a) Pearce + HCl —> 

(b) 1-Ethylcyclopentene + HBr ——> 

(c) 2,2,4-Trimethyl-3-hexene + HI ——> 

(d) 1,6-Heptadiene + 2HCl ——~> 

CH3 

(e) + HBr — 

Rank the following sets of substituents in order of priority according to the Cahn— 
Ingold—Prelog sequence rules: 

(a) -CHs, -Br, -H, -I 

(b) -OH, -OCH;, -—H, -COOH 

(c) -COOH, -COOCH3, -CH,OH, —-CH3 

| 
(d) -CH3, -CH,CH3, -CH,CH,OH, - CCH; 

(e) -CH=CH2, -CN, -CHgNHe, -CH,Br 

(f) -CH=CHg, —CH,CHs, -CH,OCHsg, -CH,OH 
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Assign E or Z configuration to the following alkenes: 

(a) HOCH, CH3 (b) HOOC H 
\ £ ‘ / 
C=C C=C 
- \ iy, \ 

CH3 H Cl OCHs3 

(c) NC CH3 (d) Cea 2Ge ie = CH, 

C=C C=C 
/ \ hs \ 

CH3CH, CH,OH HO,C CH,CH3 

Name these cycloalkenes according to IUPAC rules: 

(a) CH; (b) (c) ee, 

oe 
Which of the given E,Z designations are correct, and which are incorrect? 

ar, 
(d) (e) = 

COOH fi 
C= ¢ 

U=C \ 
va H;C CH,CH(CHs)2 

Z E 

B CH,NH NC CH3 
Bee.” Cr 

C—C as GC 
/ \ 

H CH,NHCH3 (CH3)2NCHo CH.2CH3 

Z E 

(e) Br (f) oe a COOH 

x = a iP =C 

f CH;0CH2 COCH3 

Z EK 

Propose a mechanism to account for the following reaction. Show the structure of 
the intermediate(s), and use curved arrows to follow electron flows in each step. 

Cl 
ap (el) === 
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6.41 

6.42 

6.43 

6.44 

Propose a mechanism to account for the following reaction. Show the structure of 
the intermediate(s), and use curved arrows to follow electron flows in each step. 

Cl 
CH, 

ae Ay ees 

CH CH 3 CH, 3 

Calculate the degree of unsaturation of these formulas: 
(a) Cholesterol, Co7H4,0 (b) DDT, C,4H,Cls 

(c) Prostaglandin E,, Co9H3405 (d) Caffeine, CgHi9N4O2 
(e) Cortisone, Co,H2,05 (f) Atropine, C17H23NO3 

Draw a reaction energy diagram for the addition of HBr to 1-pentene. Let one curve 
on your diagram show the formation of 1-bromopentane product and another curve 
on the same diagram show the formation of 2-bromopentane product. Label the 
positions for all reactants, intermediates, and products. Which curve has the higher- 
energy carbocation intermediate? Which curve has the higher first transition state? 

Make sketches of the transition-state structures involved in the reaction of HBr 
with 1-pentene (Problem 6.43). Identify each structure as resembling either starting 

material or product. 



Alkenes: 
Reactions and 
Synthesis 

We saw in the preceding chapter that the addition of electrophiles is one of 
the most important reactions of alkenes. Although we’ve studied only the 
addition of HX thus far, many other electrophilic reagents also add to 
alkenes. In the present chapter, we'll learn how alkenes are prepared, we'll 
discuss many further examples of alkene addition reactions, and we'll see 
the wide variety of compound types that can be made from alkenes. 

H OH H H 

\ - s / 

soe eg 
Xx OH HO OH 
i i Alcohol Alkane x vi 

a eae 
Halohydrin 

x 4 
reid. Ne 
C=C C=O 

aan L 

1,2-Dihalide Carbonyl 

compound 

“oan? /\ 
Ca-C Ca—G 
Cas ae 

Halide Cyclopropane 
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7.1 

CHAPTER 7 Alkenes: Reactions and Synthesis 

Preparation of Alkenes: A Preview of 
Elimination Reactions 

Before getting to the main topic of this chapter—the reactions of alkenes— 
let’s take a brief look of how alkenes are prepared. We’ll return in Chapter 
11 for a more detailed look. 

Just as the chemistry of alkenes is dominated by addition reactions, 
the preparation of alkenes is dominated by elimination reactions. Addi- 
tions and eliminations are in many respects two sides of the same coin. That 
is, an addition reaction might involve the addition of HBr or H,O to an 
alkene to form an alkyl] halide or an alcohol, whereas an elimination reaction 
might involve the Joss of HBr or H2O from an alkyl halide or alcohol to 
form an alkene. 

Addition 

f ms 
C— Cees rCaawe 
i x 

Elimination 

The two most common alkene-forming elimination reactions are dehy- 
drohalogenation—the loss of HX from an alkyl halide—and dehydra- 
tion—the loss of water from an alcohol. Dehydrohalogenation usually occurs 
by reaction of an alkyl halide with strong base such as KOH. Hor example, 
bromocyclohexane yields cyclohexene when treated with potassium hydrox- 
ide in ethanol solution: 

H 
Br H 

KOH 

CH,CH,OH (1 + KBr + H,O 
H H 

H 

Bromocyclohexane Cyclohexene (81%) 

Dehydration is often carried out by treatment of an alcohol with a strong 
acid. For example, loss of water occurs and 1-methylcyclohexene is formed 
when 1-methylcyclohexanol is warmed with aqueous sulfuric acid in tetra- 
hydrofuran (THF) solvent. 

Both kinds of elimination reactions are sufficiently complex that it’s 
best to defer a detailed discussion until Chapter 11. For the present, it’s 
sufficient just to realize that alkenes are readily available from simple 
precursors. 
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CH; 
ae CHs 

H.S04, H,0 5 

THF, 50°C Halle 

1-Methyleyclohexanol 1-Methylcyclohexene (91%) 

O 

\ } Tetrahydrofuran (THF)—a common solvent 

PROBLEM vic. 0 1s dntvn Siew iniare erate arsine sia sie ldareys tre cin isicicc os ao MEET ne 

7.1 One of the problems in using elimination reactions is that mixtures of products are 
often formed. For example, treatment of 2-bromo-2-methylbutane with KOH in eth- 
anol yields a mixture of two alkene products. What are their structures? 

7.2 How many alkene products, including E,Z isomers, might be obtained by dehydration 
of 3-methyl-3-hexanol with aqueous sulfuric acid? 

OH 

ge 3-MethyI-3-hexanol 

CHs 

See EEE EEE HEE EEE EEE EHEHE HEE E EEE HEED 

7.2 Addition of Halogens to Alkenes 

Bromine and chlorine both add readily to alkenes to yield 1,2-dihaloalkanes. 
For example, more than 7 million tons per year of 1,2-dichloroethane (ethyl- 
ene dichloride) are synthesized industrially by the addition of Cl, to 
ethylene. The product is used both as a solvent and as starting material for 
use in the manufacture of poly(vinyl chloride), PVC. 

H H Cl Cl 

: / Pees 
C=C ~+ Cl > H—C—C—H 

Had Lan 
H H Ho 

Ethylene 1,2-Dichloroethane 

(ethylene dichloride) 

The addition of bromine to an alkene also serves as a simple and rapid 
laboratory test for unsaturation. A sample of unknown structure is dissolved 
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in tetrachloromethane (carbon tetrachloride, CCl,) and placed in a test tube 
to which several drops of bromine in CCl, are added. Immediate disap- 
pearance of the reddish Brg color signals a positive test and indicates that 
the sample is an alkene. 

H H Br 

as Br, in CCl, 
es 

H 
H Br 

Cyclopentene 1,2-Dibromocyclopentane (95%) 

Fluorine tends to be too reactive and difficult to control for most labo- 
ratory applications, and iodine does not react with most alkenes. 

Based on what we’ve seen thus far, a possible mechanism for the reaction 
of halogens with alkenes is shown in Figure 7.1. As a bromine molecule 
approaches a nucleophilic alkene, the Br—Br bond becomes polarized (Sec- 
tion 5.5). The pi electron pair of the alkene then attacks the positive end of 
the polarized bromine molecule, displacing bromide ion. The net result is 
that electrophilic Br* adds to the alkene in the same way that H* adds. 
The intermediate electrophilic carbocation then immediately reacts with 
nucleophilic bromide ion to yield the dibromo addition product. 

bond attacks the polarized bromine, 
forming a C-Br bond and causing 
the Br—Br bond to break. Bromide 
ion departs with both electrons from 
the former Br-Br bond. 

xs On ea Ow 

The electron pair from the double Se cia ; 
H ‘ 

EL 

eee Br 
Bromide ion then uses an electron H 

pair to attack the carbocation 
intermediate, forming a C-Br bond | 
and giving the neutral addition 
product. 

Br 

Br 
H 

a Se Eee) ‘ 

Figure 7.1 A possible mechanism for the electrophilic addition of 
Brz to an alkene. 



7.2 Addition of Halogens to Alkenes 217 

Although the mechanistic description shown in Figure 7.1 for the addi- 
tion of bromine to alkenes looks reasonable, closer examination shows that 
it’s not completely consistent with known facts. In particular, the proposed 
mechanism doesn’t explain the stereochemistry of halogen addition. That is, 
the mechanism doesn’t explain what product stereoisomers (Section 3.9) are 
formed in the reaction. 

Let’s look again at the reaction of Brg with cyclopentene and assume 
that Br* adds to cyclopentene from the bottom face to form the carbocation 
intermediate shown in Figure 7.2. (The addition could equally well occur 
from the top face, but we’ll consider only one possibility for simplicity.) Since 
the positively charged carbon is planar and sp* hybridized, it could be 
attacked by bromide ion in the second step of the reaction from either the 
top or the bottom to give a mixture of products. One product has the two 
bromine atoms on the same side of the ring (cis), whereas the other has the 
bromines on opposite sides (trans). We find, however, that only trans-1,2- 
dibromocyclopentane is produced. None of the cis product is formed. 

Se, 

H eo 

Br H 

Bro trans-1,2-Dibromocyclopentane 

H H 

Br—Br 
LA 

Cyclopentene 
Br Br 

cis-1,2-Dibromocyclopentane 

(not formed) 

a SE eee ae ee Se ee) 

Figure 7.2 Stereochemistry of the addition reaction of bromine 

with cyclopentene. Only the trans product is formed. 

Since the two bromine atoms add to opposite faces of the cyclopentene 
double bond, we say that the reaction occurs with anti stereochemistry. 
If the two bromines had added from the same face, the reaction would have 

had syn stereochemistry. Note that the word anti has a similar meaning 
in the present stereochemical context to the meaning it has in a butane 
conformational context (Section 4.3). In both cases, the two groups referred 
to are 180° apart. 

An explanation of anti addition was put forward in 1937 by George 
Kimball and Irving Roberts, who suggested that the true reaction inter- 

mediate is not a carbocation but is instead a bromonium ion, R,Br*. (A 

chloronium ion, similarly, contains a positively charged, divalent chlorine, 
R,Cl1*.) In the present case, the bromonium ion is in a three-membered ring 
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and is formed by the overlap of bromine lone-pair electrons with the vacant 
p orbital of the neighboring carbocation (Figure 7.3). Although Figure 7.3 
depicts bromonium ion formation as stepwise, this is done only for clarity. 
In fact, the bromonium ion is formed in a single step by interaction of the 
alkene double-bond electrons with Br*. 

Alkene pi electrons attack bromine, 
pushing out bromide ion and leaving 
a bromo carbocation. 

The neighboring bromo substituent 
stabilizes the positive charge by using 
two of its electrons to overlap the 
vacant carbon p orbital, giving a 

three-membered-ring bromonium ion. 

Bromonium ion 

Figure 7.3. Formation of a bromonium ion intermediate by { 
electrophilic addition of Br* to an alkene. 

‘How does bromonium ion formation account for the anti stereochemistry 
of addition to cyclopentene? If a bromonium ion is formed as an intermediate, 
we can imagine that the bromine atom might “shield” one face of the mole- 
cule. Attack by bromide ion in the second step could then occur only from 
the opposite, unshielded face to give anti product. 

Top side open to attack 

>Bri7 

H H 

Sear yee ph scl ed 
Br— a ; Bri | Br H 

Cyclopentene Bromonium ion trans-1,2-Dibromocyclopentane 
intermediate 

Bottom side shielded from attack 
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The halonium ion postulate, made more than 50 years ago to explain 
the stereochemistry of halogen addition to alkenes, is a remarkable example 
of deductive logic in chemistry. Arguing from known experimental results, 
chemists were able to make a hypothesis about the intimate mechanistic 
details of alkene electrophilic reactions. Much more recently, strong evidence 
supporting the postulate has come from the work of George Olah, who has 
observed and studied specially prepared stable solutions of cyclic bromonium 
ions. There’s no question that bromonium ions are indeed real. 

fe : 5 : 
“pr ES 

(CH.,). C—CHCH 
SbF; : ' 3 

a : "Liquid $0, H;C™, c “CH, 

( F 

CH; 
H 

A bromonium ion 

stable in SO, solution 

= 61816 (6) 68 6) eR. 6 S)w & (G)a)\0) S08) 06,0916 j5.10 0) e1.e\b@. 0 0: 0 6)el6 eis 6 ep 6)8 8090.0 6/80 6 6 6 

What product would you expect to obtain from addition of Cl, to 1,2-dimethylcyclo- 
hexene? Show the stereochemistry of the product. 
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Unlike the reaction in Problem 7.3, addition of HCl to 1,2-dimethylcyclohexene yields 

a mixture of two products. Show the stereochemistry of each, and explain why a 
mixture is formed. 

COCR Ree eee ew eee D EEE HEHEHE ERED ERE EEE REE EEE EEE EEE EES 

7.3. Halohydrin Formation 

A great many different kinds of electrophilic additions to alkenes can take 
place. For example, alkenes can add HO-Cl or HO-Br under suitable con- 
ditions to yield 1,2-halo alcohols, or halohydrins. Halohydrin formation 
doesn’t take place by direct reaction of an alkene with the reagents HOBr 
or HOC]. Rather, the addition is done indirectly by reaction of the alkene 
with either Brz or Clg in the presence of water. 

s if an \ I, . Xe 
Saas oy aaa a. + AX 

An alkene A halohydrin 

We’ve seen that, when a solution of bromine in carbon tetrachloride 

reacts with an alkene, the cyclic bromonium ion intermediate is trapped by 
the only nucleophile present, bromide ion. If, however, the reaction is carried 
‘out in the presence of an additional nucleophile, the intermediate bromonium 
ion can be “intercepted” by the added nucleophile and diverted to a different 
product. When an alkene reacts with bromine in the presence of water, for 
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example, water competes with bromide ion as nucleophile and reacts with 

the bromonium ion intermediate to yield a mixture of dibromide and bromo 

alcohol (a bromohydrin). The net effect is addition of HO-Br to the alkene. 

The reaction takes place by the pathway shown in Figure 7.4. 

H CHs Brace 

Reaction of the alkene with Br2 
yields a bromonium ion 

—_— 
intermediate. 

:Br:* 

pie 
Hf ae CHs + Br 

H3C H 
Water acts as a nucleophile, using a :OH, 
lone pair of electrons to open the * 
bromonium ion ring and form a bond | 

to carbon. Since oxygen donates its 
electrons in this step, it now has the B CH 
positive charge. e P - 

— —_ HE Q 

aa 
ie os i 

Loss of a proton (H*) from oxygen 
then gives HBr and the neutral | 
bromohydrin addition product. 

Br CHs 

H-- C an c—-H ote HBr 

/ _ 
H3C OH 

3-Bromo-2-butanol 

Figure 7.4 Mechanism of bromohydrin formation by reaction of 

an alkene with bromine in the presence of water. 

In practice, few alkenes are soluble in water, and bromohydrin for- 
mation is often carried out in a solvent such as aqueous dimethy] sulfoxide 
(DMSO), using a reagent called N-bromosuccinimide (NBS) as a bromine 
source. (NBS is a stable, easily handled compound that slowly decomposes 
in water to yield Br, at a controlled rate. Bromine itself can also be used 
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in the addition reaction, but it is much more dangerous and more difficult 
to handle.) Under these conditions, high yields of bromohydrins can be 
obtained. For example, 

O 

2 OH 
N— Br (NBS) | 

CH+=CH, CH—CH,— Br 
O eects ee eee Ree 

H.,0/CH,SOCH, 
(DMSO) 

Cr 

Styrene 2-Bromo-1-phenylethanol (76%) 

Note that the aromatic ring in the previous example is inert to bromine 
under the conditions used, even though it contains three carbon—carbon 
double bonds. Aromatic rings are a good deal more stable than might be 
expected, a property that will be examined in Chapter 15. 
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7.5 What product(s) would you expect from the reaction of cyclopentene with NBS and 
water? Show the stereochemistry. 
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7.6 When an unsymmetrical alkene such as propene is treated with N-bromosuccinimide 
‘in aqueous dimethyl sulfoxide, the major product has the bromine atom bonded to 
the less substituted carbon atom: 

OH 

NBS, H,O0 | 
od CH;CH—CHy, DMSO CH;CHCH,Br 

How can you account for this result? Is this Markovnikov or non-Markovnikov 

orientation? 
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7.7 Iodine azide, I-N3, adds to alkenes by an electrophilic mechanism similar to that 

of bromine. If a monosubstituted alkene is used, only one product results: 

~ 

CH;CH,CH=CHy, Te I—N3 a CH;CH,CHCH,I 

In light of this result, what is the polarity of the I-N3 bond? Propose a mechanism 

for the reaction. 
seer eres eee rene 
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7.4 Hydration of Alkenes: 
Oxymercuration 

Water can be added to simple alkenes such as ethylene and 2-methylpropene 
to yield alcohols, ROH, a process called hydration. The reaction takes place 
on treatment of the alkene with water and a strong acid catalyst (HA) by 
a mechanism similar to that of HX addition. Thus, protonation of an alkene 
double bond yields a carbocation intermediate that reacts with water as 
nucleophile to yield a protonated alcohol product (ROH,*). Loss of Ht from 
this protonated alcohol gives the neutral alcohol and regenerates the acid 
catalyst (Figure 7.5). 

a 
H3C H H3C i as H—O* H co 
oe ae we | 0 : :OH2 | = — A. ae SS 

H3C H H;C 4H H;C H 

2-Methylpropene Carbocation Protonated 
intermediate alcohol 

HO H 

on 
Sa +H—A 

H.C H 

2-Methy1-2-propanol 

qn Se Se 

Figure 7.5 Mechanism of the acid-catalyzed hydration of an 

alkene. 

Acid-catalyzed alkene hydration is suitable for large-scale industrial 
procedures, and approximately 300,000 tons per year of ethanol are manu- 
factured in the United States by hydration of ethylene at 300°C. The reaction 
is of little value for most laboratory applications, though, because the high 
temperatures and strongly acidic conditions required are too vigorous for 
many organic molecules to survive. 

In practice, most alkenes are best hydrated by the oxymercuration 
procedure. When an alkene is treated with mercuric acetate [Hg(O2CCHs3)o, 
usually abbreviated Hg(OAc)2] in aqueous tetrahydrofuran (THF) solvent, 
electrophilic addition to the double bond rapidly occurs. The intermediate 
organomercury compound is then treated’ with sodium borohydride, NaBH,, 
and an alcohol is produced. For example: 
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} eae OH 

1-Methylcyclopentene 1-Methylcyclopentanol 

(92%) 

Alkene oxymercuration is closely analogous to halohydrin formation 
and is initiated by electrophilic addition of mercuric ion to the alkene to 
give an intermediate mercurinium ion, whose structure resembles that of 

a bromonium ion (Figure 7.6). Nucleophilic attack of water followed by loss 
of a proton then yields a stable organomercury addition product. The final 
step, reaction of the organomercury compound with sodium borohydride, is 
not well understood but appears to involve radicals as intermediates. Note 
that the regiochemistry of the reaction corresponds to Markovnikov addition 
of water; that is, the hydroxyl group becomes attached to the more highly 
substituted carbon atom, and the hydrogen becomes attached to the less 
highly substituted carbon. 

OA Ac HgOAc 
Cc 

De Fn HES, ah 
CH Papwoute OAc 

3 “HO, THF CCHS “OH, ye 

> 

1-Methylcyclopentene + -OAc H ot aS 

HgOAc 

OH OH 

1-Methylcyclopentanol + HOAc 

an An organomercury 
intermediate 

PE ee 

Figure 7.6 Mechanism of the oxymercuration of alkenes to yield 

alcohols. This electrophilic addition reaction involves a mercurinium 

ion intermediate, and its mechanism is similar to that of halohydrin 

formation. 
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7.8 What products would you expect from oxymercuration of these alkenes? 

(a) CH;CH,CH,CH=CHe (b) 2-Methyl-2-pentene 
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7.9 What alkenes might these alcohols have been prepared from? 

(a) OH (b) OH 
| 

CH;CCH,CH,CH,CHy 

CHs 

id 

7.5 Hydration of Alkenes: Hydroboration 

One of the most useful of all alkene additions is the hydroboration reaction 
reported by H. C. Brown! in 1959. Hydroboration involves addition of a 
B-H bond of borane, BH3, to an alkene to yield an organoborane inter- 

mediate, RBH: 

H H BH, 
‘ \ Z \ / 
vate + C= i ae fake 

“s / 

Borane An organoborane 

Borane is highly reactive since the boron atom has only six electrons 
in its valence shell. In tetrahydrofuran (THF) solution, however, BH3 accepts 
an electron pair from a solvent molecule in a Lewis acid—base reaction to 
complete its octet and form a stable BH3-THF complex. Although formal- 
charge calculations for this complex show that there must be a negative 
charge on boron.and a positive charge on oxygen, for all practical purposes 
the BH3—THF complex behaves chemically as if it were BH3. 

Borane THF BH;-THF complex 

When an alkene reacts with BH3 in THF solution, rapid addition to the 
double bond occurs. Since BH3 has three hydrogens, addition occurs three 
times and a trialkylborane product, R3B, is formed. For example, one molar 

‘Herbert Charles Brown (1912—_ ); b. London; Ph.D. (1938) University of Chicago 
(Schlessinger); professor, Purdue University (1947—_); Nobel Prize (1979). 
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equivalent of BH3 adds to three molar equivalents of ethylene to yield 
triethylborane: 

eae ii ieeagas 

1,C=CHy> BH, — + |H=B ero stapes ttl HB 
\ 
H CH,CH3 

Ethylene  Borane Ethylborane Diethylborane 

| tc—cn, 

CH,CHs; 

CH3;CH,—B 

CH,CH; 

Triethylborane 

Alkylboranes are extremely useful in synthesis because of the further 
reactions they undergo. For example, when tricyclohexylborane is treated 
with aqueous hydrogen peroxide (H20z) in basic solution, an oxidation takes 
place. The carbon—boron bond is broken, a hydroxyl group bonds to carbon, 
and three equivalents of cyclohexanol are produced. The net effect of the 
two-step hydroboration-plus-oxidation sequence is hydration of the alkene 
double bond. 

OH 
H,0, 

3 5) + BH; —~> B =O Lo 3 tris + B(OH)s 

Cyclohexanol 

(87%) 

Cyclohexene 

Tricyclohexylborane 

One of the features that makes the hydroboration reaction so useful is 
the regiochemistry that results when an unsymmetrical alkene is hydro- 
borated. For example, hydroboration—oxidation of 1-methylcyclopentene 
yields trans-2-methylcyclopentanol. Boron and hydrogen add to the alkene 
with syn stereochemistry, with boron attaching to the less highly substituted 
carbon. During the oxidation step, the boron is replaced by a hydroxy] with 
the same stereochemistry, resulting in an overall syn non-Markovnikov 
addition of water. This stereochemical result is particularly useful since it 
is complementary to the Markovnikov regiochemistry observed for oxy- 
‘mercuration. 
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Ho .2 ; H, ,OH 

BH, -OH Om & [On] & Os 
CH; CHs 

1-Methylcyclopentene Alkylborane trans-2-Methylcyclopentanol 

intermediate (85%) 

? 
Why does alkene hydroboration take place with “non-Markovnikov’ 

regiochemistry? Hydroboration differs from many other alkene addition 
reactions in that it occurs in a single step; no carbocation intermediate is 
involved. We can view the reaction as taking place through a four-center 
cyclic transition state in which both carbon—hydrogen and carbon—boron 
bonds form at approximately the same time (Figure 7.7). Since both carbon— 
hydrogen and carbon—boron bonds form simultaneously from the same face 
of the alkene, this mechanism explains why syn stereochemistry is observed. 

i 
H—B—H 

+ 

Addition of borane to the alkene pi bond SUS 
occurs in a single step through a cyclic 
four-membered-ring transition state. The | 
dotted lines indicate partial bonds that are 
breaking or forming. ts t 

| ‘ 
H:---B—H 

HoH 0y 

A neutral alkylborane addition product is 
then formed when reaction is complete. | 

H BH» 
if 

Bs ce 
\ 

Ge 

Figure 7.7_ Mechanism of alkene hydroboration. The reaction 
occurs in a single step in which both C—H and C-B bonds form at 
the same time. 

The mechanism shown in Figure 7.7 accounts for not only the reaction’s 
stereochemistry but also its regiochemistry. Although hydroboration does 
not involve charged intermediates as other alkene addition reactions do, 
the interaction of borane with an alkene nevertheless has a large amount 
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of polar character to it. Borane, with only six valence electrons on boron, is 
a powerful electrophile because of its vacant p orbital. Thus, the interaction 
of BH3 with a nucleophilic alkene involves a partial transfer of electrons 
from the alkene to boron, with consequent buildup of polar character in the 
four-membered-ring transition state. Boron thus carries a partial negative 
charge (6~) since it has gained electrons, and the alkene carbons carry a 

partial positive charge (6*) since they have lost electrons. 
In the addition of BH; to an unsymmetrically substituted alkene such 

as 1-methylcyclopentene, there are two possible four-center transition 
states. From what we know about the nature of electrophilic additions, we 

would expect the transition state that places a partial positive charge on 
the more highly substituted carbon to be favored over the alternative that 
places the charge on the less highly substituted carbon. Thus, boron tends 
to add to the less highly substituted carbon (Figure 7.8). 

H SBE CH; H_ -~__CHs; 

H S Benet H 
asd HB H 

Partial 3° cation 

(more stable transition state) 

BH3 

H CH; ‘ 

H aiaieisistalate’sinie CH, H_ -~__CHs 

: 
ao owen Gis Stet 

5-H H BH, 
Partial 2° cation 

(less stable transition state; 

not formed) 

mE SES 

Figure 7.8 Mechanism of the hydroboration of 1-methylcyclo- 

pentene. The favored transition state is the one that places the 

partial positive charge on the more highly substituted carbon. 

In addition to electronic factors, a steric factor is probably also involved 

in determining the regiochemistry of hydroboration. Attachment of the 

boron group is favored at the less sterically hindered carbon atom of the 

alkene, rather than at the more hindered carbon, because there is less steric 

crowding in the resultant transition state: 
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PROBLEM... 

7.10 

PROBLEM... 

7.11 

H pe eeeeeeeeees peregas ere ey CHs ) 

No steric : : : : Steric 
crowding : ; ; : crowding 
here Hx B seccveaes H H vecsenees B va here 

Both steric and electronic arguments predict the observed regiochemistry, 
and it’s difficult to say which is more important. Evidence suggests, however, 
that steric factors probably have greater influence than electronic factors. 

eC ei eo eC 

What product will result from hydroboration—oxidation of 1-methylcyclopentene 
with deuterated borane, BD3? Show both the stereochemistry (spatial arrangement) 

and the regiochemistry (orientation) of the product. 

CRO eee ee eee eee eee eH eee eee HEHEHE HEHEHE EERE HED EEE 

What alkenes might be used to prepare these alcohols by hydroboration—oxidation? 

(a) (CHs),CHCH,CH,OH _b) Cie. carHcl (c) ( )-cH08 

OH 

7.6 A Radical Addition to Alkenes: 
HBr/Peroxides ‘ 

When HBr adds to an alkene under normal conditions, we now know that 
an intermediate carbocation is involved and that Markovnikov orientation 
will be observed. This was not the case prior to 1933, however. In the 1920s, 
the addition of HBr to 3-bromopropene had been studied several times by 
different workers, and conflicting results were reported in the chemical 
literature. The usual rule of Markovnikov addition did not appear to hold; 
both possible addition products were usually obtained, but in widely different 
ratios by different workers. For example: 

H Ee Eh Hovbr 
| \a/ did 

i ae oo Liquid Br. CX _Br 2 a vbr 

| is a pa 7. \a re 
H ees Hoe HH oH ree tH 

3-Bromopropene 1,3-Dibromopropane 1,2-Dibromopropane 
M.S Sh ES 

Product mixture 
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A careful examination of the reaction ultimately resolved the problem 
when it was found that HBr (but not HCl or HI) can add to alkenes by two 
entirely different mechanisms. It turns out that 3-bromopropene, the sub- 
strate many investigators had been using, is highly air-sensitive and absorbs 
oxygen to form peroxides (R-O-O-R, compounds with oxygen—oxygen 
bonds). Since the oxygen—oxygen bond is weak and easily broken, peroxides 
are excellent sources of radicals and can serve to catalyze a radical addition 
of HBr to the alkene, rather than a polar electrophilic addition. In subse- 
quent work, it was found that non-Markovnikov radical addition of HBr 
occurs with many different alkenes. For example: 

H,C—CH(CH2)sCOOH ———> BrCH,;CH2(CH2)sCOOH 

10-Undecenoic acid 11-Bromoundecanoic acid 

Peroxide-catalyzed addition of HBr to alkenes proceeds by a radical 
chain mechanism involving addition of bromine radical, Br-, to the alkene. 
As with the radical chain process we saw earlier for the light-induced chlo- 
rination of methane (Section 5.4), both initiation steps and propagation steps 
are required. In writing the mechanism of this radical reaction, note how 
a curved half-arrow, or “fishhook” ™, is used to show the movement of a 
single electron, as opposed to the full arrow used to show the movement of 

an electron pair in a polar reaction. 

Initiation steps The reaction is initiated in two steps. In the first step, 
light-induced homolytic cleavage of the weak oxygen—oxygen peroxide 
bond generates two alkoxy radicals, RO-. An alkoxy radical then 
abstracts a hydrogen atom from HBr in the second initiation step to 
give a bromine radical, - Br. 

Light ifp-0— 028 2R—0- 

on peu O- raise li) 25 R—O—H + -Br: 

Propagation steps Once a bromine radical has formed in the initiation 
steps, a chain-reaction cycle of two repeating propagation steps begins. 

In the first propagation step, bromine radical adds to the alkene double 
bond, giving an alkyl] radical. One electron from Br- and one electron 
from the pi bond are used to form the new C-Br bond, leaving an 
unpaired electron on the remaining double-bond carbon. In the second 
propagation step, this alkyl radical reacts with HBr to yield addition 

product plus a bromine radical to cycle back into the first propagation 

step and carry on the chain reaction. 

aoesae cally, 
3.:Br- + H,C==CHCH,CH, —~ BrCH,CHCH,CH; 

A 
4. BrCH,CHCH,CH; + H~-Br ——~ BrCH,CH,CH,CH; + :Br- 
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According to this radical chain mechanism, the regiochemistry of addi- 

tion is determined in the first propagation step when bromine radical adds 

to the alkene. For an unsymmetrical alkene such as 1-butene, this addition 

could conceivably take place at either of two carbons, to yield either a 

primary radical intermediate or a secondary radical. Experimental results 

indicate, however, that only the more highly substituted, secondary radical 

is formed (Figure 7.9). Why should this be? 

CH,CH, 

“C—CHy— Br:| —> CH:CH,CH,CHs 

H H Br 

ae 2° radical (only product) 

H CHCH, H 

:Br: H Br 

1° radical (not formed) 

ee Se 

Figure 7.9 Addition of bromine radical to 1-butene. The reaction 

is regiospecific, leading exclusively to formation of the secondary 

radical. 

STABILITY OF RADICALS 

In explaining the Markovnikov regiochemistry of polar electrophilic addi- 
tion reactions (Section 6.12), we invoked the Hammond postulate to account 
for the fact that more stable carbocation intermediates form faster than less 
stable ones. In explaining the regiochemistry of the radical addition of HBr 
to alkenes, we need to invoke a similar argument. First, we need to compare 

the relative stabilities of substituted radicals by looking at the bond dis- 
sociation energies for different kinds of carbon—hydrogen bonds (Table 7.1 
and Figure 7.10). 

As we saw in Section 5.8, bond dissociation energy is the amount of 
energy that must be supplied to cleave a bond homolytically into two radical 
fragments. When AH” is high, the bond is strong and there is a large dif- 
ference in stability between reactant and products. When AH” is low, the 
bond is weaker, and there is a smaller difference in stability between reac- 
tant and products. If the energy required to break a primary C—H bond of 
propane (98 kcal/mol; 410 kJ/mol) is compared with that required to break 
a secondary C-H bond of propane (95 kcal/mol; 397 kJ/mol), there is a 
difference of 3 kcal/mol. Since we are starting with the same reactant in 
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TABLE 7.1 Bond Dissociation Energies of Different Kinds of C-H Bonds in Alkanes 

Bond Bond dissociation energy, AH° 
Bond broken Radical products type (kcal/mol) — (keJ/mol) I een, eh ere A IE ee Ee ae ee 
H—CH, H: + CH: Methyl 104 435 
H—CH,CH,CH3 H: + CH3;CH,CH, : Primary 98 410 

H 

CH;CHCH; H: + CH;CHCH; Secondary 95 397 
H—C(CHs)s H- + (CH,),C- Tertiary 92 385 

ee 

“Tertiary C—H bonds are weaker than secondary ones, and secondary bonds are weaker than primary ones. 

120 
Methyl ; 

(CHy) (EEN Secondary 
Tertiary 

(RaCH2) (R3CH) 100 

80 

60 

40 

Bond dissociation energy 

(kcal/mol) 

20 

0 

EEE ee 

Figure 7.10 A plot of C—H bond dissociation energy 

versus substitution pattern. The order of bond strength is 

methyl sea 

both cases (propane), and since one product is the same in both cases (H-), 

the 3 kcal/mol energy difference is a direct measure of the difference in 
stability between the primary propyl radical (CH3;CH2CH¢,:) and the sec- 
ondary propyl radical [(CH3)2CH:-]. In other words, the secondary propyl 
radical is more stable than the primary propyl radical by 3 kcal/mol. 

A similar comparison between a primary C—H bond of 2-methylpropane 
(98 kcal/mol; 410 kJ/mol) and the tertiary C—H bond in the same molecule 
(92 kcal/mol; 385 kJ/mol) leads to the conclusion that the tertiary radical 

is more stable than the primary radical by 6 kcal/mol (25 kJ/mol). We thus 

find that the stability order of radicals is as follows: 
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| i i i 
oF an jai act Ps 

R R H H 

Tertiary (3°) > Secondary (2°) > Primary (1°) > Methyl 

More stable DE Ug Less stable 

The stability order of radicals is identical to the stability order of car- 
bocations, and for much the same reasons. Carbon radicals, even though 
they’re uncharged, are electron-deficient like carbocations. Thus, the same 
substituent effects stabilize both. 

AN EXPLANATION OF THE REGIOCHEMISTRY OF 
RADICAL-CATALYZED ADDITION OF HBr TO 
ALKENES 

PROBLEM... 

7.12 

PROBLEM... 

eee eee eens 

Now that we know the stability order of radicals, we can complete an expla- 
nation for the observed regiochemistry of radical-catalyzed HBr additions 
to alkenes. Although the addition of bromine radical to an alkene isa slightly 
exothermic step, there is nevertheless a certain amount of developing radical 
character in the transition state. Thus, according to the Hammond postulate 
(Section 6.12), the same factors that make a secondary radical more stable 
than a primary one also make the transition state leading to the secondary 
radical more stable than the transition state leading to the primary one. In 
other words, the more stable radical forms faster than the less stable one. 

We conclude that, although peroxide-catalyzed radical addition of HBr 
to an alkene gives an apparently non-Markovnikov product, the reaction in 
fact proceeds through the more stable intermediate just as a polar reaction 
does. A reaction energy diagram for the overall process is shown in Figure 
alah 

Oem meee e mre e aero eee eeeeeeeeeeeeeeeeeeeeeeseeeeeeeeeae 

Show how you would synthesize the following compounds. Identify the alkene start- 
ing material and indicate what reagents you would use in each case. 

(a) as es ee (b) CH;CH,CH,CH,Br (c) CH3;CH,CHCHCH,CH3 

| 
Br H3C Br 

Ce ee eC ee i | 

Draw a reaction energy diagram for the radical addition of HBr to 2-methyl-2-butene 
(consider only the propagation steps). Construct your diagram so that reactions 
leading to the two possible addition products are both shown. Which of the two 
curves has the lower activation energy for the first step? Which of the two curves 
has the lower AG*° for the first step? 

a ar ry 
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RCHBrCH,: 

RCH=CH, + -Br 

RCHCH,Br 

RCHBrCH, 
RCH 2CH, Br 

Reaction progress ————> 

Sa ESE eS ee ee) 

Figure 7.11 Reaction energy diagram for the addition of bromine 

radical to an alkene. The more stable secondary radical forms faster 

than the less stable primary radical. 

7.7 Hydrogenation of Alkenes 

Alkenes react with hydrogen in the presence of a suitable catalyst to yield 
the corresponding saturated alkane addition products. We describe the result 
by saying that the double bond has been hydrogenated, or reduced. 
Although we looked briefly at catalytic hydrogenation as a method of deter- 
mining alkene stabilities in Section 6.7, the reaction also has enormous 
practical value. 

be / Bee re eee Catalyst CC 

4 \ 

An alkene An alkane 

Platinum and palladium are the two catalysts used for most alkene 
hydrogenations. Palladium is normally employed in a very finely divided 
state “supported” on an inert material such as charcoal to maximize surface 
area (Pd/C). Platinum is normally used as PtO,, a reagent known as Adams’ 
catalyst after its discoverer, Roger Adams.” 

; 2Roger Adams (1889-1971); b. Boston; Ph.D. Harvard (Torrey, Richards) (1912); professor, 

University of Illinois (1916-1971). 
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Catalytic hydrogenation, unlike most other organic reactions, is a het- 
erogeneous process rather than a homogeneous one. That is, the hydrogen- 
ation reaction occurs on the surface of solid catalyst particles rather than 
in solution. For this reason, catalytic hydrogenation has proven difficult to 
study mechanistically. Observation has shown, however, that hydrogenation 
usually occurs with syn stereochemistry: Both hydrogens add to the double 
bond from the same face. 

CH 
CH; : 

H,, PtO, H 
ee 

CH;CO,H ett 
CH 

: CH, 

1,2-Dimethylcyclohexene cis-1,2-Dimethylcyclohexane 

(82%) 

The first step in the reaction is adsorption of hydrogen onto the catalyst 
surface, followed by complexation between catalyst and alkene as vacant 
metal orbitals overlap with the filled alkene pi orbital. In the final steps, 
hydrogen is inserted into the double bond, and the saturated product diffuses 
away from the catalyst (Figure 7.12). It’s clear from this picture why the 
stereochemistry of hydrogenation is syn: It must be syn because both hydro- 
gens add to the double bond from the same catalyst surface. 

Nee 
C=C 

Hy a \ 
SS —— 
ial ———————t 

Catalyst Hydrogen adsorbed Complex of alkene 

on catalyst surface to catalyst 

~ C= ox 

li . * —— 
H H 

Alkane product Regenerated Insertion of hydrogen 
catalyst into carbon—carbon double bond 

Figure 7.12 Mechanism of alkene hydrogenation. The reaction 

takes place with syn stereochemistry on the surface of catalyst 

particles. 

Another stereochemical feature of catalytic hydrogenation is that the 
reaction is sensitive to the steric environment around the double bond. As 
a result, the catalyst often approaches only one face, giving rise to a single 
product. In a-pinene, for example, one of the methyl groups attached to the 
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four-membered ring hangs over the top face of the double bond and blocks 
attack of the hydrogenation catalyst. Reduction therefore occurs exclusively 
from the bottom face to yield the product shown. 

Top side of double 

bond blocked by 

methyl group 

Caug CH, H3C CH3 H3C CH3 

H H tes gos 
H 2 

Pd/C H H 

H3C H CHs 

a-Pinene (not formed) 

Alkenes are much more reactive than most other functional groups 
toward catalytic hydrogenation, and the reaction is therefore quite selective. 
Other functional groups such as ketones, esters, and nitriles survive normal 
alkene hydrogenation conditions unchanged. Reaction with these groups 
does occur under more vigorous conditions, however. 

O O 

Hy 
SS ee 

Pd/C in ethanol 

2-Cyclohexenone Cyclohexanone 

Ketone not reduced 

CO.CH3 

vas se Hs 

| Pd/C i eels es ine 

Methyl 3-phenylpropenoate Methyl] 3-phenylpropanoate 

CO.CH3; 

Benzene ring, ester not reduced 

CN CN 

Ho 

Pd/C in ethanol 

Cyclohexylideneacetonitrile Cyclohexylacetonitrile 

Nitrile not reduced 

Note that, in the hydrogenation of methyl 3-phenylpropenoate, the benzene 

ring functional group is not affected by hydrogen on palladium even though 

it contains three double bonds. This is yet another example of the remarkable 

lack of reactivity of aromatic rings. 
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In addition to its usefulness in the laboratory, catalytic hydrogenation 

is of great commercial value in the food industry. Unsaturated vegetable 

oils, which usually contain numerous double bonds, are catalytically hydro- 

genated on a vast scale to produce the saturated fats used in margarine and 

solid cooking fats. 

Fg NI oe a 
Linoleic acid (a constituent of vegetable oil) 

[2 Hy, Pd/C 

O 

Tepes. ee ar 

Stearic acid 

ae wre eee ee ee reese rere erereser esses erseeeseseesesssesressane 

7.14 What product would you obtain from catalytic hydrogenation of these alkenes? 

ee 

(a) (CH3)»>C =CHCH,CH3 (b) 3,3-Dimethylcyclopentene 

@ @ valless) S10 tol6 (eele © w 6b la ele.0.0 ele p46) : ule, ole 186i. 0 0) ae) 0 \¢)0(s' 6) 61 'e) Glee si-e) 0 8) 6) Se 

7.8 Hydroxylation of Alkenes 
SS 

Hydroxylation of an alkene—the addition of an -OH group to each of the 
two alkene carbons—can be carried out with reagents such as potassium 
permanganate (KMnO,) and osmium tetraoxide (OsO,4). Since oxygen is 
added to the alkene during the reaction, we call this an oxidation. Both of 
these hydroxylation reactions occur with syn, rather than anti, stereochem- 
istry and yield 1,2-dialcohols, or diols (also called glycols). 

HO OH 
a "3 s / 
eC ort KMn@xonOsO7 —— ~C—C... 

4 \ 

An alkene A 1,2-diol 

Potassium permanganate is a common and inexpensive oxidant that 
reacts with alkenes under carefully controlled conditions in alkaline me- 
dium to yield 1,2-diols. Unlike many other addition reactions we’ve studied, 
hydroxylation does not involve a carbocation intermediate. Instead, the reac- 
tion occurs through an intermediate cyclic manganate species, formed in a 
single step by addition of permanganate ion to the alkene. This cyclic man- 
ganate is then hydrolyzed to give the diol product. For example, oxidation 
of cyclohexene, which was first carried out in 1879 by Vladimir Markov- 
nikov, gives cis-1,2-cyclohexanediol in rather low yield. This result is typical: 
Syn hydroxylation is always observed, but yields are sometimes poor because 
of side reactions. 
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H 
H it O- ie OH KMn0, Y iS Ge H,0 
Reet? Ete Mn iw? NaOH, HO HK, X 

1 H 
| OH i O O H 

Cyclohexene A cyclic manganate cis-1,2-Cyclohexanediol 
intermediate (37%) 

For small-scale laboratory preparations, osmium tetraoxide in place of 
potassium permanganate is much preferred. Although both toxic and expen- 
sive, OsO, reacts with alkenes to give high yields of cis 1,2-diols. As with 
permanganate hydroxylation, reaction with OsO, occurs through a cyclic 
intermediate, which is then cleaved to yield a cis diol. A cyclic osmate is 
less reactive than a cyclic manganate, however, and must be cleaved in a 
separate step. Aqueous sodium bisulfite, NaHSOs, is often used to accom- 
plish this cleavage: 

CH; ISG Hs 
Pe) O OH 

OsO, pe NaHSO; 
—— Os Ss Pyridine ee. H,O | 

CH 1 “O O | “OH 
2 H3C H3C 

1,2-Dimethylcyclopentene Acyclic osmate cis-1,2-Dimethy]-1,2- 
intermediate cyclopentanediol (87%) 

SEISRESESLLES IMM wrote YoRc tte otet es saat a09) at ans oo as sie ake aTReR ss. novaerutc Seater unite ogee 

7.15 How would you prepare the following compounds? Show the starting alkene and the 
reagents you would use. 

E ao |B map) _~0H 
(a) ead (b) Sa (c) HOCH,CHCHCH,OH 

'SOH OH; 
CH; 

BTR SELVA otretet ate Bese chs folbea Cota ice ot ourifotiss evan farelaltssol «sac yayialslla) ov ayietis al'ohacajekaiety <jyotieloreistareye 

7.16 Explain the observation that hydroxylation of cis-2-butene with OsO, yields a dif- 
ferent product than hydroxylation of trans-2-butene. First draw the structure and 
show the stereochemistry of each product, and then make molecular models. (We'll 

explore the stereochemistry of the products in more detail in Chapter 9.) 

eC Cc 

7.9 Oxidative Cleavage of Alkenes 
SSN RRB SE SEE EEE 

In all of the alkene addition reactions we’ve seen thus far, the carbon skele- 
ton of the starting material has been left intact. The carbon—carbon double 
bond has been converted into new functional groups (halide, alcohol, 1,2- 
diol) by adding different reagents, but no carbon bond framework has been 
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broken or rearranged. There are, however, powerful oxidizing reagents that 
cleave carbon—carbon double bonds to produce two fragments. 

Ozone (Os) is the most useful double-bond cleavage reagent. Prepared 
conveniently in the laboratory by passing a stream of oxygen through a 
high-voltage electrical discharge, ozone adds rapidly to alkenes at low tem- 
perature to give cyclic intermediates called molozonides. Once formed, 
molozonides then rapidly rearrange to form ozonides. (We won’t study the 
mechanism of this unusual rearrangement in detail. It involves the mol- 
ozonide coming apart into two fragments, which then recombine in a new 
way.) 

3 0, Electric 2 O3 

discharge 

O O=0 C=O 

Nate / 0, Qo” 49 ue) ON eae . 
~\ CHCl, -78°C Mi Des i HS 5 on CH,COOH/H,O Mi 

O/tce 45 = C 
iS 

A molozonide An ozonide 

Low-molecular-weight ozonides are explosive and are therefore never 
isolated. Instead, ozonides are further treated with a reducing agent such 
as zinc metal in acetic acid to convert them to carbonyl compounds. The net 
result of the ozonolysis—zinc reduction sequence is that the carbon—carbon 
double bond is cleaved, and oxygen becomes doubly bonded to each of the 
original alkene carbons. If an alkene with a tetrasubstituted double bond 
is ozonized, two ketone fragments result; if an alkene with a trisubstituted 
double bond is ozonized, one ketone and one aldehyde result, and so on. 

fils ’ 

eae ~o— (ro + CH,CCH, 
‘CH, 

Isopropylidenecyclohexane Cyclohexanone Acetone 

(tetrasubstituted) Siete Siar? SO ee ep 
84%; two ketones 

1 
CH3(CH,)7CH 

° Nonanal 

CH,(CH,),CH —CH(CH,),COCH3 — ct . ’ 3 

Methyl 9-octadecenoate O O 
(disubstituted) ’ | | 

HC(CH,);,COCH3 

78%; two aldehydes Methyl 9-oxononanoate 
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CH; CH; 

H3C H3C 

—CH, —&—_, 0 + O=CH, 
2. Zn, H3,0* 

B-Pinene Nopinone Formaldehyde 
(disubstituted) ene ee ee ea 

75%; one ketone, one aldehyde 

Several oxidizing reagents other than ozone also cause double-bond 
cleavage. For example, potassium permanganate in neutral or acidic solu- 
tion cleaves alkenes, giving carbony]-containing products in low to moderate 
yield. If hydrogens are present on the double bond, carboxylic acids are 
produced; if two hydrogens are present on one carbon, CO, is formed. 
Although we won’t go into mechanistic details, the reaction involves for- 
mation and decomposition of the same kind of cyclic manganate shown 
previously for alkene hydroxylation (Section 7.8). 

oe ce ath H.C ° 

CH;,CHCH,CH,CH,CHCH —CH, a5" CH,CHCH,CH,CH,CHCOH + CO, 
2 

3,7-Dimethy]-1-octene 2,6-Dimethylheptanoic acid (45%) 

RRND EIN acct ietie ol tgs co sa <a) al mains eanie tase w)ic''s oliaum= aya eleneusierayie loos tae e(elo nr sie.« 

7.17 What products would you expect from reaction of 1-methylcyclohexene with these 

reagents? 
(a) Aqueous acidic KMnO, (b) Og, followed by Zn, CH3COOH 

PROBL EIMe reel a oye ieliciet 1510) el hOmena) a tells! 5: ols ee Gaicaliaunse le) adwlninasiinas ol\eyoliecekeleiaineisis. 6. s\sirie louse 

7.18 Propose structures for alkenes that yield the following products on reaction with 
ozone followed by treatment with Zn. 
(a) (CH3),>C=O + H,C=O (b) 2 equiv CH;CH,CH=O 

pity ls ta se oe) ao anaes im Mini pke lm O06, 6 O16 N66. @ 60° # ee BL18 10,918) /0.6 0.8) 6 8.6 0/96 1ey sa 40 

7.10 Oxidative Cleavage of 1,2-Diols 
(EES 

1,2-Diols are oxidatively cleaved by reaction with periodic acid (HIO,) to 

yield carbonyl compounds, a reaction similar to the potassium permanga- 

nate cleavage of alkenes discussed in the previous section. The sequence of 

(1) alkene hydroxylation with OsO, followed by (2) diol cleavage with HIO, 

is often an excellent alternative to direct alkene cleavage with ozone or 

potassium permanganate. 
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HO OH 

BS eg Cm H,O, THF Ni Pawo, / 

A 1,2-diol Two carbonyl compounds 

If the two hydroxyls are on an open chain, two carbonyl compounds 
result. If the two hydroxyls are on a ring, a single dicarbonyl compound is 
formed. As indicated in the following examples, the cleavage reaction is 
believed to take place through a cyclic periodate intermediate. 

H3C H3C O 

da OH La Wiceriey Gl CHs 
HIO, SiG 0 

H,0, THF LPR 
i OH 1 O O H 
H H O 

A1,2-diol Cyclic periodate 6-Oxoheptanal (86%) 

intermediate 

HIO4 > 

a H,0, THF eae [+e 
HO OH te sO 

go 0 | ‘oH 
O 

A 1,2-diol Cyclic periodate Cyclopentanone (81%) 

intermediate 

7.11 Addition of Carbenes to Alkenes: 
Cyclopropane Synthesis 

The last alkene addition reaction we'll consider is the addition of a carbene 
to an alkene to yield a cyclopropane. A carbene, R»C :, is a neutral molecule 
containing a divalent carbon that has only six electrons in its valence shell. 
It is therefore highly reactive and can be generated only as a reaction 
intermediate, rather than as an isolable molecule. Because they have only 
six valence electrons, carbenes are electron-deficient and behave as electro- 

philes. Thus, they react with nucleophilic carbon—carbon double bonds in a 
single step without intermediates. 

R R 
R a 

“(ek Ce oe se —7 cl No ov lhsn : S33 ae 
fe 1 \ 
R 

An alkene A carbene A cyclopropane 
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One of the best methods for generating a substituted carbene is by 
treatment of chloroform, CHCl3, with a strong base such as potassium 
hydroxide. Loss of a proton from CHCl generates the trichloromethanide 
anion, ~:CCl3, which expels a chloride ion to give dichlorocarbene, : CCl, 
(Figure 7.13). 

is 

Cc 

ie 
Strong base abstracts the chloroform K:OH 
proton, leaving behind the electron c 
pair from the C—H bond and forming 
the trichloromethanid ion. methanide anion Car 

| 
ee + H,O 

Cl 

Trichloromethanide 

anion 

Loss of a chloride ion and associated 
electrons from the C-Cl bond yields 

the neutral dichlorocarbene. 

Cl 

Come ie 

Cl 

Grn aS ee ee eed 

Figure 7.13 Mechanism of the formation of dichlorocarbene by 

reaction of chloroform with strong base. 

The dichlorocarbene carbon atom is sp hybridized, with a vacant p 
orbital extending above and below the plane of the three atoms and with 
an unshared pair of electrons occupying the third sp? lobe. Note that this 
electronic description of dichlorocarbene is similar to that for carbocations 
(Section 6.11), with respect both to the sp? hybridization of carbon and to 
the presence of a vacant p orbital. 

e— Vacant p orbital 

oy Rout 
f sp? orbital 7 

Dichlorocarbene A carbocation 

(sp” hybridized) 
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If dichlorocarbene is generated in the presence of an alkene, addition 

to the double bond occurs, and a dichlorocyclopropane is formed. As the 

reaction of dichlorocarbene with cis-2-pentene demonstrates, the addition 
is stereospecific, meaning that only a single stereoisomer is formed as 
product. Starting from the cis alkene, only cis-disubstituted cyclopropane 

is produced. 

Cl Cl 
\ a 

an Hes ee KOH Hes Pr 
~o— CNG + CHCl, ———- ao Oar, +KC] 

CH,CH, . CH3CH2 

cis-2-Pentene 65% 

H 

i a CHCl, Cpa ae C Pst +KCl 

H 

Cyclohexene 60% 

The best method for preparing nonhalogenated cyclopropanes is the 
Simmons-Smith reaction. This reaction, first investigated at the Du Pont 
company, does not involve a free carbene. Rather, it utilizes a carbenoid— 
a metal-complexed reagent with carbene-like reactivity. When diiodometh- 
ane is treated with a specially prepared zinc—copper alloy, (jodomethyl)zinc 
iodide, ICH2ZnI, is formed. If an alkene is present, (iodomethyl)zinc iodide 
transfers a CH2 group to the double bond and yields the cyclopropane. For 
example, cyclohexene reacts cleanly and in good yield to give the corre- 
sponding cyclopropane. Although we won’t discuss the mechanistic details 
of these specific reactions, carbene addition to an alkene is an example of 
a general class of processes called cycloadditions, which we'll study more 
carefully in Chapter 30. 

CHoI, + Zn(Cu) Bet CH fn Lies che® 

Diiodomethane (lodomethy])zinc iodide 
(a carbenoid) 

H 

cp + CHie — (ben, + Zul; 
Ether } 

H 
Cyclohexene 

Bicyclo[4.1.0Jheptane (92%) 
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7.19 What products would you expect from these reactions? 

(a) (mon, + CHUfc =. 

(b) (CH3)2,CHCH,CH=CHCH; 
+4 CH,I, Zn(Cu) 

BRE BEE Mer ier) wate vols SRS PMO c Sel bo CORE staan sh Gs ae nats eahidt Lidice tte 

7.20 Simmons—Smith reaction of cyclohexene with diiodomethane gives a single cyclo- 
propane product, but reaction with 1,1-diiodoethane gives (in low yield) a mixture 

of two isomeric methylcyclopropane products. Formulate the reactions, and account 
for the formation of the product mixture. 

ee ee er 

7.12 Some Biological Alkene Addition 
Reactions 

The chemistry of living organisms is a fascinating field of study; the simplest 
one-celled organism is capable of more complex organic synthesis than any 
human. Yet as we learn more, it becomes clear that the same principles 
which apply to laboratory chemistry also apply to biochemistry. 

Biological organic chemistry takes place in the aqueous medium inside 
cells rather than in organic solvents and involves complex catalysts called 
enzymes. Nevertheless, the kinds of reactions are remarkably similar. Thus, 
there are many cases of biological addition reactions to alkenes. For exam- 
ple, the enzyme fumarase catalyzes the addition of water to fumaric acid 
much as sulfuric acid might catalyze the addition of water to ethylene on 

an industrial scale: 

O 
\ 

H C—OH ae a | 

ae df Ea eaHO C C 
vi Ny Fumarase Naz Cae On 

HO—C H | a. 
\ Oo H OH 

Fumaric acid Malic acid 

Enzymes can even catalyze the formation of bromohydrins from alkenes. 

For example, the enzyme chloroperoxidase can catalyze the addition of 

HO-Br to double bonds: 
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CH, 
CH; 

CH; a HO ie ; 

H3C Chloroperoxidase H3C en) 

O O | 

Enzyme-catalyzed reactions are usually much more chemically selective 
than their laboratory counterparts. Fumarase, for example, is completely 
inert toward maleic acid, the cis isomer of fumaric acid. Nevertheless, the 

fundamental processes of organic chemistry are the same in the living cell 
and in the laboratory. 

7.13, Summary and Key Words 

Methods for the preparation of alkenes generally involve elimination reac- 
tions such as the treatment of an alkyl halide with a strong base to effect 
elimination of HX (dehydrohalogenation). Alcohols undergo a similar 
elimination of water (dehydration) by treatment with strong acid. 

Electrophilic addition is the most important reaction of alkenes. HCl, 
HBr, and HI add to carbon—carbon double bonds by a two-step mechanism 
involving initial reaction of the nucleophilic double bond with H+ to form 
a carbocation intermediate, followed by attack of halide ion nucleophile on 
the cation intermediate. Bromine and chlorine add to alkenes via three- 
membered-ring halonium ion intermediates to give addition products 
having anti stereochemistry. If water is present during halogen addition 
reactions, a halohydrin is formed. 

Hydration of alkenes (addition of water) is carried out by either of two 
procedures, depending on the product desired. Oxymercuration involves 
electrophilic addition of mercuric ion to an alkene, followed by trapping of 
the cation intermediate with water and treatment with NaBH,. Hydro- 
boration of alkenes involves addition of borane (BH3) followed by oxidation 
of the intermediate organoborane with alkaline hydrogen peroxide. The two 
hydration methods are complementary: Oxymercuration gives the product 
of Markovnikov addition, whereas hydroboration—oxidation gives the prod- 
uct of non-Markovnikov syn addition. 

HBr (but not HCl or HI) can also add to alkenes by a radical chain 

pathway to give the non-Markovnikov product. Radicals have the stability 
order 

Tertiary > Secondary > Primary > Methyl 

RC eco! RICHY SteROHy dao CH: 

Alkenes are reduced by addition of hydrogen in the presence of a 
catalyst such as platinum or palladium. Catalytic hydrogenation is a 
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heterogeneous process that occurs on the surface of catalyst particles rather 
than in solution, and occurs with syn stereochemistry. Cis 1,2-diols can be 
made directly from alkenes by hydroxylation with osmium tetraoxide, 
OsO,. Alkenes can also be cleaved to produce carbonyl compounds by reac- 
tion with ozone, followed by reduction with zinc metal. 

Carbenes, R,C:, are neutral molecules containing a divalent carbon 
with only six valence electrons. Carbenes are highly reactive toward 
alkenes, adding to give cyclopropanes. Dichlorocarbene, usually prepared 
from CHC]; by reaction with base, adds to alkenes to give 1,1-dichlorocyclo- 
propanes. Nonhalogenated cyclopropanes are best prepared by treatment 
of the alkene with CHgI, and zinc—copper alloy—the Simmons—Smith 
reaction. 

LEARNING REACTIONS 

What’s seven times nine? Sixty-three, of course. You didn’t have to stop and 
figure it out; you didn’t have to count your fingers and toes; you knew the 
answer immediately because you’ve memorized the multiplication tables. 
Learning the reactions of organic chemistry requires the same approach: 
Reactions have to be memorized for immediate recall if they are to be useful. 

Different people take different approaches to learning reactions. Some 
people make flashcards; others find studying with friends to be helpful. To 
help guide your study, the chapters in this book end with a summary of the 
new reactions just presented. In addition, the accompanying Study Guide 
and Solutions Manual has several appendixes that organize organic reac- 
tions from other viewpoints. Fundamentally, though, there are no shortcuts. 

Learning organic chemistry takes effort. 

7.14 Summary of Reactions 

Note: No stereochemistry is implied unless specifically indicated with 
wedged, solid, and dashed lines. 

1. Synthesis of alkenes 
a. Dehydrohalogenation of alkyl halides (Section 7.1) 

X / 

‘a Base S35 : 
_-C—C C=C fi de o ~ 

b. Dehydration of alcohols (Section 7.1) 

H OH 
+ iG me waist H30 5 heat < ED H,O 

C=C 
ls x 
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Addition reactions of alkenes 

a. Addition of HX, where X = Cl, Br, or I (Sections 6.9 and 6.10) 

H X 
\ jt HX ‘ a 

is TR Ie AD 

Markovnikov regiochemistry is observed: H adds to the less sub- 

stituted carbon and X adds to the more substituted carbon. 

b. Addition of halogens, where X2 = Cl, or Brg (Section 7.2) 

Anti addition is observed. 
c. Halohydrin formation (Section 7.3) 

ax , 
Seo ie Xe Vt ‘ 

oy CRS os Baers Crema 

Markovnikov regiochemistry and anti stereochemistry are 
observed. 

d. Addition of water by oxymercuration (Section 7.4) 

He H 
x tee Z 1. Hg(OAc),, H20 / { 
a Ze 9. NaBH, ae 

Markovnikov regiochemistry is observed, with the OH attaching 
to the more substituted carbon. 

e. Addition of water by hydroboration—oxidation (Section 7.5) 

H OH 

eye Weer a BETH x 4 

—C—CN 30,08 aoe 

Non-Markovnikov syn addition is observed. 
f. Radical addition of HBr to alkenes (Section 7.6) 

H Br 

ye ualey) HBr x i 
ae 3 Peroxides ae i ne 

Non-Markovnikov addition is observed. 
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g. Hydrogenation of alkenes (Section 7.7) 

is aS Ho, talyst ‘ z, 
a Ge eee oe 

Syn addition is observed. 
h. Hydroxylation of alkenes (Section 7.8) 

HO OH 

Se — oes a OsO4 X ae fi 

Ho ON 2. NaHSOs, H,O a e 

Syn addition is observed. 
i. Addition of carbenes to alkenes to yield cyclopropanes (Section 

Wid) 
(1) Dichlorocarbene addition 

Cl Cl 

ie KOH ae CN aa 

(2) Simmons—Smith reaction 

~ oe 

C 

oc=Ccl + cH ==. Le 

3. Oxidative cleavage of alkenes (Section 7.9) 
a. Treatment with ozone, followed by zinc in acetic acid 

. \ ha 
Ndi ae pr C=O + O=C 
y \ 2. Zn/H30 7 _ 

b. Reaction with KMnO, in acidic solution 

R R R R 

i. KMn0Og,, H30+ . 

R YR R R 

H H O 
iv KMn0Oq, H30* | . 

er ee WC OH COs 
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4. Oxidative cleavage of 1,2-diols (Section 7.10) 

HO OH F 
pat A Ho, FO Coan aa Ca 

ADDITIONAL PROBLEMS. ..................:cceeceeeeeeeees 

7.21 

7.22 

7.23 

Predict the products of the following reactions (the benzene ring is unreactive in all 
cases). Indicate regiochemistry when relevant. 

H,/Pd 

CH+>CH, 
HBr 

1. OsO, 

Suggest structures for alkenes that give the following reaction products. There may 
be more than one answer for some cases. 

(a) ? BS 2-Methylhexane 

De) 9 ae em 1,1-Dimethylcyclohexane 

(Mee Ge. ERS 2,3-Dibromo-5-methylhexane ‘ 

(@) 2, = eeOhen Ee. _CH.CH,CH,CH(OEDCH, 2. NaBH, 

HBr/ id. 
C0)? ———E 2-Bromo-3-methylheptane 

(Oe ee 2-Chloro-3-methylheptane 

Predict the products of the following reactions, indicating both regiochemistry and 
stereochemistry where appropriate. 

(a) CHs (b) C1 
i, Os KMnO, 
———_—_—_ oe 

or 2. Zn, H30* H* 

H 

(c) CH3 (d) CHs 
1. BH3 1. Hg(OAc)2z, H,O 
os 7 ero 
2. H,0, -OH : 2. NaBH, 
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7.25 

7.26 

7.27 

7.28 

7.29 

7.30 

Additional Problems 249 

How would you carry out the following transformations? Indicate the proper 
reagents. 

(a) 1 OH (b) H... ,OH 

pa rmen fSp ir f 2 x aes re . 
Cl 

(c) Cl 

ee Co 
9 

(d) CH3CH=CHCH(CH;), —> CH,CHO + (CH,),CHCHO 
9 

(e) H,C=C(CHs), —+> (CH;),CHCH,OH 

(f) CH, 

Give the structure of an alkene that provides only (CH3),C=O on ozonolysis followed 
by treatment with zinc. 

Draw the structure of a hydrocarbon that reacts with 1 mol equiv of hydrogen on 
catalytic hydrogenation and gives only pentanal, CH3;CH,CH,CH,CHO, on ozonoly- 
sis. Write the reactions involved. 

Show the structures of alkenes that give the following products on oxidative cleavage 
with KMnO, in acidic solution. 

(a) CH;CH,COOH + CO, (b) (CH3)2>C—=O + CH3CH,CH,COOH 

(c) a + (CH3)2,C=O 

Compound A has the formula C; 9Hj.. On catalytic hydrogenation over palladium, 

it reacts with only 1 equiv of hydrogen. Compound A undergoes reaction with ozone, 
followed by zinc treatment, to yield a symmetrical diketone, B (Cj9Hj¢0z). 
(a) How many rings does A have? 
(b) What are the structures of A and B? 
(c) Formulate the reactions. 

An unknown hydrocarbon, A, with formula CgHj., reacts with 1 equiv of hydrogen 

over a palladium catalyst. Hydrocarbon A also reacts with OsO, to give a diol, B. 
When oxidized with KMn0O, in acidic solution, A gives two fragments. One fragment 
can be identified as propanoic acid, CH;CH,COOH, and the other fragment can be 

shown to be a ketone, C. What are the structures of A, B, and C? Write all reactions, 

and show your reasoning. 

Using an oxidative cleavage reaction, explain how you would distinguish between 

the following two isomeric dienes: 

O+0 
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7.31 Compound A, C, 9H,,0, undergoes reaction with dilute H2,SO, at 250°C to yield a 
mixture of two alkenes, Cj 9H. The major alkene product, B, gives only cyclopen- 
tanone after ozone treatment followed by reduction with zinc in acetic acid. For- 

mulate the reactions involved, and identify A and B. 

7.32 Which reaction would you expect to occur faster, addition of HBr to cyclohexene or 
to 1-methylcyclohexene? Explain your answer. 

7.33 Predict the products of the following reactions, and indicate regiochemistry if 

relevant. 

(a) CH. CH—=—CHCH, .-—— 

(b) CH,CH=CHCH, ——> A —*> B 

HBr 
——————_—_=> 
Peroxide 

(c) (CHs )gC a CHa 

HI 
—————> 
Peroxide 

(d) CH3;CH=C(CHs)o2 

7.34 Drawthe structure of a hydrocarbon that absorbs 2 mol equiv of hydrogen on catalytic 
hydrogenation and gives only butanedial on ozonolysis. 

ictal 
HCCH,CH,CH Butanedial 

7.35 In planning the synthesis of one compound from another, it’s just as important to 
know what not to do as to know what to do. The following proposed reactions all 
have serious drawbacks to them. Explain the potential problems of each reaction. 

HI 
> 
Peroxides 

H 
1. 1.080, iaOH 

2. NaHSO, NaHSO; 

1. 1.03 _. | CHO 
are Zn CHO 

7.36 Which of these alcohols could not be made selectively by hydroboration—oxidation 
of an alkene? 

1s OH 
| 

(a) CH;CH,CH,CHCH3 (b) (CH3)gCHC(CHs3)2 
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(c) H yAsiie (d) OCH, 

What alkenes might be used to prepare these cyclopropanes? 

(a) | >—CH(CHs)2 (b) Cl 

J a 

Predict the products of the following reactions. Don’t worry about the size of the 
molecule; concentrate on the functional groups. 

Bra A 

HBr CH, oD 
ds OsO, C 

1. BH;, THF 
= = D 

2 H202, OH 

HO 
CHI, 

Cholesterol Zu(Cu) 

The sex attractant of the common housefly is a hydrocarbon with the formula Co3H,g. 
On treatment with aqueous acidic KMnQO,, two products are obtained, 
CH3(CH2);2COOH and CH3(CH2)7,COOH. Propose a structure. 

Compound A has the formula CgHg. It reacts rapidly with KMnO, to give CO, and 
a carboxylic acid, B (C7HgO2), but reacts with only 1 equiv of Hz on catalytic hydro- 
genation over a palladium catalyst. On hydrogenation under conditions that reduce 
aromatic rings, 4 equiv of Hz are taken up, and hydrocarbon C (CgHj¢) is produced. 
What are the structures of A, B, and C? Formulate the reactions. 

Reaction of 2-methylpropene with methyl alcohol in the presence of sulfuric acid 
catalyst yields methyl tert-butyl ether, CH;0C(CH3)3, by a mechanism analogous 
to that of acid-catalyzed alkene hydration. Write the mechanism in detail. 

Reaction of cyclohexene with mercuric acetate in methyl alcohol rather than water, 
followed by treatment with NaBH, yields cyclohexyl methyl ether rather than 
cyclohexanol. Suggest a mechanism to account for this ether synthesis. 

1. Hg(OAc)2, CH;0H 1. Hg(OAc)2, CH30H | OCH; 
2. NaBH, 

Cyclohexene Cyclohexy! methyl ether 

When 4-penten-1-ol is treated with aqueous bromine, a cyclic bromo ether is formed, 

rather than the expected bromohydrin. Propose a mechanism for this transformation. 

[Hint: See Problem 7.42.] 
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7.44 

7.45 

7.46 

7.47 

7.48 

O CH.Br 
HiC-CHCH,CH/CH,OH: ee ceule 3 

4-Penten-1-ol 2-(Bromomethy])tetrahydrofuran 

How would you distinguish between the following pairs of compounds using simple 

chemical tests? Tell what you would do and what you would see. 

(a) Cyclopentene and cyclopentane (b) 2-Hexene and benzene 

Ethylidenecyclohexane, on treatment with a strong acid, isomerizes to yield 1-ethy]- 

cyclohexene. Propose a mechanism for this reaction. Which is the more stable alkene, 

ethylidenecyclohexane or 1-ethylcyclohexene? 

ve HyS04 
—- 

Ethylidenecyclohexane 1-Ethylcyclohexene 

In addition to its preparation from CHCl3, dichlorocarbene can also be generated 

by heating sodium trichloroacetate: 

Cl O Cl 
| || i ‘ 
a ae Nat ——> aft + CO, + NaCl 

Cl Cl 

Propose a mechanism to account for this reaction, and use curved arrows to indicate 

the movement of electrons. What relation does your mechanism bear to the base- 
induced elimination of HCl from chloroform? 

a-Terpinene, Cj 9Hj¢, is a pleasant-smelling hydrocarbon that has been isolated from 
oil of marjoram. On hydrogenation over a palladium catalyst, a-terpinene reacts 
with 2 mol equiv of hydrogen to yield a new hydrocarbon, Cj9Hg9. On ozonolysis, 
followed by reduction with zinc and acetic acid, a-terpinene yields two products, 
glyoxal and 6-methyl-2,5-heptanedione. 

How many degrees of unsaturation does a-terpinene have? How many double 
bonds? How many rings? Propose a structure for a-terpinene that is consistent with 

the foregoing data. 

O O O 
ee 2 | | 
Os = . pissy baci 

H H CH; 

Glyoxal 6-Methyl-2,5-heptanedione 

Evidence that cleavage of 1,2-diols by HIO, occurs through a five-membered cyclic 
periodate intermediate is based on kinetic data: the measurement of reaction rates. 
When diols A and B were prepared and the rates of their reaction with HIO, were 

measured, it was found that diol A cleaved ‘approximately 1 million times faster 
than diol B. Explain these results by making molecular models of A and B and of 
potential cyclic periodate intermediates. 
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OH OH 

H H 

H OH 

A B 

(cis diol) (trans diol) 

7.49 Reaction of HBr with 3-bromocyclohexene yields trans-1,2-dibromocyclohexane as 
the sole product, but reaction of 3-methylcyclohexene with HBr yields a mixture of 
four products: cis- and trans-1-bromo-3-methylcyclohexane and cis- and trans-1- 
bromo-2-methylcyclohexane. 

HBr 
—— 

HBr 

Br 

' “Br 
H 

Br 

CH 

Br 

cis, trans cis, trans 

Draw structures of the possible intermediates, and then explain why only a single 
product is formed in the reaction of HBr with 3-bromocyclohexene. 

7.50 The following reaction takes place in high yield: 

COOCHs3 COOCHs3 

SX 
Hg(OAc)2 

SS 
AcO —Hg 

Even though you’ve never seen the reaction before, use your general knowledge of 
alkene chemistry to propose a mechanism that accounts for the observed result. 

hi ¢ AGE CVE Ch 
Nie aA Perino 

ATEN 

LIBRARY 
—— Tea 
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Alkynes, also called acetylenes, are hydrocarbons that contain a carbon— 
carbon triple bond. Acetylene itself, H-C=C-—H, the simplest alkyne, was 
once widely used in industry as the starting material for the preparation of 
acetaldehyde, acetic acid, vinyl chloride, and other high-volume chemicals, 
but more efficient routes using ethylene as starting material are now more 
common. Acetylene is still used in the preparation of acrylic polymers, how- 
ever, and is prepared industrially by high-temperature decompgsition (pyrol- 
ysis) of methane. This method is not of general utility in the laboratory. 

Steam toad 
2 CH, oc HC=CH + 3H, 

Methane Acetylene 

A large number of naturally occurring acetylenic compounds have been 
isolated from the plant kingdom. For example, the following triyne from the 
safflower, Carthamus tinctorius L., evidently forms part of the plant’s chem- 
ical defenses against nematode infestation: 

H H 
\ / 
C—C=c—c=c—c=c—c H 
1 ra 

H,;Cc—C c—C 
\ / \ 
H H C—H 

/ 
H 

A triyne from safflower 
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8.1 Electronic Structure of Alkynes 

A carbon-carbon triple bond results from the overlap of two sp-hybridized 
carbon atoms (Section 1.11). Recall that the two sp-hybrid orbitals of carbon 
lie at an angle of 180° to each other along an axis perpendicular to the axes 
of the two unhybridized 2p, and 2p, orbitals. When two sp-hybridized carbons 
approach each other for bonding, the geometry is perfect for the formation 
Pe sp—sp sigma bond and two p-—p pi bonds—a net triple bond (Figure 

p orbitals p orbitals 

The carbon-carbon triple bond 

Figure 8.1 Formation of a carbon—carbon triple bond by overlap 

of two sp-hybridized carbons. 

The two remaining sp orbitals form bonds to other atoms at an angle 

of 180° from the carbon-carbon bond. Thus, acetylene, C2Hp, is a linear 

molecule with H-C-C bond angles of 180° (Figure 8.2). 

The bond length of the carbon-carbon triple bond in acetylene is 1.20 A, 

and its strength is approximately 200 kcal/mol (837 kJ/mol), making it the 
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Figure 8.2 The structure of acetylene, H-C=C-H. The H-C-C 

bond angles are 180°. 

shortest and strongest known carbon-carbon bond. In a purely bookkeeping 
sense, we can assign bond strengths to each of the three triple-bond “parts.” 
Since we know that the carbon-carbon single bond in ethane has a strength 
of 88 kcal/mol (368 kJ/mol) and the carbon—carbon double bond of ethylene 
has a strength of 152 kcal/mol (636 kJ/mol), we can “dissect” the overall 

carbon—carbon triple bond: 

—C=0—. —3 = 0=C]—" A= 200 =a 48 kcal mal 

\ yi me ../ 
C=C —? C=C AH? = 152 — 88 = 64 kcal/mol 

UZ - ii x 

x 7 \wlenvas 
—C—_ C= =>. —C  C— AH? = 88 kcal/mol 
z ‘ ii \ 

Although the two alkyne pi bonds are actually equivalent, this crude cal- 
culation shows that approximately 48 kcal/mol (200 kJ/mol) is needed to 
break the first of them. Since this value is 64 — 48 = 16 kcal/mol less than 

the energy required to break an alkene pi bond, we might: predict that 
alkynes should be highly reactive. 

8.2 Nomenclature of Alkynes 

Alkynes follow the general rules of hydrocarbon nomenclature already dis- 
cussed. The suffix -yne is used in the base hydrocarbon name to denote an 
alkyne, and the position of the triple bond is indicated by its number in the 
chain. Numbering always begins at the chain end nearer the triple bond so 
that the triple bond receives as low a number as possible. 

&. 7 ee 5 aes es 
CH3;CH,CHCH,C=CCH,CH3 Begin numbering at 

| the end nearer the 
CHs triple bond. 

6-Methy1-3-octyne 

Compounds with more than one triple bond are called diynes, triynes, 
and so forth; compounds containing both double and triple bonds are called 
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enynes (not ynenes). Numbering of an enyne chain always starts from the 
end nearer the first multiple bond, whether double or triple. When there is 
a choice in numbering, though, double bonds receive lower numbers than 
do triple bonds. For example: 

ibe 
HC=CCH,CH,CH,CH=CH, HC=CCH,CHCH,CH,CH=CHCH3 

7 65 4 3 2 i! 1 23 4 5 6 7 eee, 

1-Hepten-6-yne 4-Methyl-7-nonen-1l-yne 

As was the case with hydrocarbon substituents derived from alkanes 

and alkenes, alkynyl groups are also possible: 

CH3;CH,CH.CH2= CH3;CH,CH=CH= CH,CH,.C =C+ 

Butyl 1-Butenyl] 1-Butynyl 

(an alkyl group) (a vinylic group) (an alkynyl group) 

ee 

Give correct IUPAC names for these compounds: 

(a) CHs CH; (b) CH3 

ete oe omer 

OH, 
(ec) CH3jCH=CHCH=CHC=CCHs3 (d) CH3 

| 
Sati => CCH,CH,CH3 

CH3 

(e) CH; CHs (f) 

GH,cEACC=CCHCH, | 

GH, 

Fielicialcl eter sieesbalatatsl Teun Saisie le elaa)'e 1a) alc) a. 0 56 '¢. ace) bp) © eteiNe jek aiehereNnia 06 0/p 0 €)2 

There are seven isomeric alkynes with the formula CgH;). Draw them and name 

them according to IUPAC rules. 

eien).é\e 6a sie a) 8)e. 61040 syelelsie mae. 
AS Sa lavarw ire) aie eUdials [nr 6 (6 (Ne 6) 6a tarda we (ee 6's Yaye).6\e) ee ex m8 

8.3. Preparation of Alkynes: Elimination 

Reactions of Dihalides 
———Sss _ sss... 

Alkynes can be prepared by elimination of HX from alkyl halides in much 

the same manner as alkenes can (Section 7.1). Since an alkyne is doubly 

unsaturated, however, we have to eliminate two molecules of HX. Treatment 
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of a 1,2-dihalide (a vicinal dihalide) with excess strong base such as KOH 
or NaNH, results in a twofold elimination of HX and formation of an alkyne. 
As with the elimination of HX to form an alkene, we'll defer a discussion 

of mechanism until Chapter 11. 
The necessary vicinal dihalides are themselves readily available by 

addition of bromine or chlorine to alkenes. Thus, the overall sequence of 
halogenation—dehydrohalogenation provides an excellent method for going 
from an alkene to an alkyne. For example, diphenylethylene is converted 
into diphenylacetylene by reaction with bromine and subsequent base 

treatment: 

my & GRE 
e ¥ 

1,2-Diphenylethylene 1,2-Dibromo-1,2-diphenylethane 

(stilbene) (a vicinal dibromide) 

|2 KOH, ethanol 

( pro=c-X) + 2H,0+2KBr 

Diphenylacetylene (85%) 

Although different bases can be used for dehydrohalogenation, sodium 
amide (NaNHg) is normally preferred because it usually gives higher yields. 
The twofold dehydrohalogenation takes place in discrete steps through a 
vinylic halide intermediate, which suggests that vinylic halides themselves 
should give alkynes when treated with strong base. This is indeed the case. 
For. example: 

/ 
ler es ~CH;C=CCH,0H 

- Hg 

Cl CH,OH 2-Butyn-1-ol (85%) 
3-Chloro-2-buten-1-ol 
(a vinylic chloride) 

Reactions of Alkynes: Addition of HX 
and X, 

Based on the electronic similarity of alkenes and alkynes, you might expect 
that the chemical reactivity of the two' functional groups should also be 
similar. The pi part of the triple bond is weak (48 kcal/mol), and the elec- 
trons are readily accessible to attacking reagents. Alkynes do indeed exhibit 
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much chemistry similar to that of alkenes, but there are also significant 
differences. 

As a general rule, electrophilic reagents add to alkynes in the same 
way that they add to alkenes. With HX, for example, alkynes give the 
expected addition products. Although the reactions usually can be stopped 
after addition of one equivalent of HX, an excess of acid leads to a dihalide 
product. For example, reaction of 1-hexyne with two equivalents of HBr 
yields 2,2-dibromohexane. As the following examples indicate, the regio- 
chemistry of addition follows Markovnikov’s rule. Halogen adds to the more 
highly substituted side of the alkyne bond, and hydrogen adds to the less 
highly substituted side. Trans stereochemistry of H and X is normally 

(though not always) found in the product. 

i H 

| HBr 
CH3CH,CH,CH,C =CH “CH,COOH CH3;CH2,CH,CH2C =CH 

1-Hexyne 2-Bromo-1-hexene 

| 

Hal 
Oa ane aa me —H 

Br H 

2,2-Dibromohexane 

Cl CH.CHs3 
. iN : 

CH,CH,C=CCcH,cH, “MES c=C 
CH;COOH 

3-Hexyne CH3CH. H 

(Z)-3-Chloro-3-hexene 

(95%) 

Vinyl chloride (chloroethylene), used as starting material for prepa- 

ration of poly(vinyl chloride), was once produced on an immense industrial 

scale by mercuric chloride-catalyzed addition of HCl to acetylene. Now, how- 

ever, other synthetic methods are used. 

H—C=C—H +Hcl —#. H,C=CHCI 

Acetylene Viny] chloride 
(chloroethylene) 

Bromine and chlorine also add to alkynes to give addition products, and 

trans stereochemistry again results: 

CH;CH, Br 

* / Bry B 

CH,CH,C=CH —> =o ee CH3CH,CBr,CHBr, 

1-Butyne Br H 1,1,2,2-Tetrabromobutane 

(E)-1,2-Dibromo-1-butene 
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You might expect alkynes to be more reactive than alkenes in electro- 
philic additions because the triple bond has four pi electrons rather than 
two. In fact, though, simple alkyl-substituted alkynes are actually a bit less 
reactive toward electrophilic addition than are the corresponding alkenes. 
For example, acetylene reacts with HzO about 200 times more slowly than 
ethylene in an acid-catalyzed hydration reaction. Why should this be? 

The probable reason for the somewhat diminished reactivity of alkynes 
toward electrophilic reagents has to do with the mechanism of the reaction. 
When an electrophile such as HBr adds to an alkene (Sections 6.9—6.10), 
the reaction takes place in two steps and involves an alkyl carbocation 
intermediate. When HBr adds to an alkyne, however, a vinylic carbocation 
is formed as the intermediate. [Remember: Vinylic means “on a double 
bond.” 

R oes ° / IN 5.) Tone 
ee eee ee ee 

C=C Se CC —H = — 
/ \ Z R \OH 

H H H H H H 

An alkene An alkyl carbocation An alkyl bromide 

fou) \ Br Et 
H ae + Zé : Br re 

RC =CH R—C=C ——> ay 

H R H 

An alkyne A vinylic carbocation A vinylic bromide 

Vinylic carbocations are generally less stable than similarly substituted 
alkyl cations. Thus, a primary vinylic cation is only about as stable as a 

methyl cation, and a secondary vinylic cation is about as stable as a primary 
alkyl cation. The relative order of carbocation stability is as follows: 

R H H H H H 
| | Sesh go 

R—Ct > R—C?* > aa = aos e ui = H—C=C 
. 

R R H H H H 

Tertiary Secondary Primary Secondary Methyl Primary 
alkyl alkyl alkyl vinylic vinylic 

More stable Stability i Less stable 

The reasons for the relatvie instability of vinylic carbocations involve, 
at least in part, the lack of stabilizing hyperconjugative interactions with 
neighboring groups, such as occurs in alkyl cations. Although a vinylic 
cation might be either sp? hybridized or sp hybridized, studies indicate that 
linear sp hybridization is lower in energy. In this electronic configuration, 
the positively charged carbon atom has a vacant p orbital perpendicular to 
the double bond (Figure 8.3). 
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+ 

(Oh Sp 

oo 
C 

Nee 

Figure 8.3 The electronic structure of a vinylic carbocation. The 

cationic carbon atom is sp hybridized. 

8.3 What products would you expect from these reactions? 

(a) CH3CH,CH,C=CH + 2Cl, —> (b) [ C=CH + 1HBr ——> 

(c) CH3;CH,CH,CH,C= CCH3 + 1 HBr —— 

See rere eee ese esererecereeereenseeesresnesesesereresererseseseeeesrseesenes 

8.5 Hydration of Alkynes 

Alkynes can’t be hydrated as easily as alkenes because of their lower reac- 
tivity toward electrophilic addition. In the presence of mercuric sulfate cat- 
alyst, however, hydration occurs readily: 

OH 

CH,CH,CH,CH,C=CH “o> CHG es 

H 1-Hexyne 

An enol 

| 
CH3;CH2CH2CH2C— CH3 

2-Hexanone 

(78%) 

Markovnikov regiochemistry is found for the hydration with the OH 
group adding to the more highly substituted carbon and the H attaching to 
the less highly substituted carbon. Interestingly, though, the product is not 
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the expected vinylic alcohol, or enol (ene + ol), but is instead a ketone. 
Although the vinylic alcohol may well be an intermediate in the reaction, 
it immediately rearranges to a ketone in a process called tautomerism. 
Tautomers are special kinds of constitutional isomers that are readily inter- 
convertible by rapid equilibration, and will be studied in more detail in 
Section 22.1. With few exceptions, the keto—enol tautomeric equilibrium 
lies heavily on the side of the ketone; enols are almost never isolated. 

eee O H 
Mi al 6, (ee 
C=C C—C— 
i \ / % 

Enol tautomer Keto tautomer 

(less favored) (more favored) 

The mechanism of the mercuric ion-catalyzed alkyne hydration reaction 
is probably analogous to the oxymercuration reaction of alkenes (Section 
7.4). Electrophilic addition of mercuric ion to the alkyne gives a vinylic 
cation, which reacts with water and loses a proton to yield an organomercury 
intermediate. In contrast to alkene oxymercuration, no treatment with 
NaBH, is necessary to remove the mercury; the acidic reaction conditions 
alone are sufficient to allow replacement of mercury by hydrogen (Figure 
8.4). 

H 

Pe oe HO. H 
R—cac—H —Hetso", | p_ bo! ala oe 

‘Het SO,2- rs Hg+S0,2- 

An alkyne A vinylic cation 

| 
| HO H HO H 

age ene ion est / HO a 

hid 
Heit R H R Hg*S0,2- 

A ketone An enol 

Figure 8.4 Mechanism of the mercuric ion-catalyzed hydration of 

an alkyne to yield a ketone. The reaction yields an intermediate 

enol that rapidly tautomerizes to give a ketone. 

A mixture of both possible ketones results when an internal alkyne is 
hydrated, and the reaction is therefore most useful when applied to terminal 
alkynes (RC=CH), since only methyl] ketones are formed. 
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Bite | l 
R—C=C—-R’ —— G 4. 

H, 0, po oN CHR’ RCH;~  ~R’ 

An internal alkyne Mixture 

HgSQ, p ~~ CH, 

A terminal alkyne A methyl] ketone 

PROBLEM SE SE MS OTS RUS SRT ® BELG TED wie Sal ,'9)\%) 6 6,8 © Olete.s Siniele: qibfel erede e¥elee:. d's. 

8.4 What product would you obtain by hydration of 4-octyne? of 2-methyl-4-octyne? 

BURRIS EDN ops Meteo win aale fakavn join « ais cic Resta ehaarole olekke oe a hie ets Matt ee 

8.5 What alkynes would you start with to prepare these ketones by a hydration reaction? 

| | 
(a) CH3;CH,CH,CCH3; (b) CH;CH,CCH,CH3 

8.6 Hydroboration of Alkynes 

We saw in Section 7.5 that addition of BH3 to an alkene takes place in a 
single step through a four-membered-ring transition state without involving 
a carbocation intermediate. Borane also adds rapidly to alkynes, and the 
resulting vinylic boranes are quite useful. Hydroboration of symmetrically 
substituted internal alkynes gives vinylic boranes that are oxidized by basic 
hydrogen peroxide to yield ketones (via enols). Hydroboration of unsym- 
metrically substituted internal alkynes gives a mixture of two ketones: 

aN BR» 

BH, 

3-Hexyne CH;CH, CH,CH; 

A vinylic borane 

H,0, 
| H,O, NaOH 

i = OH 

3 CH;CH,CH,CCH,CH; <—— 3 po 

3-Hexanone CH3CH, CH,CH3 

An enol 
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Terminal alkynes also react with borane, although in practice the reac- 
tion is difficult to stop at the vinylic borane stage. Under normal circum- 
stances, a second addition of borane to the intermediate vinylic borane 
occurs: 

| 

R—C=cH —, [R—CH=CHBH, —» R—C H,—CHt 
THF THF i 

Terminal alkyne Vinylic borane 

To prevent this double addition, a bulky, sterically hindered borane such 
as bis(1,2-dimethylpropyl)borane (known commonly as disiamylborane) can 
be used in place of borane. When a terminal alkyne reacts with disiamyl- 
borane, addition of B—H to the C-C triple bond occurs with the expected 
non-Markovnikov regiochemistry. A second addition is rather slow, however, 
since the steric bulk of the large dialkylborane reagent makes approach to 
the double bond difficult. Oxidation of the vinylic borane intermediate then 
leads first to an enol and finally to an aldehyde. 

H BR» H OH 

CH,(CH,);C=CcH —2BH, Nase Sas road: 
eee THF ie H,0, NaOH if a \ 

1-Octyne CH3(CHg)5 H CH;(CHg,)5 H 

A vinylic borane An enol 

wheehoohanins a fest CH,(CH,);CH,CH 

O 

| 

Octanal (70%) 

Disiamylborane 

[bis(1,2-Dimethylpropyl)borane] 

Note that the hydroboration—oxidation sequence is complementary to 
the direct hydration reaction of alkynes, since different products result. 
Direct hydration of a terminal alkyne with aqueous acid and mercuric sul- 
fate leads to a methyl ketone, whereas hydroboration—oxidation of the same 
alkyne leads to an aldehyde: 

i HO, HpSO,4 ae 
He80, R—C—CHsz3 

A methyl ketone 

R—C=CH 

A terminal y 7 

alkyne 1. RBH, THF 

2. H,0., ~OH R—CH,—C—H 

An aldehyde 
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PROBLEM eee Sea eet eS OP CR Stele Ae he 6 ie 7ele%e (aye 6 u's: oem eter alkus cane al weve le’ 6 

8.6 What alkynes would you start with to prepare these compounds by a hydroboration— 
oxidation reaction? 

O 
| (a) (cucu (b) (CH3)2CHCH,CCH(CHs), 

SS SSIS PaO A SARA RES) Ae) ce)66)'¢\) be) 0, 6) wo Wie 60.8 8 0:00.61 0 ee a plete wie eb ee web ero 
PROBLEM 

8.7 Disiamylborane is made by addition of BH; to two equivalents of an alkene. What 
alkene is used? 

ee aa 

CH3 

Disiamylborane 

8.8 What organic product is formed in addition to the aldehyde when disiamylborane 
is used to hydroborate a terminal alkyne? 

See ee eeeerseseseeeeeeseereeesseseseeereesneneseseeeeseseeeseseeeesesere 

8.7 Reduction of Alkynes 

Alkynes are easily converted to alkanes by addition of hydrogen over a 
metal catalyst. Heat-of-hydrogenation data indicate that the first step in 
the reaction has a larger AH”° than the second step, and we might therefore 
expect alkynes to reduce more readily than alkenes. This turns out to be 
the case. 

HC=CH > H,C=CHz, — AHfyarog = 42 kcal/mol 

H,C=CHg2 ae CH;—CHg3 Di véron = 383 kcal/mol 
atalys 

Since alkynes reduce somewhat faster than alkenes, triple-bond hydro- 
genation can be stopped at the alkene stage if a suitable catalyst is used. 
The catalyst most often used for this purpose is the Lindlar catalyst, a 
finely divided palladium metal that has been precipitated onto a calcium 
carbonate support and then deactivated by treatment with lead acetate and 
quinoline, an aromatic amine. Since hydrogenation occurs with syn stereo- 
chemistry on the catalyst surface (Section 7.7), alkynes yield cis alkenes on 

reaction with one equivalent of hydrogen. This reaction has been explored 
extensively by the Hoffmann-LaRoche pharmaceutical company, where it is 
used in the commercial synthesis of vitamin A. 
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282. CH;(CH2)sCHs 
Pd/C 

Decane (96%) 

CH;(CHg2)3C = C(CH,)3CHs3 

5-Decyne x vy, 

Hy c=C 
Lindlar a \ 
catalyst CH3(CHz2)3 (CHy)3CH3 

cis-5-Decene (96%) 

——_—_—__> 

Lindlar 13 

catalyst SS 14 

CH,OH 
15 

7-cis-Retinol 

(7-cis-vitamin A; vitamin A has 

a trans double bond at C7) 

A second method for the conversion of alkynes to alkenes employs 
sodium or lithium metal in liquid ammonia as solvent. This method is 
complementary to the Lindlar reduction, since it produces trans rather than 
cis alkenes. Remarkably, alkali metals such as lithium and sodium dissolve 
in pure liquid ammonia at —33°C to produce a deep blue solution. When an 
alkyne is added to this blue solution, reduction of the triple bond occurs and 
a trans alkene results. For example, 5-decyne gives trans-5-decene in good 
yield on treatment with lithium in liquid ammonia: 

nals H 

CH3CH,CH,CH,C=CCH,CH,CH,CH, ——“*> C=C 

5-Decyne H C4H9-n 

trans-5-Decene (78%) 

The mechanism of alkyne reduction by lithium in liquid ammonia 
involves donation of an electron to the triple bond to yield an intermediate 
anion radical—a species that is both a radical (has an odd number of 
electrons) and an anion (has a negative charge). This intermediate then 
takes a proton from ammonia to give a vinylic radical. Addition of a second 
electron to the vinylic radical gives a vinylic anion, which takes a second 
proton from ammonia to give trans alkene product (Figure 8.5). 

The trans stereochemistry of the final alkene product is established 
during the second reduction step when the less hindered, trans vinylic anion 
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oat R—C=C—R’ 
Lithium metal donates an electron to the alkyne to 
give an anion radical .. . | Li 

on 
; R—C=C—R’ + Li* 

... Which abstracts a proton from ammonia solvent fh Rr 
to yield a vinylic radical. (ae 

R’ 

Senf ny 
Ra CaO Jor aceite 

The vinylic radical accepts another electron from a 
second lithium atom to produce a vinylic anion . . . 

. .. Which abstracts another proton from ammonia 
solvent to yield the final trans alkene product. 

Figure 8.5 Mechanism of the lithium/ammonia reduction of an 
alkyne to produce a trans alkene. 

is formed from the vinylic radical. Vinylic radicals undergo rapid cis—trans 
equilibration, but vinylic anions equilibrate much less rapidly. Thus, the 
more stable trans (rather than less stable cis) vinylic anion is formed and 
then protonated before it can equilibrate. 

Cee eee eee sere eee eseeeereeseHeEEererereseseeeeessoCereseres 

Starting from any alkyne you choose, how would you prepare these alkenes? 

(a) trans-2-Octene (b) cis-3-Heptene (c) 3-Methyl-1-pentene 

sities wide wus @ Sielele Sle 0:6 600,616 © 6 0/4 66.6 6.0 910 0166S e060 o Bie Gc wa sens ees 

8.8 Alkyne Acidity: Formation of 
Acetylide Anions 

The most striking difference between the chemistry of alkenes and alkynes 
is that terminal alkynes are weakly acidic. When a terminal alkyne is treated 
with a strong base such as sodium amide, NaNHg, the terminal hydrogen 
is removed, and an acetylide anion is formed: 
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v) Cor a 

R—C=C—H + :NH,Na*+ — > R—C=C: Na* + :NHs 

Acetylide anion 

According to the Brgnsted—Lowry definition, an acid is a species that 

donates a proton. Although we usually think of oxyacids (H2SO,, H2O) or 
halogen acids (HCl, HBr) in this context, any compound containing a hydro- 
gen atom can be considered an acid under the proper circumstances. As 
discussed earlier (Section 2.6), we can establish an acidity order by mea- 

suring dissociation constants of acids and expressing the results as pK, 
values (Table 8.1). Recall from Section 2.6 that a low pK, corresponds to a 
strong acid, and a high pK, corresponds to a weak acid. 

TABLE 8.1 Strengths of Some Common Acids (pK, Values) 

Acid Formula pK, 

O 

Sulfuric HO— J — OH a9 Stronger acid 

acid | 

O 

Acetic cen Ate 
acid 

Water HOH 15.74 

Ethanol CH;CH,OH 16 

Acetylene HC=CH 25 { 

Ammonia H,NH 35 Weaker acid 

At one end of the scale, the mineral acids such as sulfuric acid are very 
strong. Carboxylic acids such as acetic acid are moderately strong, water 
and alcohols such as ethanol are intermediate, and ammonia is a very weak 
acid. Since a stronger acid donates its proton to the anion of a weaker acid 
in an acid—base reaction, a rank-ordered list tells us what bases are needed 

to deprotonate what acids. For example, since acetic acid (pK, = 4.72) isa 
stronger acid than ethanol (pK, = 16), we know that the anion of ethanol 
(ethoxide ion, CH3CH2O) will remove a proton from acetic acid. Similarly, 

amide ion ("NHg), the anion of ammonia (pK, = 35), will remove a proton 
from ethanol (pK, = 16). 

O O 
| | 

CH3;CH,O- ae CH3;COH area CH3;CH,OH a CH3CO7- 

Ethoxide ion Acetic acid ' Ethanol Acetate ion 

H,N- + CH3;CH,OH — 2 H,NH + CH;CH,O- 

Amide ion Ethanol Ammonia Ethoxide ion 
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In general: 

Stronger Stronger Weaker Weaker 
base ‘ acid See arias aal a hace 

Where do hydrocarbons lie on the acidity scale? As the data in Table 
8.2 indicate, both methane (pK, ~ 60) and ethylene (pK, = 44) are very 
weak acids. For all practical purposes, neither can be deprotonated by a 
base. Acetylene, however, has a pK, of 25 and is thus easily deprotonated 
by a sufficiently strong base. The anion of any acid whose pK, is greater 
than 25 will abstract a proton from acetylene. Amide ion, NH2, for example, 
is the conjugate base of ammonia (NH3; pK, = 35) and is therefore able to 
abstract a proton from terminal alkynes. 

TABLE 8.2 Acidity of Simple Hydrocarbons 

Type Example Ke pK, 

Stronger acid 

Alkyne HC=CH 10-25 25 

Alkene H,C—CH, 1035. 44 

Alkane CH, ~=10-60 ~60 

Weaker acid 

What makes terminal alkynes so acidic? The best intuitive explanation 
is simply that acetylide anions have more s character in the orbital occupied 
by the electron pair than do alkyl or vinylic anions. Alkane anions are sp? 
hybridized, so the negative charge resides in an orbital that has one-quarter 
“s character” and three-quarters p character; vinylic anions are sp” hybrid- 
ized and therefore have one-third s character; and acetylide anions (sp) have 
one-half s character. Since s orbitals are lower in energy and nearer the 
positively charged nucleus than p orbitals, a negative charge is stabilized 
to a greater extent in an orbital with high s character than in an orbital 
with low s character (Figure 8.6). 

H—C===c“_ 

Vinylic anion; 3 s Acetylide anion; 3 s CHg anion; 4 s 

Figure 8.6 A comparison of alkyl, vinylic, and acetylide anions. 

The acetylide anion, with sp hybridization, has more s character 

and is more stable. 
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PROBLEM 

CHAPTER 8 Alkynes 

Pee e eee eee eee ae eee ererereeeseserHeHesereeeeeeeeeesisEseees 

8.10 The pK, of acetone, CH;COCHs, is 20. Which of the following bases are strong enough 

eee eee ween 

to deprotonate acetone? 
(a) KOH (pK, of H,O = 15.7) (b) Nat -C=CH (pK, of CoH2 = 25) 
(c) NaHCO3 (pK, of HyzCO3 = 6.4) (d) Nat ~OCHs3 (pK, of CH30H = 15.6) 

ee ee 

8.9 Alkylation of Acetylide Anions 

The presence of an unshared electron pair on carbon makes acetylide anions 
strongly nucleophilic. As a result, acetylide anions in tetrahydrofuran sol- 
vent react with alkyl halides such as bromomethane to substitute for the 

halogen and yield a new alkyne product: 

H H 

H—C=C: Nat + Het — H—C=C—C—H + NaBr 

| 
H H 

Although we won’t study the details of this substitution reaction until 
Chapter 11, we can picture it as happening by the pathway shown in Figure 
8.7. The nucleophilic acetylide ion attacks the positively polarized (and 
therefore electrophilic) carbon atom of bromomethane and pushes out bro- 
mide ion with the electron pair from the former C—Br bond, yielding propyne 
as product. We call such a reaction an alkylation, since a new alkyl group 
has become attached to the starting alkyne. 

Alkyne alkylation is not limited to acetylide ion. Any terminal alkyne 
can be converted into its corresponding acetylide anion and alkylated by 
treatment with an alkyl halide to yield an internal alkyne product. For 
example, conversion of 1-hexyne into its anion, followed by reaction with 
1-bromobutane, yields 5-decyne: 

CH,CH.CH,CH.C=CH +22) =. «CH. CHiCH,CH,C==CCHACH{CH.CH: 
2. CH;CH.CH,CH,Br, THF 

1-Hexyne 5-Decyne (76%) 

Because of its generality, acetylide alkylation is the best method for 
preparing substituted alkynes from simpler precursors. Terminal alkynes 
can be prepared by alkylation of acetylene itself, and internal alkynes can 
be prepared by further alkylation of a terminal alkyne. 

Hc=cH “2, yo=c- Nat CHEE, RcoH,C=CH 

Acetylene A terminal alkyne 

RC=CH 2, RC=O-Nat eee Roc on 

A terminal alkyne An internal alkyne 
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nC ‘< Net 

The nucleophilic acetylide anion uses its a 
electron lone pair to form a bond to the a 
positively polarized, electrophilic carbon | 
atom of bromomethane. As the new C-C 
bond begins to form, the C-Br bond t 
begins to break in the transition state. ‘i 

6 on 
HOC CBr Naa 

/ 

He Ht 

Transition state 
The new C-C bond is fully formed and 
the old C-Br bond is fully broken at the | 
end of the reaction. 

ve 

H—C=C—C...,. + NaBr 
\ H 

H 

Sa ee 

Figure 8.7 A possible mechanism for the substitution reaction of 

acetylide anion with bromomethane. 

Acetylide ion alkylation is limited to the use of primary alkyl bromides 
and iodides, RCH»2X, for reasons that will be discussed in more detail in 

Chapter 11. In addition to their reactivity as nucleophiles, acetylide ions 
are sufficiently strong bases to cause dehydrohalogenation instead of sub- 
stitution when they react with secondary and tertiary alkyl halides. For 
example, reaction of bromocyclohexane with propyne anion leads to for- 
mation of the elimination product cyclohexene rather than the substitution 
product cyclohexylpropyne. 

H 

+ CH{.C=CH + Br- 

H 

H Br ‘ Cyclohexene 

+ CH,C=C:~ 

H CH, 
H C 

C 
Bromocyclohexane 

(a secondary alkyl halide) VES 

Not formed 

\ 
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PROBLEM... 

8.11 

Pewee reece ere ree eee eer ene eseseeeeeseeseeseeeseereeunseeanes 

Show the terminal alkyne and alkyl halide starting materials from which the fol- 

lowing products can be obtained. Where two routes look feasible, list both choices. 

(a) CH,CH,CH,C=CCHs3 (b) (CH3)2CHC=CCH,CH3 

=CCH 
(c) Cu . E (d) 5-Methyl-2-hexyne 

(e) 2,2-Dimethyl-3-hexyne 

eee ee eee eet terre eee rere seer ee reeeeeeeeeeseeereraeseeesese 

How would you prepare cis-2-butene, starting from 1-propyne, an alkyl halide, and 
any other reagents needed? (This problem can’t be worked in a single step. You'll 

have to carry out more than one chemical reaction.) 

See ee meee ee ees reese sere rss ereesreereeeerseeeseesessseeee 

8.10 Oxidative Cleavage of Alkynes 

Alkynes, like alkenes, can be cleaved by reaction with powerful oxidizing 
agents such as potassium permanganate or ozone. A triple bond is generally 
less reactive than a double bond, however, and yields of cleavage products 
are sometimes low. The reaction is too complex mechanistically to discuss 
in detail, but the products obtained are carboxylic acids. If a terminal alkyne 
is oxidized, COs is formed as one product. 

{coins | 
An internal alkyne R—C=C—R’ _KMn0, or 03 | RCOH + R'COH 

O 
KMn0O, or O3 
a A terminal alkyne R—C=C—H RCOH + CO, 

The major application of alkyne oxidation reactions is in structure deter- 
mination of substances isolated from natural sources. For example, when 
the compound called tariric acid was isolated from the Guatemalan plant 
Picramnia tariri, it was identified as an 18-carbon straight-chain acetylenic 
acid, but the position of the triple bond in the chain was unknown. Since 
oxidation of tariric acid with potassium permanganate gave two products 
identified as dodecanoic acid and hexanedioic acid, the position of the triple 
bond could be established. 
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{ | | CH;(CH3),oC =C(CH,),COOH a CH3(CH,);9COH + HOC(CH,),COOH 

6-Octadecynoic acid Dodecanoic acid 1,6-Hexanedioic acid 
(tariric acid) (lauric acid) (adipic acid) 

PROBLEM SRSA SS RSS 2108 O) 8M. BO) 0S 0) 40) 0) 9) 0, BLOG) 6 0 91)0 BQ 0. Creme @ Oia ere: e wLe B.8) Wi Le.eueues 

8.13 Propose structures for alkynes that give the following products on oxidative cleavage 
by KMn0O;,: 

COOH 
(a) Gi eae (b) 2 CH,(CH,),COOH + HO,C(CH,);COOH 

2 

Sim) = (an) + De) swe Se 6/8) 0/0! © 66 \9, 0.0 B= m6) 4) 0 © 00 0.0.6.6 © 0 4) 8) 0 0):6 016 6) 6 oh a a 0 bins); 6s) een cms 

8.11 Organic Synthesis 

The laboratory synthesis of an organic molecule from simple precursors 
might be carried out for many reasons. In the pharmaceutical industry, new 
organic molecules are designed and synthesized in the hope that some might 
be useful new drugs. In the chemical industry, synthesis is often undertaken 
to devise more economical routes to known compounds. In academic labo- 
ratories, the synthesis of highly complex molecules is sometimes done purely 
for the intellectual challenge involved in mastering so difficult a subject. 
The successful synthesis route is a highly creative work that is sometimes 
described by such subjective terms as elegant or beautiful. 

In this book, too, we will often devise syntheses of molecules from sim- 

pler precursors. The purpose, however, is purely pedagogical. The ability to 
plan workable synthetic sequences demands a thorough knowledge of a wide 
variety of organic reactions. Furthermore, it requires more than a theoret- 
ical knowledge of reactions; it also requires a practical grasp for the proper 
fitting together of steps in a sequence such that each reaction does only 
what is desired. Working synthesis problems is an excellent way to learn 
organic chemistry. 

Some of the syntheses we plan may appear trivial. Here’s an example: 

Be TICE RE I once wiaca cc ais arate aa 0) os ww elds aeons 

Prepare octane from 1-pentyne. 

CH,;CH,CH,C=CH ae CH;CH,CH,CH,CH,CH,CH,CH; 

1-Pentyne Octane 
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Solution First alkylate the acetylide anion of 1-pentyne with 1-bromopropane, and 
then reduce the product using catalytic hydrogenation: 

i 1. NaNH2, NH; ais 
CH3CH,CH2C =CH 2. BrCH,CH,CH,, THF ~ CH3;CH2CH2C =CCH.CH2CH3 

1-Pentyne 4-Octyne 

| H,/Pd in ethanol 

fh 
Aoi ae eee 

EE it 

Octane 

TPR mm meee meme eee e ewer eee eee eee Heese eeeeeeeeeeeeEeeeEeeeeeeeese 

Although the synthesis route just presented should work perfectly well, 
it has little practical value since a chemist can simply buy octane from 
several dozen chemical supply companies. The value of working the problem 
is that it makes us approach a chemical problem in a logical way, draw on 
our knowledge of chemical reactions, and organize that knowledge into a 
workable plan—it helps us learn organic chemistry. 

There’s no secret to planning an organic synthesis. All it takes is a 
knowledge of the different reactions and a lot of practice. But here’s a hint: 
Work backward. Look at the final product and ask, “What was the immediate 

precursor of that product?” For example, if the end product is an alky] halide, 
the immediate precursor might be an alkene (via HX addition). Having 
found an immediate precursor, proceed backward again, one step at a time, 
until a suitable starting material is found. ( 

Let’s work some examples of increasing complexity. 

PRACTICE : PROBLEM) «i515 0c6ctts 6 Sar sieven bi ameeean seme pees 

Starting from 1-pentyne and any alkyl] halide needed, synthesize cis-2-hexene. More 
than one step is required. 

CH:CH,CH, CH, 

CH;CH,CH,C=CH + RX — =, C=C 

1-Pentyne Alkyl H H 
halide 

cis-2-Hexene 

Solution First ask “What is an immediate precursor of a cis-disubstituted alkene?” 

We know that alkenes can be prepared from alkynes by partial reduction. The proper 
choice of experimental conditions will allow us to prepare either a trans-disubstituted 
alkene (using lithium in liquid ammonia) or a cis-disubstituted alkene (using cata- 
lytic hydrogenation over the Lindlar catalyst). Thus, reduction of 2-hexyne by cat- 
alytic hydrogenation using the Lindlar catalyst should yield cis-2-hexene: 
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CH3CH2CH, CH; 
‘ / 

CH3CH2CH,C=CCH; —~— C=C 
Lindlar ft K 

2-He . catalyst H H 

cis-2-Hexene 

Next ask “What is an immediate precursor of 2-hexyne?” We’ve seen that inter- 
nal alkynes can be prepared by alkylation of terminal alkyne anions (acetylides). 
In the present instance, we’re told to start with 1-pentyne. Thus, alkylation of the 

anion of 1-pentyne with iodomethane should yield 2-hexyne: 

CH,CH,CH,C=CH + NaNH, —2“2> CH,CH,CH,C=C: -Nat* 

1-Pentyne 

CH,CH,CH,C=C: -Na* + CH! 25 cH,CH,CH,C=CCH; 

2-Hexyne 

In three steps we’ve synthesized cis-2-hexene from the given starting materials: 

CH;CH,CH,C=CH- >“, CH;CH,CH,C=CCH, 
1-Pentyne 2-Hexyne 

He 
| Lindlar catalyst 

CH3;CH2CH2 CHsz 
x ie 
Cau 

H H 

cis-2-Hexene 

PRACTICE PROBLEM.............-0:2eceeceee rece sete e eee eeeeees 

Starting from acetylene and any alkyl halide needed, synthesize 2-bromopentane. 

More than one step is required. 

‘i 

HC=CH + RX —=. CH3CH,CH,CHCH; 

Acetylene Alkyl 2-Bromopentane 

halide 

Solution First ask “What is an immediate precursor of an alkyl halide?” Perhaps 

an alkene: 

CH,CH,CH,CH= CH, i. 

or SS CH,CH,CH,CHCH; 
er 

CH;CH,CH=CHCHs 
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Of the two alkene possibilities, addition of HBr to 1-pentene looks like a better choice 
than addition to 2-pentene, since the latter would give a mixture of isomers. 

Next ask “What is an immediate precursor of an alkene?” Perhaps an alkyne, 

which could be partially reduced: 

CH,CH,CH,C=CH — CH,CH,CH,CH=CH, 
catalyst 

~ 

Next ask “What is an immediate precursor of a terminal alkyne?” Perhaps 
sodium acetylide and an alkyl halide: 

Nat :C=CH + BrCH,CH,zCH; ~~ CH3;CH,CH,C=CH 

In four steps we have synthesized the desired material from acetylene and 1- 

bromopropane. : 

HC=cH i NaNba NH. CH,CH.CH,C=CH —2> CH;CH,CH,CH=CH, 
2. CH,;CH,CH,Br, Lindlar 

Acetylene ae 1-Pentyne cate 1-Pentene 

| HBr, ether 

Seah has are 

Br 

2-Bromopentane 

PRACTICE | PROBLEMSas siti tne onc cals 3 petelecees ore ieee nies 

Synthesize 1-hexanol from acetylene and any alkyl halide needed. 

Acetylene Alkyl 1-Hexanol 
halide 

Solution “What is an immediate precursor of a primary alcohol?” Perhaps an 
alkene, which could be hydrated by reaction with borane followed by oxidation with 
H,Oz: 

Ba 1. BH, 
CH3;CH,CH,CH,CH —CH, 2. 0, NaOH” CH3;CH,CH,CH,CH,CH,0H 

“What is an immediate precursor of a terminal alkene?” Perhaps a terminal alkyne, 
which could be reduced: 

a Hp ae CH3;CH,CH,CH,C =CH Pedestal CH3;CH,CH,CH.2CH —CH, 

“What is an immediate precursor of 1-hexyne?” Perhaps acetylene and 1-bromo- 
butane: 

Ho=cH —NaNl:, CH,CH,CH,CH.Br 
ae eee HC =C- Nat CH3CH2CH,CH»C =CH 

We have completed the synthesis in three steps by working backward. 



8.12 Summary and Key Words 277 
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8.14 Beginning with 4-octyne as your only source of carbon, and using any inorganic 
reagents necessary, how would you synthesize the following compounds? 
(a) Butanoic acid (b) cis-4-Octene (c) 4-Bromooctane 
(d) 4-Octanol (4-hydroxyoctane) (e) 4,5-Dichlorooctane 

8.15 Beginning with acetylene and any alkyl halides needed, how would you synthesize 
the following compounds? 
(a) Decane (b) 2,2-Dimethylhexane (c) Hexanal (d) 2-Heptanone 

eae AS e610 Re awe eee GAL SO nem Wen mle Cre R06, 8 688 e068 6 ae we 4 6 wee 6 eee hGece lee \er0 mlb tele 

“8.12 Summary and Key Words 
Sa a TY 

Alkynes are hydrocarbons that contain one or more carbon-carbon triple 
bonds. Alkyne carbon atoms are sp hybridized, and the triple bond is formed 
by one sp-sp sigma bond and two p-p pi bonds. There are relatively few 
general methods of alkyne synthesis. The two best are the alkylation of 
acetylide anions with a primary alkyl halide and the twofold elimination 
of HX from vicinal dihalides. 

The chemistry of alkynes is dominated by electrophilic addition reac- 
tions similar to those of alkenes. For example, alkynes react with HBr and 
HCl to yield vinylic halides, and with Brg and Clg, to yield 1,2-dihalides 
(vicinal dihalides). Alkynes can be hydrated (addition of HzO) by either of 
two procedures. Reaction of an alkyne with aqueous sulfuric acid in the 
presence of mercuric ion catalyst leads to an intermediate enol that imme- 
diately isomerizes (tautomerizes) to yield a ketone. Since the addition reac- 
tion occurs with Markovnikov regiochemistry, a methyl ketone is produced 

from a terminal alkyne. Alternatively, addition of water can be effected by 
hydroboration of an alkyne, followed by oxidation with basic hydrogen per- 
oxide. Disiamylborane, a sterically hindered dialkylborane, is often used in 
this reaction, allowing aldehydes to be prepared in good yield from terminal 

alkynes. 
Alkynes can also be reduced to yield alkenes and alkanes. Complete 

reduction of the triple bond over a normal palladium hydrogenation catalyst 
yields an alkane, whereas partial reduction by catalytic hydrogenation over 
a Lindlar catalyst yields a cis alkene. Reduction of the alkyne with lithium 
in ammonia yields a trans alkene. 

One of the most striking differences in chemical reactivity between 
alkynes and alkenes is due to their different acidities. Terminal alkynes 
contain an acidic hydrogen that can be removed by a strong base to yield 

an acetylide anion. Acetylide anions act as nucleophiles and can displace 

halide ion from primary alkyl halides in an alkylation reaction. Acetylide 

anions are more stable than either alkyl anions or vinylic anions because 

their negative charge is in a hybrid orbital with much s character, allowing 

the charge to be closer to the nucleus. 
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8.13 Summary of Reactions 

1. Preparation of alkynes 
a. Dehydrohalogenation of vicinal dihalides (Section 8.3) 

H H 

; 2 KOH, ethanol SAD 
R—C—C—R “or 2 NaNH;, NH; R—C=C—R’ + 2 H,O + 2 KBr 

Br Br 

H Br 

& AWE aa? KOH, ethanol __a—r_p 
R—C=C—R “or NaNH,, NH, R—C=C—R’ + H,O + KBr 

b. Acetylide ion alkylation (Section 8.9) 

Hc=cH —N8Ne, yo=c-Nat GLB. RcoH.Cc=CH 

Acetylene A terminal alkyne 

RC Ss CH ee RC ee Ge Nat pe Cee 
A terminal alkyne An internal alkyne 

2. Reactions of alkynes 

a. Addition of HX, where X = Br or Cl (Section 8.4) 

X 4H 
bined | i 

BOSC Nhe Ree 
Ether 

X R’ x X 
x Ave BU X, a 

R—C=C—R’ nat C=C ——> R—C—C—R’ 
: / ‘ aa 

XX 

c. Mercuric sulfate-catalyzed hydration (Section 8.5) 

OH 

a H,SO,, H. R—C=CH —==, 
HgSO, 

A methyl ketone 

d. Hydroboration—oxidation (Section 8.6) 

R—C= Cm 1. Disiamylborane ne Chr 

a H2O2 > NaOH 
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e. Reduction (Section 8.7) 
(1) Catalytic hydrogenation 

ei a ' 2 He ' R—C=C—R Pac R panes 

H H 

i 

Ro GSU Rp ee eC 
Lindlar catalyst / Ni 

R R’ 

A cis alkene 

(2) Lithium/ammonia 

\ Li, NH, C = 

i 
R H 

A trans alkene 

R—C=C—R 

f. Acidity: conversion into acetylide anions (Section 8.8) 

R—C=C—H ee Ri-C=sC:7 NatesNH, 

g. Acetylide ion alkylation (Section 8.9) 

Hc=cH —@N, yo=c-Nat “C2. RcoH.C=CH 

Acetylene A terminal alkyne 

Ro=cH 8X2, Rc=c- Nat ORB, RC=CcH,R’ 

A terminal alkyne An internal alkyne 

h. Oxidative cleavage (Section 8.10) 

| 
R—C=C—R’ —72°4 RCOH + R'COH 

3 

ADDITIONAL PROBLEMS .............:.....00.00cceeeee eee 

8.16 Give correct IUPAC names for these compounds: 

(a) CHy;CH,C=CC(CHs)s (b) CH,C=CCH,C=CCH,CH, 
(c) CH;CH=C(CH3)C=CCH(CH3), — (d) HC=CC(CH3),CH,C=CH 
(e) H»>C=CHCH=CHC=CH (f) CH,CH, 

CH;CH,CHC=CCHCHCH, 

CH.CH; CH, 
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8.21 

8.22 

8.23 

8.24 

8.25 

8.26 

Draw structures corresponding to these names: 
(a) 3,3-Dimethyl-4-octyne (b) 3-Ethyl-5-methyl-1,6,8-decatriyne 

(c) 2,2,5,5-Tetramethyl-3-hexyne (d) 3,4-Dimethylcyclodecyne 
(e) 3,5-Heptadien-1l-yne (f) 3-Chloro-4,4-dimethyl-1-nonen-6- 

yne 
(g) 3-sec-Butyl-1-heptyne (h) 5-tert-Butyl-2-methyl-3-octyne 

The following names are incorrect. Draw the structures and give the correct names. 
(a) 1-Ethyl-5,5-dimethyl-1-hexyne (b) 2,5,5-Trimethyl-6-heptyne 

(c) 3-Methylhept-5-en-1-yne (d) 2-Isopropyl-5-methyl-7-octyne 
(e) 3-Hexen-5-yne (f) 5-Ethynyl-1-methylcyclohexane 

These two hydrocarbons have been isolated from various plants in the sunflower 

family. Name them according to IUPAC rules. 
(a) CH;CH=CHC=CC=CCH=CHCH=CHCH=CH, (all trans) 
(b) CH;C=CC=CC=CC=CC=CCH=CHy 

Predict the products of these reactions: 

‘i cai Hg, Pd/C 
A 

se UL / 

ap \_H)/Lindlar B 

A hydrocarbon of unknown structure has the formula CgHj9. On catalytic hydro- 
genation over the Lindlar catalyst, one equivalent of Hz is absorbed. On hydroge- 

nation over a palladium catalyst, however, three equivalents of Hz are absorbed. 
(a) How many rings/double bonds/triple bonds are present in the unknown? 
(b) How many triple bonds are present? 
(c) How many double bonds are present? 
(d) How many rings are present? 

Explain your answers, and draw a possible structure that fits the data. 

Predict the products from reaction of 1-hexyne with these reagents: 

(a) One equivalent HBr (b) One equivalent Cl, 
(c) Hg, Lindlar catalyst (d) NaNHg2 in NHs3, then CHsBr 

(e) H,O, H2SO,4,, HgSO, (f) Two equivalents HCl 

Predict the products from reaction of 5-decyne with these reagents: 
(a) Hy, Lindlar catalyst (b) Li in NH3 

(c) One equivalent Br (d) BH3 in THF, then H,O, 

(e) H,O, H2SO4, HgSO, (f) Excess Hy, Pd/C catalyst 

Predict the products from reaction of 2-hexyne with these reagents: 

(a) Two equivalents Br2 (b) One equivalent HBr 
(c) Excess HBr (d) Li in NHg 
(e) H,O, H2SO,4,, HgSO,4 

Acetonitrile, CH3;CN, contains a carbon—nitrogen triple bond. Sketch the orbitals 
involved in the bonding in acetonitrile, and indicate the hybridization of each atom. 

How would you carry out these reactions? 

O 

(a) CH;CH,C=CH —> Cremer | 
(b) CH;CH,C=CH os CH;CH,CH,CHO 
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kits 

C==CCH. H 

—_—_ 

CH3 

9 

(f) CH,;CH,CH,CH,CH=CH, —“*"", CH,CH,CH,CH,C=CH 
Occasionally, chemists need to invert the stereochemistry of an alkene. That is, one 

might want to convert a cis alkene to a trans alkene, or vice versa. Although there 
is no one-step method for doing this alkene inversion, the transformation can be 
carried out by combining several reactions in the proper sequence. How would you 
carry out these reactions? 
(a) trans-5-Decene ——  cis-5-Decene 

(b) cis-5-Decene ——> trans-5-Decene 

Propose structures for hydrocarbons that give the following products on oxidative 
cleavage by KMnOQ, or O3. 
(a) CO, 4 CH3(CH,);COOH 

COOH 

(b) CH3;COOH + ee 

(c) HOOC(CH2);COOH 

| 
(d) CH;JCHO + CH3;CCH,CH,COOH + CO, 

O 
| 

(e) OHCCH,CH,CH,CH,CCOOH a CO, 

Each of the following syntheses requires more than one step. How would you carry 

them out? , 

(a) CH;CH,CH,C=CH —~> CH;CH,CH,CHO 

ah CH,CH3 
y 

(b) (CH3),CHCH,C=CH —— pe = a 

(CH3)2CHCH, H 

How would you carry out the -following transformation? More than one step is 

required. 

He Al 
C 

? Va No. 

CHCH,CH,CH, CH, 
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How would you carry out the following conversion? More than one step is needed. 

CT =O 

Predict the products of these reactions: 
(a) CH,CH,CH,CH,CH,C=CH 1. Disiamylborane, THF 

2. H,O2, NaOH 

(b) i 

C 
CH, 1. NaNHp, NH; 

2. H3;0* 

(c) Br Br 
ae 
C ~e CH3 1. NaNHp, NH; 

2. H30* 

Using 1-butyne as the only source of carbon, along with any inorganic reagents you 
need, synthesize the following compounds. More than one step may be needed. 
(a) 1,1,2,2-Tetrachlorobutane (b) Octane (c) Butanal 

Using acetylene and any alkyl halides that have four or fewer carbons as starting 
materials, how would you synthesize the following compounds? More than one step 
may be required. 
(a) CH;CH,CH,C=CH (b) CH3;CH,»C=CCH.CHsg 

O ( 
| 

(c) (CH3)»>CHCH,CH=CH, (d) CH;CH,CH,CCH,CH,CH,CH3 

(e) CH,CH,CH,CH,CH,CHO 

How would you carry out these reactions to introduce deuterium into organic 
molecules? 

D D 
‘ i 

(a) CH3CH,C = CCH,CH3 = ps ae 

CoHs  CoHs 

D CoH; 

(b) CH;CH,C=CCH2CH; ——> - = a 

C2H; D 

(c) CH;CH,CH,C=CH -—~> CH;CH,CH,C=CD 

Cc=CH CD+=CD, 

(a) Gr Ses wall , 
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A cumulene is a compound with three adjacent double bonds. Draw an orbital picture 
of a cumulene. What kind of hybridization do the two central carbon atoms have? 
What is the geometric relationship of the substituents on one end to the substituents 
on the other end? What kind of isomerism is possible? Make a model to help you 
see the answer. 

R,C=C=C=CR, 

A cumulene 

Although it is geometrically impossible for a triple bond to exist in a small ring, 

large-ring cycloalkynes are quite stable. How would you prepare cyclodecyne starting 
from acetylene and any alkyl halide needed? 

The sex attractant given off by the common housefly is a simple alkene named 
muscalure. Propose a synthesis of muscalure starting from acetylene and any alkyl 
halides. What is the IUPAC name for muscalure? 

cis-CH3(CH,);CH= CH(CH2),2CH3 

Muscalure 

Compound A (CgH,¢) absorbed three equivalents of hydrogen on catalytic reduction 
over a palladium catalyst to give B (CgH;,). On ozonolysis, compound A gave, among 
other things, a ketone that was identified as cyclohexanone. On treatment with 

NaNHg in NHs, followed by addition of iodomethane, compound A gave a new 
hydrocarbon, C (C,9H,,4). What are the structures of A, B, and C? 

Hydrocarbon A has the formula C, Hs. It absorbs eight equivalents of hydrogen on 
catalytic reduction over a palladium catalyst. On ozonolysis only two products are 
formed: oxalic acid (HOOC-COOH) and succinic acid (HOOCCH,CH,COOH). For- 
mulate these reactions and propose a structure for A. 

Organometallic reagents such as sodium acetylide undergo an addition reaction with 
ketones, giving alcohols: 

O ia 

| 1. Na* -:C=CH (i Ree eS, Pp R—C—R 2. HO? R—C—R 

C=CH 

How might you use this reaction to prepare 2-methyl-1,3-butadiene, the starting 

material used in the manufacture of synthetic rubber? 

Erythrogenic acid, C;gH2¢Q2, is an interesting acetylenic fatty acid that turns a 

vivid red on exposure to light. On catalytic hydrogenation over a palladium catalyst, 

five equivalents of hydrogen are absorbed, and stearic acid, CH3(CH2);gCOOH, is 

produced. Ozonolysis of erythrogenic acid gives four products: formaldehyde, CH,O; 

oxalic acid, HOOC-—COOH; azelaic acid, HOOC(CH2),COOH; and the aldehyde acid 

OHC(CH,),COOH. With this information, draw two possible structures for erythro- 

genic acid. Suggest a way to tell them apart by carrying out some simple reactions. 



Chapter 9 

Stereochemistry 

Are you right-handed or left-handed? Though most of us don’t often think 
about it, handedness plays a surprisingly large role in our daily activities. 
Many musical instruments, such as oboes and clarinets, have a handedness 
to them; the last available softball glove always fits the wrong hand; left- 
handed people write in a “funny” way. The fundamental reason for these 
difficulties, of course, is that our hands aren’t identical—they’re mirror 
images. When you hold a right hand up to a mirror, the image you see looks 
like a left hand. Try it. { 

Handedness also plays a large role in organic enemy. as a direct 
consequence of the tetrahedral stereochemistry of sp?-hybridized carbon. 
Let’s see how handedness in organic molecules arises. 

9.1 Enantiomers and the Tetrahedral 
Carbon 

Look at the generalized molecules of the type CH3X, CH,XY, and CHX YZ 
shown in Figure 9.1. On the left are three molecules, and on the right are 
their images reflected in a mirror. The CH3X and CH2XY molecules are 
identical with their mirror images and thus are not handed. If you make 
molecular models of each molecule and of its mirror image, you can super- 
impose one on top of the other. 

Unlike the CH3X and CH2XY molecules, though, the CHXYZ molecule 
is not identical with its mirror image. You can’t superimpose a model of the 
molecule on top of a model of its mirror image for the same reason that you 
can’t superimpose a left hand on a right hand. You might get two of the 
substituents superimposed, X and Y for example, but H and Z would be 

284 
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CH;X oa 
nH [ rses 

H 

CH,XY BEC 

+. | . 

H 

xX 

CHXYZ C 

N 

. Left hand Right hand 

Figure 9.1 Tetrahedral carbon atoms and their mirror images. 

Molecules of the type CH3X and CH>XY are identical with their 
mirror images, but a molecule of the type CHXYZ is not. A CHXYZ 

molecule is related to its mirror image in the same way that a right 

hand is related to a left hand. 
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reversed. If the H and Z substituents were superimposed, X and Y would 
be reversed. 

Molecules that are nonidentical with their mirror images are a special 
kind of stereoisomers called enantiomers (e-nan-tee-o-mer; Greek enantio, 
“opposite”). Enantiomers are related to each other as a right hand is re- 
lated to a left hand and result whenever a tetrahedral carbon is bonded 
to four different substituents (one need not be H). For example, lactic acid 

(2-hydroxypropanoic acid) exists as a pair of enantiomers because there are 
four different groups (-H, -OH, -CH3, -COOH) attached to the central 
carbon atom: 

t t 
enn @-—c-—@ 

OH © 

Lactic acid: a molecule of general formula CHXYZ 

Mirror 
| 

| 
| 

H | H 

i | , HO“7’~cooH | HOOC~ \ OH 
HC CH, 

| (+)-Lactic acid (-)-Lactic acid 

[e]p = +3.82° [e]p = -3.82° 

No matter how hard you try, you can’t superimpose a molecule of 
(+)-lactic acid on top of a molecule of (—)-lactic acid; the two molecules 
simply aren’t identical, as Figure 9.2 shows. If any two groups, say —-H and 
—COOH, match up, the remaining two groups don’t match. 

Mismatch | OH 

--C 

H H 
| ee Mismatch 

C / HO-7 es HO eee 
CH; C Mismatch CH, C 

Mismatch 

COOH CH, 

Figure 9.2 Attempts at superimposing the mirror-image forms of 

lactic acid: (a) When the —-H and —OH substituents match up, the 

-—COOH and —CH; substituents don’t; (b) when -COOH and —CH; 

match up, —H and —OH don't. Regardless of how the molecules are 
oriented, they aren’t identical. 
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9.2 The Reason for Handedness in 
Molecules: Chirality 

SS BS ST 

Molecules that are not identical with their mirror images and thus exist in 
two enantiomeric forms are said to be chiral (ky-ral, from the Greek cheir, 
“hand”). You can’t take a chiral molecule and its mirror image (enantiomer) 
and place one on top of the other so that all atoms coincide. 

How can you predict whether a certain molecule is or is not chiral? A 
molecule can’t be chiral if it contains a plane of symmetry. A plane of sym- 
metry is an imaginary plane that cuts through an object (or molecule) in 
such a way that one half of the object is an exact mirror image of the other 
half. For example, a flask has a plane of symmetry. If you were to cut the 
flask in half, one half would be an exact mirror image of the second half. A 
hand, however, has no plane of symmetry. One “half” of a hand is not a 
mirror image of the other half (Figure 9.3). 

(a) (b) 

(EmennEs EE 

Figure 9.3. The meaning of symmetry plane. An object like the 

flask (a) has a symmetry plane cutting through it, making right and 

left halves mirror images. An object like a hand (b) has no 

symmetry plane; the right “half” of a hand is not a mirror image of 

the left “half.” . 

A molecule that has a plane of symmetry in any of its possible confor- 

mations must be superimposable on its mirror image and hence must be 

nonchiral or achiral (a-ky-ral). Thus, propanoic acid has a plane of sym- 

metry when it is lined up as shown in Figure 9.4 and is therefore achiral. 

Lactic acid (2-hydroxypropanoic acid), however, has no plane of symmetry 

and is thus chiral. 
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No 
Symmetry symmetry 

plane plane 

| | 

| | 
CH, CH; 

H~ : =H H~ ¢ —OH 

COOH COOH 

| | 
| | 
| I 

a 

CH;,CH,COOH CH;,CHCOOH 

Propanoic acid Lactic acid | 
(achiral) (chiral) 

Figure 9.4 The achiral propanoic acid molecule versus the chiral 

lactic acid molecule. Propanoic acid has a plane of symmetry that 

makes one side of the molecule a mirror image of the other side. 

Lactic acid, however, has no such symmetry plane. 

The most common (although not the only) cause of chirality in organic 
molecules is the presence of a carbon atom bonded to four different groups, 
for example, the central carbon atom in lactic acid. Such carboné are referred 
to as chiral centers, or stereogenic centers. Detecting stereogenic centers 
in complex molecules takes practice because it’s not always immediately 
apparent that four different groups are bonded to a given carbon. The dif- 
ferences don’t necessarily appear right next to the stereogenic center. For 
example, 5-bromodecane is a chiral molecule because four different groups 
are bonded to C5, the stereogenic center (marked by an asterisk): 

is Substituents on carbon 5 

CH3;CH,CH,CH,CH,CCH,CH,CH,CH3 Et 

‘sf —Br 

—CH,CH,CH,CH; (butyl) 

5-B d hiral romodecane (chiral) —CH,CH,CH,CH,CH, (pentyl) 

A butyl substituent is similar to a pentyl substituent, but it isn’t identical. 
The difference isn’t apparent until four carbon atoms away from the stereo- 
genic center, but there’s still a difference. 

As other examples, look at methylcyclohexane and 2-methylcyclohex- 
anone. Are either of these molecules chiral? 
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H~ CH; O 

6 Neh bi CH 2 6 Z 3 

Eames a «Sar npn 
HC _CH2 H2C_ CH 

eis ab 

Methylcyclohexane (achiral) 2-Methylcyclohexanone (chiral) 

Methylcyclohexane is achiral because no carbon atom in the molecule is 

bonded to four different groups. You can immediately eliminate all —-CH,- 
carbons and the —CH3 carbon from consideration, but what about C1 on the 
ring? The C1 carbon atom is bonded to a -CH3 group, to an -H atom, and 
to C2 and C6 of the ring. Carbons 2 and 6 are equivalent, however, as are 
carbons 3 and 5. Thus, the C6—C5-C4 “substituent” is equivalent to the 
C2—-C3-C4 “substituent,” and methylcyclohexane is therefore achiral. An 
alternative way of arriving at the same conclusion is to realize that methyl- 
cyclohexane has a symmetry plane passing through the methyl group and 
through carbons 1 and 4 of the ring. Make a molecular model to see this 
symmetry plane more clearly. 

The situation is different for 2-methylcyclohexanone. 2-Methylcyclo- 
hexanone has no symmetry plane and is chiral because C2 is bonded to four 
different groups: a -CH3 group, an —H atom, a—~COCH- ring bond (C1), and 
a -CH.CH>- ring bond (C3). Several more examples of chiral molecules are 
shown below. Check for yourself that the labeled centers are indeed chiral. 
[Remember: —CH»2-, -CH3, C=C, and C=C centers can’t be chiral, because 
they have at least two identical bonds. ] 

Muscone (musk oil) 

H,C ie 
: C 

PROBLEMS cade ie sina cutie ectretstas gersls Sele leis slcheudie’s els ielelele @ ais 99.419 0.0,[0e elore les 

9.1. Which of these objects are chiral (handed)? 

(a) A screwdriver (b) A screw (c) A bean stalk 

(d) A shoe (e) A hammer 
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9.2 Which of these compounds are chiral? Build molecular models for help in seeing 

spatial relationships. 

(c) (a) (b) 

CH;CH, 

O O 
CH, nee 

N N 
ae Ss ei Nides ieyy oH 

O 

Toluene Coniine Phenobarbital 

(from poison hemlock) (tranquilizer) 

Ce ee ee PROBLEM 

9.3 Place asterisks at all the stereogenic centers in these molecules: 

(a) HO CH, (0) H;C CH; (c) CH;0 

CH 
H3C ; 

O 

— NCH3 
Menthol Camphor 

Dextromethorphan 

(a cough suppressant) 

‘ 
Ce rr PROBLEM 

9.4 Alanine, an amino acid found in proteins, is a chiral molecule. Use the standard 

convention of wedged, solid, and dashed lines to draw the two enantiomers of alanine. 

NH, 

CH3;CHCOOH Alanine 

ee | 

9.3. Optical Activity 

The study of stereochemistry has its origins in the work of the French 

scientist Jean Baptiste Biot! in the early nineteenth century. Biot, a physi- 
cist, was investigating the nature of plane-polarized light. A beam of 

‘Jean Baptiste Biot (1774-1862); b. Paris; physicist, College de France. 
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ordinary light consists of electromagnetic waves that oscillate at right angles 
to the direction of light travel. Since ordinary light is unpolarized, this 
oscillation takes place in an infinite number of planes. When a beam of 
ordinary light is passed through a device called a polarizer, however, only 
the light waves oscillating in a single plane pass through; light waves in 
all other planes are blocked out. The light that passes through the polar- 
izer has its electromagnetic waves vibrating in a well-defined plane, hence 
the name plane-polarized light. The polarization process is represented in 
Figure 9.5. 

Polarized light 

Unpolarized light 
Polarizer 

Light source 

Head-on view 

Unpolarized light Plane-polarized light 
(electromagnetic oscillations (electromagnetic oscillations 
in many planes) in a single plane) 

Plane-polarized light 

Side view 

ane ee SS See 

Figure 9.5 Plane-polarized light. Oscillation of the 

electromagnetic field occurs in a single plane. 

Biot made the remarkable observation that, when a beam of plane- 
polarized light is passed through solutions of certain organic molecules such 
as sugar or camphor, the plane of polarization is rotated. Not all organic 
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molecules exhibit this property, but those that do rotate plane-polarized 

light are said to be optically active. 
The amount of rotation can be measured with an instrument known 

as a polarimeter, represented schematically in Figure 9.6. A solution of 
optically active organic molecules is first placed in a sample tube, plane- 
polarized light is passed through the tube, and rotation of the plane occurs. 
The light then goes through a second polarizer known as the analyzer. By 
rotating the analyzer until the light passes through it, we can find the new 
plane of polarization and can tell to what extent rotation has occurred. The 
amount of rotation is denoted a (Greek alpha) and is expressed in degrees. 

Observer 

Polarizer Sample tube 
containing 

organic 

molecules 
Light source 

SS 

Figure 9.6 Schematic representation of a polarimeter. Plane- 

polarized light passes through a solution of optically active 
molecules, which rotate the plane of polarization. 

& 

In addition to determining the extent of rotation, we can also find out 
its direction. From the vantage point of an observer looking directly end- 
on at the analyzer, some optically active molecules rotate polarized light to 
the left (counterclockwise) and are said to be levorotatory, whereas others 

rotate polarized light to the right (clockwise) and are said to be dextro- 
- rotatory. By convention, rotation to the left is given a minus sign (—), and 
rotation to the right is given a plus sign (+). For example, (—)-morphine is 
levorotatory, and (+)-sucrose is dextrorotatory. 

ae 
“fe 

9.4 Specific Rotation 

Since the rotation of plane-polarized light is an intrinsic property of optically 
active organic molecules, it follows that the amount of rotation depends on 
the number of molecules that the light beam encounters. The more molecules 
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the light encounters, the greater the observed rotation. Thus, the amount 
of rotation observed depends on both sample concentration and sample path 
length. If we double the concentration of sample in a tube, the observed 
rotation doubles. Similarly, if we keep the sample concentration constant 
but double the length of the sample tube, the observed rotation is doubled. 
It also turns out that the amount of rotation depends on the wavelength of 
the light used. 

To express the data in a meaningful way so that comparisons can be 
made, we have to choose standard conditions. By convention, the specific 
rotation, [a@]p, of a compound is defined as the observed rotation when light 
of 589 nanometer (1 nm = 107° m) wavelength is used with a sample path 
length / of 1 decimeter (1 dm = 10 cm) and a sample concentration C of 
1 g/mL. (Light of 589 nm, the so-called sodium D line, is the yellow light 
emitted from common sodium lamps.) 

Observed rotation (degrees) ee 

Path length, / (dm) x Concentration, C (g/mL) S23 C 
lalp = 

When optical rotation data are expressed in this standard way, the 
specific rotation, [a]p, is a physical constant characteristic of each optically 
active compound. Some examples are listed in Table 9.1. 

TABLE 9.1 Specific Rotations of Some Organic Molecules 

Compound lalp (degrees) Compound lalp (degrees) 

Camphor +44,26 Penicillin V +220 
Morphine —132 Monosodium glutamate +25.5 

Sucrose +66.47 Benzene 0 
Cholesterol Acetic acid 

Suppose you have a sucrose solution that appears to rotate plane-polarized light 90° 
to the right (dextrorotatory). How do you know for sure that the solution isn’t rotating 
the plane of polarization to the left by 270° (levorotatory)? After all, the analyzer 
would be in exactly the same position in either case. |Hint: What effect would diluting 

the sample concentration have in each case?] 

COCKS AESCCET EOC HCFC EMEC HE TEE SFL O FC ECL ELH H EHEC 

A 1.5 g sample of coniine, the toxic extract of poison hemlock, was dissolved in 10 

mL ethanol and placed in a sample cell with a 5.0 cm path length. The observed 

rotation at the sodium D line was +1.2°. Calculate the specific rotation, [a]p, for 

coniine. 

6 sie ele, nilete o ia Pipue ldo] 6) e18)\aie; ofa) 6) O10 6) 06! .910 w She\0b 60) 0).00 € 4) .0) 0) 6 010 60. 6: 8\6) 9 0.0 
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9.5 Pasteur’s Discovery of Enantiomers 

Little was done after Biot’s discovery of optical activity in 1815 until Louis 
Pasteur? entered the picture in 1849. Pasteur had received his formal train- 
ing in chemistry but had become interested in the subject of crystallography. 
He began work on crystalline salts of tartaric acid derived from wine and 
was repeating some measurements published a few years earlier when he 
made a surprising observation. When he recrystallized a concentrated solu- 
tion of sodium ammonium tartrate below 28°C, two distinct kinds of crystals 
precipitated. Furthermore, the two kinds of crystals were nonsuperimpos- 
able mirror images of each other. That is, the crystals were not symmetrical 
but were related to each other in the same way that a right hand is related 
to a left hand. 

Working carefully with a pair of tweezers, Pasteur was able to separate 
the crystals into two piles, one of “right-handed” crystals and one of “left- 
handed” crystals like those shown in Figure 9.7. Although a solution of the 
original salt (a 50:50 mixture of right and left) was optically inactive, solu- 
tions of the crystals in each of the individual piles were optically active, and 
their specific rotations were equal in amount but opposite in sign. 

COO- Nat 

H—C—OH ; 

HO—C—H 

COO- NH,* 

Sodium ammonium tartrate Ed 

(b) 

Figure 9.7 Drawings of sodium ammonium tartrate crystals taken 

from Pasteur’s original sketches. One of the crystals is “right- 
handed” and one is “left-handed.” 

Pasteur was far ahead of his time. Although the structural theory of 
Kekulé had not yet been proposed, Pasteur explained his results by speaking 
of the molecules themselves, saying: “There is no doubt that [in the dextro 
tartaric acid] there exists an asymmetric arrangement having a nonsuper- 
imposable image. It is no less certain that the atoms of the levo acid possess 

2Louis Pasteur (1822-1895); b. Déle, Jura, France; studied at Arbois, Besancon; professor, 
Dijon, Strasbourg (1849-1854), Lille (1854-1857), Ecole Normale Supérieure (1857-1863). 
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precisely the inverse asymmetric arrangement.” Pasteur’s vision was 
extraordinary, for it was not until25 years later that the theories of van’t 
Hoff and Le Bel confirmed his ideas regarding the asymmetric carbon atom. 

Today, of course, we would describe Pasteur’s work by saying that he 
had discovered the phenomenon of enantiomerism. The enantiomeric tar- 
taric acid salts that Pasteur separated are identical in all respects except 
for their interaction with plane-polarized light. They have the same melting 
point, the same boiling point, the same solubilities, and the same spectro- 
scopic properties. 

9.6 Sequence Rules for Specification of 
Configuration 

Although drawings provide a pictorial representation of stereochemistry, 
they are difficult to translate into words. Thus, a verbal method for indi- 
cating the three-dimensional arrangement of atoms (the configuration) at 
a stereogenic center is also necessary. The method used employs the same 
sequence rules that we used for the specification of alkene geometry (Z 
versus E) in Section 6.6. Let’s briefly review the Cahn—Ingold—Prelog 
sequence rules to see how they can be used for specifying the configuration 
of a stereogenic center. Refer to Section 6.6 for an explanation of each rule. 

1. Look at the four atoms directly attached to the stereogenic center 
and assign priorities in order of decreasing atomic number. The 
group with highest atomic number is ranked first; the group with 
lowest atomic number is ranked fourth. 

2. If a decision about priority can’t be reached by applying rule 1, 
compare atomic numbers of the second atoms in each substituent, 
continuing on as necessary through the third or fourth atoms out- 
ward until the first point of difference is reached. 

3. Multiple-bonded atoms are considered as an equivalent number of 
single-bonded atoms. For example: 

| | 
=C=O _ is equivalent to ae rot : 

Oe 

Having assigned priorities to the four groups attached to a chiral carbon, 

we describe the stereochemical configuration around the chiral carbon by 
mentally orienting the molecule so that the group of lowest priority (fourth) 
is pointing directly back, away from us. We then look at the three remaining 
substituents, which now appear to radiate toward us like the spokes on a 
steering wheel (Figure 9.8). If a curved arrow drawn from the highest to 
second-highest to third-highest priority substituent (1 — 2 — 3) is clockwise, 
we say that the stereogenic center has the R configuration (Latin rectus, 
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“right”).2 If a curved arrow from the highest to second-highest to third- 
highest priority substituent (1 — 2 — 3) is counterclockwise, the stereogenic 
center has the S configuration (Latin sinister, “left”). To remember these 
assignments, think of a car’s steering wheel when making a right (clockwise) 
or left (counterclockwise) turn. 

Look at (—)-lactic acid to see an example of how configuration is 
assigned. The first step is to assign priorities to the four substituents. 
Sequence rule 1 says that -OH is first priority and —H is fourth priority, 
but doesn’t allow us to distinguish between -CH3 and -COOH, since both 
groups have carbon as their first atom. Sequence rule 2 says that -COOH 
is higher priority than —CHs, since oxygen outranks hydrogen (the second 
atom in each group). 

Priorities 

4 -H (Low) 

OH 
/_.COOH 3 -CH3; 

Lhe 

\ O 
CH; | 

2 -C—OH 
(—)-Lactic acid 

1 -OH (High) 

The next step is to turn the molecule so that the fourth-priority group 
(-H) is oriented toward the rear, away from the observer. Since a curved 
arrow from‘1 (-OH) to 2 (-COOH) to 3 (-CHs) is clockwise (right turn of 
the steering wheel), we assign the R configuration to (—)-lactic acid. Apply- 
ing the same procedure to (+)-lactic acid should (and does) lead to the 
opposite assignment, as shown in Figure 9.8. 

Further examples of how to assign configuration are provided by nat- 
urally occurring (+)-alanine and (—)-glyceraldehyde, which haveithe S con- 
figurations shown in Figure 9.9. Note that the sign of optical rotation, (+) 
or (—), is not related to the R,S designation. (S)-Alanine happens to be 

dextrorotatory (+), and (S)-glyceraldehyde happens to be levorotatory Tt). 
There is no simple correlation between R,S configuration and direction or 
magnitude of optical rotation. 

One further point needs mentioning: the matter of absolute configu- 
ration. How do we know that our assignments of R,S configuration are 
correct in an absolute, rather than a relative, sense? Since we can’t see the 
molecules themselves, how do we know for certain that it is the dextroro- 
tatory enantiomer of lactic acid that has the R configuration? This difficult 
question was not solved until 1951 when J. M. Bijvoet of the University of 
Utrecht reported an X-ray spectroscopic method for determining the abso- 
lute spatial arrangement of atoms in a molecule. Based on his results, we 
can say with certainty that the R,S conventions are correct. 

3Rectus actually means “right” in the sense of “correct,” whereas dexter is the Latin word 
for “right” in the directional sense. In some European societies, however, left-handedness has 
historically been looked on with disfavor, and it has been considered “right” to be right-handed. 
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[coon 
eo ee ae 

CH, Observer 

(-)-Lactic acid 

1 4 2 
HO H COOH 
ole 

C 

| 
CH, 

3 

FR configuration (right turn of steering wheel) 

COOH 

_OH 

= eae 
\ 

GH Observer 

(+)-Lactic acid 

S configuration (left turn of steering wheel) 

ine ee 

Figure 9.8 Assignment of configuration to (R)-(—)-lactic acid and 

(S)-(+)-lactic acid. 

PR AGHIGEM ER © BEIM cece. ottrersiens, tote siscethegs ols. ecases oRemugatie eral eb ce oes 

Draw a tetrahedral representation of R-2-chlorobutane. 

Solution The four substituents bound to the chiral carbon of R-2-chlorobutane can 
be assigned the following priorities: (1) —Cl, (2) -CH2CHs, (3) -CHs, (4) -H. To draw 

a tetrahedral representation of the molecule, first orient the low-priority -H group 
toward the rear and imagine that the other three groups are coming out of the page 
toward you. Place the remaining three substituents in order such that the direction 

~ of travel from 1 — 2— 3 is clockwise (right turn), and then tilt the molecule slightly 
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CH,OH Facer 
3 2 

oe eee HOCH,. H CHO 
‘ eo 

OH | 

OH 

1 

(S)-Glyceraldehyde 
[(S)-(-)-2,3-Dihydroxypropanal] 

[¢]p = -8.7° 

(S)-Alanine 
[(S)-(+)-2-Aminopropanoic acid] 

[ a Ip = +8.5° 

Figure 9.9 Assignment of configuration to (—)-glyceraldehyde 

and (+)-alanine. Both happen to have the S configuration. 

to bring the rear hydrogen into view and end up with a standard tetrahedral 
representation: 

H Cl 
Cll i .CH2CHs | 

C = Cx 
| H aa \ H 

CH3 2 CH,CHs 

Using molecular models is a great help in working problems of this sort. 

PROB REM ais ioe, 016 sare etlare:oiniopp e's wie eyoisiakee (ee, ayeieisrein aio) eeseiRte eioiace is oleibie wa referiere 

9.7. Assign priorities to these sets of substituents: 
(a) —H, -Br, -CH,CH3, -CH,CH,OH 
(b) —COjH, -CO,CH3, -CH,OH, -OH 
(c) -CN, -CH,NHp, -CH,NHCHs, —-NH, 

(d) -Br, -CH,Br, -—Cl, -CH,Cl 
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PROBLEM a cisrams revere. ccaterets oh crm fu tpacoFelansraisie fein sn3% cbihcroereiehateia axe aynenenei ete sicerare ven 

9.8 Assign R,S configurations to these molecules: 

He Br, 4.COOH ) Hg =C00H @ apes 

H CH; CN 

ee ee ee 

9.7. Diastereomers 

Molecules like lactic acid, alanine, and glyceraldehyde are relatively simple 
to deal with, since each has only one stereogenic center and can exist in 
only two enantiomeric configurations. The situation becomes more complex, 
however, with molecules that have more than one stereogenic center. 

Look at the essential amino acid threonine (2-amino-3-hydroxybutanoic 
acid), for example. Since threonine has two stereogenic centers (C2 and C3), 
there are four possible stereoisomers, as shown in Figure 9.10. Check for 
yourself that the R,S configurations are correct as indicated. 

Enantiomers Enantiomers 

Pe rae cn ae ease 

Figure 9.10 The four stereoisomers of 2-amino-3-hydroxybutanoic 

acid (threonine). 
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PROBLEM... 

PROBLEM... 

The four threonine stereoisomers can be classified into two mirror-image 
pairs of enantiomers. The 2R,3R stereoisomer is the mirror image of 2S,3S, 
and the 2R,3S stereoisomer is the mirror image of 2S,3R. But what is the 
relationship between any two configurations that are not mirror images? 
What, for example, is the relationship between the 2R,3R compound and 
the 2R,3S compound? The two compounds are stereoisomers, yet they aren’t 
superimposable and they aren’t enantiomers. To describe such a relation- 
ship, we need a new term. 

Diastereomers are stereoisomers that are not mirror images of each 
other. Since we used the right-hand/left-hand analogy to describe the rela- 
tionship between two enantiomers, we might extend the analogy further by 
saying that diastereomers have a hand-foot relationship. Hands and feet 
look very similar, but they aren’t identical and they aren’t mirror images. 
The same is true of diastereomers; they’re similar but not identical. Note 
carefully the difference between enantiomers and diastereomers: Enantio- 

mers must have opposite (mirror-image) configurations at all stereogenic 
centers; diastereomers must have opposite configurations at some (one or 
more) stereogenic centers, but the same configuration at others. A full 
description of the four threonine stereoisomers is given in Table 9.2. 

TABLE 9.2. Relationships Between Four Stereoisomeric 

Threonines 
a eS a a ee EE EE ee eee 

Stereoisomer Enantiomeric with Diastereomeric with 

2R,3R 25,38 2R,3S and 25,3R 
25,38 2R,3R 2R,3S and 253R 
2R,3S 25,3R 2R,3R and 25,38 
2S3R 2R,3S 2R,3R and 25,3S 

Of the four possible stereoisomers of threonine, only the 28,3R isomer, 

lalp = —29.3°, occurs naturally in plants and animals. Most biologically 
important molecules are chiral, and usually only a single stereoisomer is 
found in nature. 

ee i i ay 

Assign R,S configurations to these molecules. Which are enantiomers, and which 
are diastereomers? 

(a) Br (b) CH; (c) CH; (d) H 
RCE peter Bra 4-H Bra 4 #CHs 

| | 
C 

He 4 OH H,C7 9H Hoo SCH, H,c7 9 oH 
CH; OH OH H 

TESTOR YN. ei9 OSS SE ete Pie Cele S's «.6 (ely) G Oe wibpele Gis pene) oe Mila mM (Q WieipOMTBl eee leraln ie 

Chloramphenicol, a powerful antibiotic isolated in 1949 from the Streptomyces vene- 
zuelae bacterium, is active against a broad spectrum of bacterial infections and is 
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particularly valuable against typhoid fever. Assign R,S configurations to the stereo- 
genic centers in chloramphenicol. 

NO, 

HON 4 

| 
H7 °SNHCOCHCI, 

CH,OH 

2H 

Chloramphenicol 

[alp = +18.6° 

co) 

9.8 Meso Compounds 

Let’s look at one more example of a compound with two stereogenic centers: 
tartaric acid. We’re already acquainted with tartaric acid for its role in 
Pasteur’s discovery of optical activity, and we can now draw the four stereo- 
isomers: 

Mirror Mirror 

1 COOH 1 COOH 1 COOH 1COOH 
: H ee | nds er ala | ae 

| 
3 3 3 3C 

4 COOH 4COOH 4 COOH 4COOH 

2R,3R 2S,3S 2R,3S 2S,3R 

The mirror-image 2R,3R and 2S,3S structures are not superimposable and 

are therefore a pair of enantiomers. A close look, however, reveals that the 

2R,3S and 2S,3R structures are identical, as we can see by rotating one 

structure 180°: 

1COOH l COOH 

Hea in OF HOw, 2H 

a. Rotate A C 

3 180° 3 

H-°~OH HoT {> H 

4COOH 4 COOH 

2R,3R 2S,3R 

net 

Identical 



302 CHAPTER 9 Stereochemistry 

The identity of the 2R,3S and 2S,3R structures results from the fact 

that the molecule has a plane of symmetry. The symmetry plane cuts through 
the C2—C3 bond, making one half of the molecule a mirror image of the 

other half (Figure 9.11). 

oe _. Symmetry plane 

Figure 9.11 A symmetry plane through the C2—C3 bond of 

meso-tartaric acid. 

Because of the plane of symmetry, the tartaric acid stereoisomer shown 
in Figure 9.11 must be achiral, despite the fact that it has two stereogenic 
centers. Compounds that are achiral by virtue of a symmetry plane, yet 
contain stereogenic centers, are called meso compounds (me-zo). Thus, 

tartaric acid exists in three stereoisomeric configurations: two enantiomers 
and one meso form. 

PRACTICE“ PROBLEM. oa se tds verde oie: fun ta se rene eee etetnats 

Does cis-1,2-dimethylcyclobutane have any stereogenic centers? Is it a chiral 
molecule? 

Solution Looking at the structure of cis-1,2-dimethylcyclobutane, we see that both 
of the methyl-bearing ring carbons (C1 and C2) are chiral. Overall, though, the 
compound is achiral because there is a symmetry plane bisecting the ring between 
C1 and C2. Thus, the molecule is a meso compound. 

Symmetry plane 

H,C Hy [ 
an) an 
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PROBLEM Soe See eS ee eae SMES RSL SAPS eA TY Gel ear ele wRNG Oi ef em BiSl ae ete w My WM cee te. weiter ecco ple 

9.11 Which, if any, of these structures represent meso compounds? 

(a) HOH (b) HOH 

0H 0H 
“H H 

(c) CHa (d) H 

G 
H.0” |" H 

Br 

9.12 Which of these substances have a meso form? 

(a) 2,3-Dibromobutane (b) 2,3-Dibromopentane 
(c) 2,4-Dibromopentane 

Siete Wie 6 66 see) obs miata we oe) Sie ee eh ie ie ls ol m) enas8 ee) uve) wl B el 86) @ oo ieiieljer ee ofa ee) e enble eke feiel.e 

9.9 Molecules with More Than Two 
Stereogenic Centers 

We’ve seen how a single stereogenic center in a molecule gives rise to two 
stereoisomers (one pair of enantiomers) and how two stereogenic centers in 
a molecule give rise to a maximum of four stereoisomers (two pairs of enan- 
tiomers). In general, a molecule with n stereogenic centers gives rise to a 
maximum of 2” stereoisomers (2”~! pairs of enantiomers). For example, 
cholesterol contains eight stereogenic centers making possible 28 = 256 
stereoisomers (128 enantiomeric pairs), although many would be too highly 
strained to exist. Only one, however, is produced in nature. 

Cholesterol 

(eight chiral centers) 
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PROBLEM 

CHAPTER 9 Stereochemistry 

eee eee meee reser eee ee nesses eeeeseeeeeeeeseeesseseeeseessses 

9.13 How many stereogenic centers does morphine have? How many stereoisomers of 

ed 

morphine are possible in principle? 

N—CH3; 

HO O OH 

Morphine 

a 

9.10 Racemic Mixtures 

9.11 

To conclude our discussion of stereoisomerism, let’s return for a final look 
at Pasteur’s pioneering work. Pasteur took an optically inactive form of a 
tartaric acid salt and found that he could crystallize two optically active 
forms from it. These two optically active forms were the 2R,3R and 2S,3S 
configurations just discussed, but what was the optically inactive form he 
started with? It couldn’t have been meso-tartaric acid, since meso-tartaric 

acid is a different chemical compound from the two chiral enantiomers and 
can’t interconvert with them without breaking and re-forming chemical 
bonds. 

The answer is that Pasteur started with a 50:50 mixture of the two 
chiral enantiomers of tartaric acid. Such a mixture is called a racemic (ray- 
see-mic) mixture, or racemate, and is denoted either by the symbol (+) or 
by the prefix d,/ to indicate a mixture of dextrorotatory and levorotatory 
forms. Racemic mixtures must show zero optical rotation because equal 
amounts of (+) and (—) forms are present. The (+) rotation from one erfan- 

tiomer exactly cancels the (—) rotation from the other enantiomer. Through 
good fortune, Pasteur was able to resolve (+)-tartaric acid into its (—) and 

(+) enantiomers. Unfortunately, the fractional crystallization method he 

used doesn’t work for most racemic mixtures, and other techniques are 
required. The method of resolution most often used is discussed in Section 
25.5. 

Physical Properties of Stereoisomers 

If seemingly simple compounds such as tartaric acid can exist in several 
different stereoisomeric configurations, the question arises whether the dif- 
ferent stereoisomers of a compound have different physical properties. The 
answer is yes, they do. 

Some physical properties of the three different stereoisomers of tartaric 
acid and of the racemic mixture are listed in Table 9.3. As indicated, the 
(+)- and (—)-tartaric acids have identical melting points, solubilities, and 
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TABLE 9.3 Some Properties of the Stereoisomers of Tartaric Acid 
SSS ES EE ES FET EEE TES) 

Melting point Lalp Density Solubility at 20°C 
Stereoisomer (°C) (degrees) (g/cm) (g/100 mL H2O) 

es 168-170 +12 1.7598 139.0 

(=) 168-170 =) 1.7598 139.0 

Meso 146-148 0 1.6660 125.0 

(+) 206 a 1.7880 20.6 

densities. They differ only in the sign of their rotation of plane-polarized 
light. The meso isomer, by contrast, is diastereomeric with the (+) and (—) 
forms. As such, it has no mirror-image relationship to (+)- and (—)-tartaric 
acids; it is a different compound altogether and has different physical 
properties. 

The racemic mixture is different still. Though a mixture of enantiomers, 
racemates act as though they were pure compounds, different from either 
enantiomer. As the table shows, the physical properties of racemic tartaric 
acid differ from those of the two pure enantiomers and from those of the 
meso form. 

9.12 A Brief Review of Isomerism 

We’ve seen several different kinds of isomers in the past few chapters, and 
it’s a good idea at this point to see how they relate to one another. As noted 
earlier, isomers are compounds that have the same chemical formula but 
have different structures. There are two fundamental types of isomerism, 

both of which we’ve now encountered: constitutional isomerism and stereo- 

isomerism. 
Constitutional isomers (Section 3.2) are compounds whose atoms are 

connected differently. Among the different kinds of constitutional isomers 

we've seen are skeletal, functional, and positional isomers. 

Constitutional isomers—different connections among atoms: 

im 
Different carbon skeletons: CH3CHCH3 and CH3;CH2CH,2CH3 

Isobutane Butane 

Different functional groups: CH;CH,OH and CH30CH3 

Ethyl alcohol Dimethyl ether 

NH, 
Different position of | 

functional groups: CH3;CHCH3 and CH;CH,CH,N He 

Isopropylamine Propylamine 
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Stereoisomers (Section 3.9) are compounds that have their atoms con- 
nected in the same order but have a different geometry. Among the differ- 
ent kinds of stereoisomers we’ve seen are enantiomers, diastereomers, and 

cis—trans isomers (both in alkenes and in cycloalkanes). To be perfectly ac- 
curate, however, cis—trans isomers are really just a special category of dia- 
stereomers, since they meet the definition of being non-mirror-image 

stereoisomers: 

Stereoisomers—same connections among atoms, but different geometry: 

Enantiomers COOH HOOC 

(nonsuperimposable | | 
mirror-image Jin aa Cou oe Hc? On HO “NCH, 
stereoisomers) H H 

(R)-Lactic acid (S)-Lactic acid 

Diastereomers COOH COOH 

(nonsuperimposable, Hm c ua NH» Hai NH, 
non-mirror-image | | 

stereoisomers) C Cc 
H™ | “OH Hovotir a 

Configurational CH, CH; 

diastereomers 
2R,3R-2-Amino-3- 2R,3S-2-Amino-3- 

hydroxybutanoic acid hydroxybutanoic acid 

Cis—trans diastereomers H3C H H3C CH3 
(substituents on same ee i F reas 
side or opposite side of ae ae PR dN 
double bond or ring) H CH; H t H 

trans-2-Butene cis-2-Butene 

H3C H H3C CH; 

H’ “CH, and H “H 

trans-1,3- cis-1,3- 

Dimethylcyclopentane Dimethylcyclopentane 

9.13 Fischer Projections 

When learning to visualize chiral molecules, it’s best to begin by building 
molecular models. As more experience is gained, it becomes easier to draw 
pictures and work with mental images. To do this successfully, though, 
a standard method of representation is needed for depicting the three- 
dimensional arrangement of atoms on a flat page. In 1891, Emil Fischer 
suggested a method based on the projection of a tetrahedral carbon atom 
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onto a flat surface. These Fischer projections were soon adopted and are 
now a standard means of depicting stereochemistry at stereogenic centers. 

A tetrahedral carbon atom is represented in Fischer projection by two 
crossed lines. By convention, the horizontal lines represent bonds coming 
out of the page, and the vertical lines represent bonds going into the page: 

Press 
flat 

WwW | xX oe 
i DL Z 

\ Lf 
ae foes? Wig aes =, wx 

y Y 

Fischer 
projection 

For example, (R)-lactic acid can be drawn as follows: 

ee COOH 

mor H—C—O0H 
Hits 1 
HO CH, 

Bonds out COOH q 
of page Bonds into 

H OH page 

CH; 

Fischer projection 
(R)-Lactic acid 

Since a given molecule can be depicted in many different ways, it’s often 
necessary to compare two different projections to see if they represent the 
same or different enantiomers. To test for identity, Fischer projections can 
be moved around on the paper, but care must be taken not to change the 
meaning of the projection inadvertently. Only two kinds of motions are 
allowed: 

1. A Fischer projection can be rotated on the page by 180°, but not by 
90° or 270°. The reason for this rule is simply that a 180° rotation 
obeys the Fischer convention by keeping the same two substituents 
on horizontal bonds always coming out of the plane and the same 
two substituents on vertical bonds always going into the plane. A 
90° rotation, however, disobeys the Fischer convention. Substituents 
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that were on horizontal bonds in one form become vertical after a 

90° rotation, thus inverting their stereochemistry and changing the 

meaning of the projection. For example: 

180° 

COOH CH3 

H OH same as HO H 

CH; COOH 

-—COOH and —-CHs go into plane of paper in 
both projections; -H and -OH come out of 

plane of paper in both projections. 

but: 

90° 

COOH H 

Hon Not same as HsC—}—COOH 

CH3 oy OH 

—COOH and —CHsg groups go into plane of paper in 
one projection but come out of plane of paper in other 

projection. 

2. A Fischer projection can have one group held steady while the other 
three rotate in either a clockwise or a counterclockwise direction. 
For example: 

‘ 

Hold steady 

COOH COOH — 
Eon os. 
H OH same as HO CH, 

SS oH, H 

These are the only kinds of motion allowed. Moving a Fischer projection 
in any other way inverts its meaning. Thus, if a Fischer projection of (R)- 
lactic acid is turned by 90°, a projection of (S)-lactic acid results (Figure 
9.12). 

Knowing the two rules provides an easy way to superimpose molecules 
mentally. For example, three different Fischer projections of 2-butanol fol- 
low. Do they all represent the same enantiomer, or is one different? 

H CH2CH3; OH 

OH CH; CH2CH; 

A B Cc 
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/ 00H oe 

n—} on same as Ha | 08 

CHs CH, 

| Wore (R)-Lactic acid 

OH 
OH 

Hooc—}— CH; same as Se cae 

: H 
(S)-Lactic acid 

Figure 9.12 Rotation of a Fischer projection by 90° inverts its 

meaning. 

The simplest way to determine if two Fischer projections represent the 
same enantiomer is to carry out allowed motions until two groups are super- 
imposed. If the other two groups are also superimposed, then the Fischer 
projections are the same; if the other two groups are not superimposed, the 
Fischer projections are different. 

Let’s keep projection A unchanged and move B so that the -CH3 and 
—H substituents match up with those in A: 

pe CH.CHs 7 OH H 

\ Hold CH; Hold CH,CH3 

HQ—-k Rotate other Soe Rotate othe H3C CH2CHs 

hr oups thr ups 

CHs ee CHs3 ae : OH 

B A 

By performing two allowed movements on projection B, we find that it is 
identical to projection A. Now let’s do the same thing to projection C: 

OH CH.CH3 H 
a 

Rotate Hold CH; 

atom) 180° H3C — Rotate other Hc} 01 

CH,CHs OU ee CH,CH, 
C _ Not A 

By performing two allowed movements on projection C, we can match up 

the —H and —-CHs substituents with those in A. After doing so, however, the 

—OH and -CH,CHs substituents don’t match up. Thus, projection C must 

be enantiomeric with A and B. 
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PRACTICE PROBLEM Oem wee eee OO eee ee EH Eee Hee HE ee 

Convert the following tetrahedral representation of (R)-2-butanol into a Fischer 
projection. 

CH,CH, 

Cc (R)-2-Butanol 

H’/’ *CH, 
HO 

Solution Orient the molecule so that two horizontal bonds are facing you and two 
vertical bonds are receding from you. Then press the molecule flat into the paper, 
indicating the chiral carbon as the intersection of two crossed lines: 

CH,CH; CH,CH, : Ha | ,0H CHLCH, 

ale = C = H- OH 

H-~/.. ~CH, CH 
HO CH, : 

(R)-2-Butanol 

PROBLEM Seem ewe eee eee Hee EHH EEE HE EEE EEE HEE HEHEHE HEHEHE EEE HEHEHE HEHE EOS 

9.14 Which of these Fischer projections of lactic acid represent the same enantiomer? 

COOH COOH H CH3 

n—|—on Ho} —H Ho—| cH ooo} 

CH3 OH COOH OH 

A B Cc D 

PROBLEM id 

9.15 Are these pairs of Fischer projections the same, or are they enantiomers? 

CHs H 

(a) Cl —H H and OHC — Cl 

CHO CH; 

CH,OH CHO 

(b) H | OH and Hot CH,OH 

oe 

CORPO e eee eer ETE O TEETER HEHEHE EEE EE EEE EEE EERE HOHE EEE HEE EOE EES 
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9.14 Assigning R,S Configurations to 
Fischer Projections 
SSSR SE I EEE TE Ty 

R,S stereochemical designations (Section 9.6) can be assigned to Fischer 
projections by following three steps: 

1. Assign priorities to the four substituents in the usual way. 

2. Perform one of the two allowed motions to place the group of lowest 
(fourth) priority at the top of the Fischer projection. 

3. Determine the direction of rotation in going from priority 1 to 2 
to 3, and assign R or S configuration as in the following practice 
problem. 

Bae ed Ee LEM oaths Suathire bin bin aicwnsryaw tins DoMime CaN a Fe 

Assign R or S configuration to this Fischer projection of alanine, an amino acid: 

COOH 

HaN—-# 

CH; 

Alanine 

Solution First, assign priorities to the four substituents on the chiral carbon. 
According to the sequence rules, the priorities are -NHp (1), -COOH (2), —CHs (3), 
and —H (4). Next, perform one of the allowed motions on the Fischer projection 
to bring the group of lowest priority (-H) to the top. In the present instance, we 
might want to hold the -CH3 group steady while rotating the other three groups 

counterclockwise: 

Rotate 5 

* COOH counterclockwise H 

ENS = HOOC NH» 

3 on 3 CH; 

Hold —CHg3 steady 

Going now from first to second to third highest priority requires a counterclockwise 

(left-hand) turn, corresponding to S stereochemistry. 

‘ay are 

OOC,_ 2 1 NH» 
HOOC NH» = ea ie 

3 CH3 

S stereochemistry 

1 
ne 

4b) Si ahie) oe) eel e yc) wi of biases wle: tele (ulia ke’ (eileierieelelte (8 (610) (6''e, (4116.16 [ew ie)y0/ 6) 6.8.9 (@. 0.0; e116) 8i/e! 6\(6 01S 610" 6) Oh Orie ee: 18) (8 
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Fischer projections can be used to specify more than one stereogenic 

center in a molecule simply by “stacking” the stereogenic centers, one on 

top of the other. For example, threose, a simple four-carbon sugar, has the 

2S,3R configuration: 

1CHO CHO 

La tL bai 

He oSoH 
4CH,OH CH,OH 

Threose [(2S,3R)-2,3,4-Trihydroxybutanal] 

Molecular models are particularly helpful in visualizing these structures. 

PROBLEMMGRSais 12 siete aerate. dads CPSRiacteteye skal. SOEs, wible ar hadtee ein ost etemeenta ats 

9.16 Assign either R or S configuration to the stereogenic centers in these molecules: 

COOH CH; 

(a) Hct , (b) HO——cHcH, 

Br H 

H 

(c) Ho—|—cH0 

CH; 
CER esc seek wah oe Ba ON AINE glist mE cae a 

9.15 Stereochemistry of Reactions: oa 
Addition of HBr to Alkenes 

Many organic reactions, including some that we’ve studied, yield products 
with stereogenic centers. For example, HBr adds to 1-butene to yield 2- 
bromobutane, a chiral molecule. What predictions can we make about the 
stereochemistry of this chiral product? If a single enantiomer is formed, is 
it R or S? Ifa mixture of enantiomers is formed, how much of each is present? 
In fact, the 2-bromobutane produced is a racemic mixture of R and S 
enantiomers. 

if 

CH,CH,CH=CH, —_— CH,CH,CHCH, 
() 

1-Butene (+)-2-Bromobutane 

(achiral) (chiral) 
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To understand why a racemic product results from reaction of HBr with 
1-butene, think about what happens during the reaction. 1-Butene is first 
protonated by acid to yield an intermediate secondary (2°) carbocation. Since 
the trivalent carbon is sp? hybridized, it has a plane of symmetry and is 
achiral. As a result, it can be attacked by bromide ion (also achiral) equally 
well from either the top or the bottom. Attack from the top leads to (S)-2- 
bromobutane, and attack from the bottom leads to (R)-2-bromobutane. Since 
both modes of attack are equally likely, a racemic mixture results (Figure 
9.13). 

Br 

| 
CH,CH;~\"H 

CH, 

(S)-2-Bromobutane 
(50%) 

o. H TG 
CH,CH,CH == CH, 

1-Butene 
ee EE uae ae 

Carbocation 

intermediate 
(achiral) NS Bottom 

3 

(R)-2-Bromobutane 
(50%) 

See ee ee 

Figure 9.13 Stereochemistry of the addition of HBr to 1-butene. 

The intermediate achiral sec-butyl carbocation is attacked equally 

well from both top and bottom, leading to a racemic product 

mixture. 

Another way to think about the reaction is in terms of transition states. 

If the intermediate carbocation is attacked from the top, S product is formed 

through transition state 1 (TS 1) in Figure 9.14. If the cation is attacked 

from the bottom, R product is formed through TS 2. The two transition states 

are mirror images. They therefore have identical activation energies and 

are equally likely to occur. Both transition states form at identical rates, 

leading to a 50:50 mixture of R and S products. 
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TS1 Br £ Br 

+ ; | 

Cs 
bean std 

CH3;CH, CH; 

(S)-2-Bromobutane 

met Sg ei ee ee 
GH« 

2 CHC Hy ne 

TS2 8- Br Br 

(R)-2-Bromobutane 

Figure 9.14 Attack of bromide ion on the sec-butyl carbocation. 

Attack from the top leading to S product is the mirror image of 

attack from the bottom leading to R product. Since both are 

equally likely, racemic product is formed. The dotted C-Br bond in 

the transition state indicates partial bond formation. 

9.16 Stereochemistry of Reactions: 
Addition of Br, to Alkenes 

Addition of Br, to 2-butene leads to the formation of 2,3-dibromobutane and 
the generation of two stereogenic centers. What stereochemistry would we 
predict for such a reaction? If we begin with planar, achiral cis-2-butene, 
we would expect bromine to add to the double bond equally well from either 
the top or the bottom face to generate two intermediate bromonium ions. 
For the sake of simplicity, let’s consider only the result of attack from the 
top face (Figure 9.15), keeping in mind that every structure we consider 
also has a mirror image. 

The bromonium ion formed by top-face reaction of cis-2-butene can be 
attacked by bromide ion from either the right or the left side of the bottom 
face. Attack from the left (path a) leads to (2S,3S)-dibromobutane; attack 

from the right (path b) leads to (2R,3R)-dibromobutane. Since both modes 
of attack on the symmetrical, achiral bromonium ion are equally likely, a 
50:50 (racemic) mixture of the two enantiomeric products is formed. Thus, 
we obtain (+)-2,3-dibromobutane. 

What about the addition of Brs to trans-2-butene? Is the same racemic 
product mixture formed? Perhaps surprisingly at first glance, the answer 
is no. trans-2-Butene reacts with bromine to form a bromonium ion, and 
once again we'll consider only top-face attack for simplicity (Figure 9.16). 
Attack of bromide ion on the bromonium ion intermediate takes place 
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H a 
HoC ms 5 G eos CG és 

Path a i \ H 
Br @ H 3 

ae (2S,3S)-Dibromobutane 
H.. e cS CZ Br» 

HOt ie Bee aneee was Mirrore-s-s------ 

cis-2-Butene ay _ 

(achiral) Path b r A 

se OR Cites 

Bromonium ion / a H3C Br 
intermediate 

(2R,3R)-Dibromobutane 

er ae ee 

Figure 9.15 Stereochemistry of the addition of Br, to cis-2-butene. 
A racemic mixture of 25,3S and 2R,3R products is formed. 

equally well from both right and left sides of the bottom face, leading to the 
formation of 2R,3S and 2S,3R products in equal amounts. A close look at 
the two products, however, shows that they are identical: Both structures 
represent meso-2,3-dibromobutane. 

The key conclusion from all three of the addition reactions just discussed 
is that an optically inactive product has been formed. This is a general rule: 
Any reaction between two achiral partners always leads to optically inactive 
products—either racemic or meso. Put another way, optical activity can’t 
come from out of nowhere; optically active products can’t be produced from 
optically inactive starting materials. 

H Br 

ee a 

Path a / \ CHs 
Br H 

:Brt (2S,3R)-Dibromobutane 

HG ¢-7CHs, 2 bye Sa (meso) 
H,C™ rs H d \ ee et eee Mirror =-2------=- Ze % 

trans-2-Butene Le Br CH, 
:Br: Path b \ oH 

5 OL Cre, 
Te ae 

Bromonium ion H3C Br 
intermediate 

(2R,3S)-Dibromobutane 

(meso) 

a 

Figure 9.16 Stereochemistry of the addition of Br, to trans-2-butene. 

A meso product is formed. 
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PROBLEM... 

9.17 

PROBLEM... 

9.18 

PROBLEM... 

9.19 

sete eee wees 

ee 

What is the stereochemistry of the product that results from addition of Br2 to 
cyclohexene? Is the product optically active? Explain. 

Peewee mee m errr emer ee ee rere e ee reee eee eeeeeeeeeeeeeHeeeaee 

Addition of Brz to an unsymmetrical alkene such as cis-2-hexene leads to racemic 
product, even though attack of bromide ion on the unsymmetrical bromonium ion 
intermediate is not equally likely at both ends. Make drawings of the intermediate 
and the products, and explain the observed stereochemical result. 

we mee eee meee esse eee eer eeesseresseeeeseeseseresesessessesee 

Predict the stereochemical outcome of the reaction of Br with trans-2-hexene. Show 

your reasoning. 

ee 

9.17 Stereochemistry of Reactions: 
Addition of HBr to a Chiral Alkene 

Both of the reactions considered in the two previous sections have involved 
additions to achiral alkene starting materials, and in both cases an optically 
inactive product was formed. What would happen, though, if we were to 
carry out a reaction on a single enantiomer of a chiral starting material? 
For example, what stereochemical result would be obtained from addition 
of HBr to a chiral alkene such as (R)-4-methyl-1-hexene? The product of 
this reaction, 2-bromo-4-methylhexane, has two stereogenic centers and 
might exist in any of four stereoisomeric configurations. 1 

ar bata 
3 ee fe HBr ae CH3CH2CHCH2CHCHs 
\ 

H CHs 2-Bromo-4-methylhexane 

(R)-4-Methyl]-1-hexene 

Let’s think about the two stereogenic centers separately. What about 

the configuration at C4, the methyl-bearing carbon atom? Since C4 has the 
R configuration in the starting material, and since this stereogenic center 
is unaffected by the reaction, its configuration remains unchanged. Thus, 
the configuration of C4 in the product is also R. 

What about the configuration at C2, the newly formed stereogenic cen- 
ter? As illustrated in Figure 9.17, the stereochemistry at C2 is established 
by bromide ion attack on a carbocation intermediate in the normal manner. 
But this carbocation is not symmetrical; it is chiral because of the presence 
of the C4 center. Since this intermediate carbocation has no plane of sym- 
metry, it is not attacked equally well from top and bottom faces. One of the 
two faces is likely, for steric reasons, to be a bit more accessible than the 
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sete eee eee 
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other face, leading to a mixture of R and S product stereochemistries in 
some ratio other than 50:50. Thus, the two products, (2R,4R)-2-bromo-4- 
methylhexane and (2S,4R)-2-bromo-4-methylhexane, are formed in unequal 
amounts. 

HG Hy. Ge 

/Top Bottom\, 

H,C H Br H H,C H H Br 
/ 4 

/ / 

CH, CH; 

(2S,4R)-2-Bromo-4-methylhexane (2R,4R)-2-Bromo-4-methylhexane 

qm aS SS eee 

Figure 9.17 Stereochemistry of the addition of HBr to the chiral 

alkene, (R)-4-methyl-1-hexene. A mixture of diastereomeric 2R,4R 

and 2S,4R products is formed in a non-50:50 ratio because attack 

on the unsymmetrical intermediate carbocation is not equally likely 

from both top and bottom. 

The two products formed in the reaction of achiral HBr with chiral 
alkene are diastereomers, and both are optically active. This is a general 
rule: Any reaction between an achiral reagent and a chiral reagent leads to 
unequal amounts of diastereomeric products. If the chiral starting material 
is optically active because only one enantiomer is used, then the products 
are also optically active. 

Seer eee eee reese eee ee eeeer sree reesesseeeseHeHeeeeeereseses 

What products are formed and in what amounts from reaction of HBr with racemic 
(+)-4-methyl-1-hexene? Is the product mixture optically active? 

Seer errr ener seer eereresereeeeresesessseseseeeseseeeesere 

What products are formed and in what amounts from reaction of HBr with 4-methyl- 
cyclopentene? 

eusle alaleete) wks lel stale ¢\elelale ele elie sls eis's ed's ¢ 5 6 ee eelss 6s ¢\e's ona ave'vle ls 8 oe 
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9.18 Stereoisomerism and Chirality in 
Substituted Cyclohexanes 

We saw in Section 4.13 that substituted cyclohexane rings adopt a chair- 
like geometry and that the conformation of a specific compound can be 
predicted by looking at steric interactions in the molecule. To complete a 
study of cyclohexane stereochemistry, we now need to examine the effect of 

conformation on stereoisomerism and chirality. 

1,4-DISUBSTITUTED CYCLOHEXANES 

1,4-Disubstituted cyclohexanes have no stereogenic centers by virtue of a 
symmetry plane passing through the substituents and through carbons 1 
and 4 of the ring. Thus, only cis and trans stereoisomers (diastereomers) 

are possible. The symmetry plane is evident whether we use a flat view of 
the molecule or a three-dimensional view of the chair conformation (Figure 
9.18). 

cis-1,4-Dimethylcyclohexane trans-1,4-Dimethylcyclohexane 

Diastereomers 

(stereoisomers but not enantiomers) 

SE a 

Figure 9.18 The stereochemical relationships among 1,4-dimethyl- 
cyclohexanes. Both cis and trans isomers are achiral. 
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1,3-DISUBSTITUTED CYCLOHEXANES 

1,3-Disubstituted cyclohexanes have two stereogenic centers, and a maxi- 
mum of four stereoisomers is therefore possible. cis-1,3-Dimethylcyclohex- 
ane, however, has a symmetry plane and is thus a meso compound, whereas 
trans-1,3-dimethylcyclohexane has no symmetry plane and exists as a pair 
of enantiomers. Again, these symmetry properties are evident both from 
flat views and from conformational views (Figure 9.19). 

Symmetry CH, 
plane | plane 

HC : etter CH; 

Same as 

CH; {| CH, 

ee] meee 

Meso cis-1,3-dimethylcyclohexane 

Mirror 

CHs 

CH, 

HC” : 

Enantiomers : 

(+) and (—)-trans-1,3-Dimethylcyclohexane 

Figure 9.19 The stereochemical relationships among 1,3-dimethylcyclohexanes. The 

cis isomer is a meso compound, and the trans isomer is a pair of enantiomers. 
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1,2-DISUBSTITUTED CYCLOHEXANES 

1,2-Disubstituted cyclohexanes have two stereogenic centers, and four 
stereoisomers are again possible. The trans isomer is straightforward: A top 
view of trans-1,2-dimethylcyclohexane shows that the molecule has no sym- 
metry plane and is therefore a pair of (+) and (—) enantiomers (Figure 9.20). 

The situation with the cis isomer is a bit more complicated than it 
appears at first glance. A flat view of cis-1,2-dimethylcyclohexane shows an 
apparent symmetry plane and leads to the conclusion that the cis isomer is 
an optically inactive meso compound. If the cis isomer is viewed in chair 
conformation, though, the symmetry plane is no longer present because of 
the puckering of the ring. Thus, we might now predict that cis-1,2-dimethyl- 
cyclohexane exists as a pair of (+) and (—) enantiomers. 

In fact, cis-1,2-dimethylcyclohexane is a meso compound, just as pre- 
dicted by the flat view. When flipped from the chair conformation to the 
boat conformation, it’s apparent that both “enantiomers” give the same boat, 
which has a symmetry plane and is therefore meso (Figure 9.21). In order 
to be meso, it’s not necessary that a compound has a symmetry plane in its 
most stable conformation; it’s only necessary that the compound has a sym- 
metry plane in some accessible conformation. Thus, we observe no optical 
activity for cis-1,2-dimethylcyclohexane. 

Mirror 

Q = Het b 

Enantiomers 

(+) and (—)-trans-1,2-Dimethylcyclohexane 

SE a a a ae ee) ; 

Figure 9.20 _ trans-1,2-Dimethylcyclohexane exists as a pair of (+) 

and (—) enantiomers. 
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Not a symmetry Mirror Not a symmetry 
plane plane 

Mirror 

CH, 

\ Symmetry plane Wy 

= Q 

cis-1,2-Dimethylcyclohexane, a meso compound 

Figure 9.21 cis-1,2-Dimethylcyclohexane appears to be a pair of 

enantiomers when viewed in the chair conformation but is actually 

a meso compound, as can be seen in the boat conformation. 

The overall conclusion from examining all six dimethylcyclohexanes is 
that it is possible to predict the presence or absence of optical activity in 
any substituted cycloalkane merely by looking at the flat structures, without 
considering the exact three-dimensional conformation. 

PROBUEDA opayarctetsietnlatalisie e's tetas) ieoiloie ol o\leiacs el win > yas /dliaiaieiale, alsteils ele lee elle! ekete Blea) a) 

9.22 How many stereoisomers of 1-chloro-3,5-dimethylcyclohexane are there? Draw the 

most stable conformation. 

PROBEEM oro tere telovetn svele1=te, sea) atniels ole ielete\elestel aio \e) sfcis'eis'e\ sie.47s\ « es\0) slip) se) sl eVéleisie oe 

9.23 How many 1,2-dimethylcyclopentane stereoisomers are there? What are the stereo- 

- chemical relationships among them? 

Diaielslsievetercialeletel lixtelulvisi stale 4eleie aie lelm! #)aleldiarale! a, ¢/9)16)[s)0j6)\0 8:60 (¢)(¢)/¢1:6)\6\'0)/6)'0' 850 9110)'9)/91/0.6.9)e\0 
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9.19 Chirality at Atoms Other Than 
Carbon 

Since the most common cause of chirality is the presence of four different 
substituents bonded to a tetrahedral atom, it follows that tetrahedral atoms 

other than carbon can also be stereogenic centers. Silicon, nitrogen, phos- 
phorus, and sulfur are all commonly encountered in organic molecules, and 
all can be stereogenic centers under the proper circumstances. We know, for 
example, that trivalent nitrogen is tetrahedral and contains a lone pair of 

electrons (Section 1.12). Is trivalent nitrogen chiral? Does a compound such 
as ethylmethylamine exist as a pair of enantiomers? 

Mirror 

_N ; N.. 
ERA “NH 
H,C  CH2CHs CH,CHs CH; 

Ethylmethylamine 

The answer is both yes and no. Yes in principle, but no in practice. 
Tetrahedral trivalent nitrogen compounds undergo a rapid “umbrella-like” 
inversion that interconverts enantiomers. We therefore can’t separate or 
isolate enantiomers except in special cases, and their existence is rarely 
important. 

Mirror { 

He 

CH 3C H 2m Nios 
N ae ain 

vf 

H3C 

Rapid 

9.20 Chirality in Nature 

We saw in Section 9.11 that the different stereoisomeric forms of tartaric 
acid have different physical properties. It’s usually the case that stereo- 
isomers have different chemical and biological properties as well. For exam- 
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ple, the dextrorotatory enantiomer of carvone has the odor of caraway seeds, 
while the levorotatory enantiomer has the odor of spearmint. 

O O 

CH, CH; 

H : 

y a 

(+)-Carvone (—)-Carvone 
(in caraway seeds) (in spearmint oil) 

Another particularly dramatic example of how a simple change in 
chirality can affect the biological properties of a molecule is found in the 
amino acid, dopa. Dopa, more properly named 2-amino-3-(3,4-dihydroxy- 
phenyl)propanoic acid, has a single stereogenic center and can thus exist in 
two stereoisomeric forms. Although the dextrorotatory enantiomer, D-dopa, 
has no physiological effect on humans, the levorotatory enantiomer, L-dopa, 
is widely used for its potent activity against Parkinson’s disease, a chronic 

malady of the central nervous system. 

HO COOH HOOC OH 

HO OH 

D-Dopa L-Dopa 
(no biological effect) (anti-Parkinsonian agent) 

Why do different stereoisomers have such dramatically different bio- 
logical properties? In order to exert its biological action, a chiral molecule 

must fit into a chiral receptor at the target site, much as a hand fits into a 

glove. Just as a right hand can fit into only a right glove, so a particular 

stereoisomer can fit into only a receptor having the proper complementary 

shape. Any other stereoisomer will be a misfit like a right hand in a left 

glove. A schematic representation of the interaction between a chiral mole- 

cule and a chiral biological receptor is shown in Figure 9.22. One enantiomer 

fits the receptor perfectly, but the other does not. 
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(a) (b) 

Figure 9.22 (a) One enantiomer fits easily into a chiral receptor 

site to exert its biological effect, but (b) the other enantiomer can’t 

fit into the same receptor and is thus without biological effect. 

9.21 Summary and Key Words 

When a beam of plane-polarized light is passed through a solution of 
certain organic molecules, the plane of polarization is rotated. Compounds 
that exhibit this behavior are called optically active. Optical activity is 
due to the asymmetric structure of the molecules themselves. 

An object or molecule that is not superimposable on its mirror image 
is said to be chiral, meaning “handed.” For example, a glove is chiral but 
a coffee cup is nonchiral, or achiral. A chiral molecule is one that does not 
contain a plane of symmetry—an imaginary plane that cuts through 
the molecule so that one half is a mirror image of the other half. The 
most common cause of chirality in organic molecules is the presence of a 
tetrahedral, sp?-hybridized carbon atom bonded to four different groups. 
Compounds that contain such chiral carbon atoms exist as a pair of non- 
superimposable, mirror-image stereoisomers called enantiomers. Enantio- 
mers are identical in all physical properties except for the direction in which 
they rotate plane-polarized light. 

The stereochemical configuration of a chiral carbon atom can be 
depicted using Fischer projections, in which horizontal lines (bonds) are 
understood to come out of the plane of the paper and vertical bonds are 
understood to go back into the plane of the paper. The configuration can be 
specified as either R (rectus) or S (sinister) by using the Cahn—Ingold—Prelog 
sequence rules. This is done by first assigning priorities to the four sub- 
stituents on the chiral carbon atom and then orienting the molecule so that 
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the lowest-priority group points directly back away from the viewer. We 
then look at the remaining three substituents and let the eye travel from 
the group having the highest priority to second highest to third highest. If 
the direction of travel is clockwise, the configuration is labeled R; if the 
direction of travel is counterclockwise, the configuration is labeled S. 

ws sige Hooc, # is 

oe ee 

(S)-(+)-Lactic acid (R)-(—)-Lactie acid 

Some molecules have more than one stereogenic center. Enantiomers 
have opposite configuration at all stereogenic centers, whereas diastereo- 
mers have the same configuration in at least one center but opposite con- 
figurations at the others. A compound with n stereogenic centers can have 
2” stereoisomers. 

Meso compounds contain stereogenic centers, but are achiral overall 
because they contain a plane of symmetry. Racemic mixtures, or race- 
mates, are 50:50 mixtures of (+) and (—) enantiomers. Racemic mixtures 

and individual diastereomers differ from each other in their physical prop- 
erties such as solubility, melting point, and boiling point. 

Most reactions give chiral products. If the starting materials are opti- 
cally inactive, the products must also be optically inactive—either meso or 
racemic. If one or both of the starting materials is optically active, however, 
the product will also be optically active if the original stereogenic center 

remains. 

ADDITIONAL PROBLEMSG..................---:::eeeeeeee ees 

9.24 

9.25 

9.26 

9.27 

Cholic acid, the major steroid found in bile, was observed to have a specific rotation 
of +2.22° when a 3.0 gram sample was dissolved in 5.0 mL alcohol and the solution 

was placed in a sample tube with a 1.0 cm path length. Calculate [a@lp for cholic 

acid. 

Polarimeters for measuring optical rotation are quite sensitive and can measure 
rotations to 0.001 degree, an important fact when only small amounts of sample are 

available. Ecdysone, for example, is an insect hormone that controls molting in the 

silkworm moth. When 7.0 mg ecdysone was dissolved in 1.0 mL chloroform and the 

solution was placed in a 2.0 cm path-length cell, an observed rotation of +0.087° 

was found. Calculate [a]lp for ecdysone. 

What do these terms mean? 
(a) Chirality (b) Stereogenic center (c) Optical activity 
(d) Diastereomer (e) Enantiomer (f) Racemate 

Which of these compounds are chiral? Draw them and label the stereogenic centers. 

- (a) 2,4-Dimethylheptane (b) 3-Ethyl-5,5-dimethylheptane ~ 

(c) cis-1,4-Dichlorocyclohexane (d) 4,5-Dimethyl-2,6-octadiyne 
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9.28 

9.29 

9.30 

9.31 

9.32 

9.33 

9.34 

9.35 

9.36 

9.37 

9.38 

9.39 

Draw chiral molecules that meet these descriptions: 
(a) A chloroalkane, C;H,,Cl (b) An alcohol, CgH,,0 

(c) An alkene, CgHj>2 (d) An alkane, CgHig 

Eight alcohols have the formula C;H,20. Draw them. Which are chiral? 

Draw the nine chiral molecules that have the formula CgH,3Br. 

Draw compounds that fit these descriptions: 
(a) A chiral alcohol with four carbons 
(b) A chiral carboxylic acid having the formula C5;H; 902 

(c) A compound with two stereogenic centers 
(d) A chiral aldehyde having the formula C;H;BrO 

Which of these objects are chiral? 
(a) A basketball (b) A fork 
(c) A wine glass (d) A golf club 
(e) A monkey wrench (f) A snowflake 

Penicillin V is an important broad-spectrum antibiotic that contains three stereo- 
genic centers. Identify them with asterisks. 

H H_ CH 
OCH.CONH.«( {-S2joe 

Now, 
N —H 

O COOH 

Penicillin V 

(antibiotic) 

Draw examples of the following: 
(a) A meso compound with the formula CsH;. 
(b) A meso compound with the formula CygHo 
(c) A compound with two stereogenic centers, one R and the other S 

What is the relationship between the specific rotations of (2R,8R)-dichldropentane 
and (2S,3S)-dichloropentane? Between (2R,3S)-dichloropentane and (2R,3R)-dichlo- 
ropentane? 

— 

What is the stereochemical configuration of the enantiomer of (2S,4R)-dibromo- 
octane? 

What are the stereochemical configurations of the two diastereomers of (2S,4R)- 
dibromooctane? 

Assign Cahn—Ingold—Prelog priorities to these sets of substituents: 
(a) -CH=CH2, -CH(CH3)., -C(CH3)3, -CH,CH3 

(b) —C=CH, —CH=CHp, —C(CHs3)3, = 

(c) -CO,CHs, -COCHs3, —CH,OCHs3, -CH,CH3 

(d) -C=N, —CH,Br, -CH,CH,Br, -Br 

Assign R,S configurations to the stereogenic centers in these molecules: 

are (b) Cl H (c) H OCH; 

HOCH, COOH 
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Assign R or S configurations to each stereogenic center in these molecules: 

(a) OH H ‘ eCHs 

or CH,CH, H 
cl 

H 

Draw tetrahedral representations of these molecules: 
(a) (S)-2-Butanol, CH;CH,CH(OH)CH3; (b) (R)-3-Chloro-1-pentene 

Draw tetrahedral representations of the two enantiomers of the amino acid cysteine, 
HSCH,CH(NH,)COOH, and identify each as R or S. 

Which of these pairs of Fischer projections represent the same enantiomer, and which 
represent different enantiomers? 

Br 

(a) HsC — H and H Br 

CN 

Q Z 

CH3 

COOH Br 

(b) bo CN and coor 

Br CN 

CH3 OH 

(c) Hono and non, 

OH CH,CH3 

CH3 COOH 

(d) H -— NH, and H3C ae NH: 

COOH H 

Assign R,S configurations to these Fischer projections: 

CN CH=CH, Br 

(a) tof Br (b) nt CH,CH3 (c) H 

CHz3 CO2H CH,CH; 

Assign R or S configurations, to each stereogenic center in these molecules: 

(a) (b) 

H;C Br 

Br 

aE 
HC OH 

CH; HC H 

OH 
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9.46 

9.47 

9.48 

9.49 

9.50 

(©) CcO.H (a) NH, 

HO H H CO,H 

H OH H H 

CH,OH 

Draw Fischer projections that fit these descriptions: 
(a) The S enantiomer of 2-bromobutane 
(b) The R enantiomer of alanine, CH3;CH(NH,)COOH 

(c) The R enantiomer of 2-hydroxypropanoic acid 
(d) The S enantiomer of 3-methylhexane 

Assign R or S configurations to each chiral carbon atom in ascorbic acid (vitamin C). 

H =% 

ot 

HO H 

CH,OH 

Ascorbic acid 

. { 
Xylose is a common sugar found in many woods, including maple and cherry. Because 
it is much less prone to cause tooth decay than sucrose, xylose has been used in 

candy and chewing gum. Assign R,S configurations to the stereogenic centers, in 
xylose: 

CH,OH 

(+)-Xylose, [alp = +92° 

Hydroxylation of cis-2-butene with OsO, yields 2,3-butanediol. What stereochem- 
istry do you expect for the product? (Review Section 7.8 if necessary.) 

Hydroxylation of trans-2-butene with OsO, also yields 2,3-butanediol. What stereo- 
chemistry do you expect for the product? 
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Alkenes undergo reaction with peroxycarboxylic acids (RCO3H) to give three- 
membered-ring cyclic ethers called epoxides. For example, 4-octene reacts with per- 
oxyacids to yield 4,5-epoxyoctane: 

Jp X 
CH;CH,CH.CH=CHCH,CH,CH, —<2", CH;CH,CH,CH—CHCH,CH,CH; 

4-Octene 4,5-Epoxyoctane 

Assuming that this epoxidation reaction occurs with syn stereochemistry, draw the 
structure obtained from epoxidation of cis-4-octene. Is this epoxide chiral? How many 
stereogenic centers does it have? How would you describe the product stereo- 
chemically? 

Answer Problem 9.51, assuming that the epoxidation reaction is carried out on trans- 
4-octene. 

Write the products of the following reactions, and indicate the stereochemistry 
obtained in each instance. 

Br2, H2,0 
a 
(a) DMSO 

CT (by —BrCCh 

ls (c) OsO4 

ee NaHSO3, 

Draw all possible stereoisomers of cyclobutane-1,2-dicarboxylic acid, and indicate 
the interrelationships. Which, if any, are optically active? Do the same for cyclo- 
butane-1,3-dicarboxylic acid. 

Compound A, C7Hj2, was found to be optically active. On catalytic reduction over 
a palladium catalyst, two equivalents of hydrogen were absorbed, yielding compound 
B, C7H,,. On ozonolysis, two fragments were obtained. One fragment was identified 
as acetic acid. The other fragment, compound C, was an optically active carboxylic 

acid, C5;H;)O2. Formulate the reactions, and draw structures for A, B, and C. 

Compound A, C,,;H;¢0, was found to be an optically active alcohol. Despite its 
apparent unsaturation, no hydrogen was absorbed on catalytic reduction over a 

palladium catalyst. On treatment of A with dilute sulfuric acid, dehydration 
occurred, and an optically inactive alkene B, C,,H,4,, was produced as the major 

product. Alkene B, on ozonolysis, gave two products. One product was identified as 

propanal, CH;CH,CHO. Compound C, the other product, CgsHgO, was shown to be 
a ketone. How many multiplé bonds and/or rings does A have? Formulate the reac- 
tions and identify A, B, and C. 

Draw the structure of (R)-2-methylcyclohexanone. 

How many stereoisomers of 2,4-dibromo-3-chloropentane are there? Draw them and 
indicate which are optically active. 

The so-called tetrahedranes are an interesting class of compounds, the first example 

of which was synthesized in 1979. Construct a model (carefully!) of tetrahedrane. 
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Consider a substituted tetrahedrane with four different substituents. Is it chiral? 

Explain your answer. 

®) 
| 
C 
aS aD Cea © 

| 
@ 

9.60 Allenes, compounds with adjacent carbon—carbon double bonds, are well known. 

Many allenes are chiral, even though they don’t contain chiral carbon atoms. Myco- 
mycin, for example, a naturally occurring antibiotic isolated from the bacterium 
Nocardia acidophilus, is chiral and has [a]p = —130°. Why is mycomycin chiral? 
Making a molecular model should be helpful. 

HC=C—C=}C— CH=C=CH—CH=CH—CH+>=CH—CH,COOH 

Mycomycin 

(an allene) 

9.61 Long before optically active allenes were known (Problem 9.60), the resolution of 4- 
methylcyclohexylideneacetic acid into two enantiomers had been carried out. This 
was the first molecule to be resolved that was chiral yet did not contain a stereogenic 
center. Why is this molecule chiral? What geometric relation does this molecule 

have to allenes? 

COOH 
A 

4-Methylcyclohexylideneacetic acid 

9.62 (S)-1-Chloro-2-methylbutane undergoes light-induced reaction with Cl, by a radical 
mechanism to yield a mixture of products. Among the products are 1,4-dichloro-2- 
methylbutane and 1,2-dichloro-2-methylbutane. 

(a) Formulate the reaction, showing the correct stereochemistry of the starting 
material. 

(b) One of the two products is optically active, but the other is optically inactive. 
Which is which? 

(c) What can you conclude about the stereochemistry of radical chlorination reac- 
tions based on the results of this experiment? 

9.63 Grignard reagents, RMgX, react with aldehydes to yield alcohols. For example, the 
reaction of methylmagnesium bromide with propanal yields 2-butanol: 

O OH 

2. H30+ 

| | 
CH;CH,—C—H CSM, CH;CH,—C— CH; 

Propanal i 

2-Butanol 
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(a) Is the product chiral? Is it optically active? 
(b) How many stereoisomers of butanol are formed, what are their stereochemical 

relationships, and what are their relative percentages? 

9.64 Imagine that another Grignard reaction similar to that in Problem 9.63 is carried 
out between methylmagnesium bromide and (R)-2-phenylpropanal to yield 3-phenyl- 

2-butanol: 

Taner 
iw 4 3 

i. 

O : ms No ee CH cece 
s | 2. H30 

(R)-2-Phenylpropanal 

3-Phenyl-2-butanol 

(a) Is the product chiral? Is it optically active? 
(b) How many stereoisomers of 3-phenyl-2-butanol are formed, what are their stereo- 

chemical relationships, and what are their relative percentages? 
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Chapter 10 

Alkyl Halides 

It would be difficult to study organic chemistry for long without becoming 
aware of halo-substituted alkanes. Among their many uses, alkyl halides 
are employed as industrial solvents, as inhaled anesthetics in medicine, as 

refrigerants, and as pesticides and fumigating agents. 

Cl Cl F Br Fr H 

H—C—C—H es eee ee 

im id lea ae 
1,2-Dichloroethane Halothane Freon 12 Bromomethane 

(a solvent) (an inhaled anesthetic) (a refrigerant) (a fumigant) 
— 

Alkyl halides also occur widely in nature, though mostly in marine 
rather than terrestrial organisms. The 1980s saw an explosive growth in 
the chemical investigation of marine organisms, and the structures of many 
naturally occurring halogenated molecules have been elucidated. Thus, sim- 
ple halomethanes such as CHCls, CCl4, CBr4, CHs3I, and CH3Cl are con- 
stituents of the Hawaiian alga Asparagopsis taxiformis. In addition, many 
substances isolated from marine organisms exhibit interesting biological 
activity. For example, plocamene B, a trichlorocyclohexene derivative iso- 
lated from the red alga Plocamium violaceum, is similar in potency to DDT 
in showing insecticidal activity against mosquito larvae. 

cLy CHs 

er ES H Cl 

Plocamene B 

(a trichloride) 
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Before discussing the chemistry of alkyl halides, it should be pointed 
out that we will be talking primarily about compounds having halogen 
atoms bonded to saturated, sp?-hybridized carbon. Other classes of organo- 
halides, such as aromatic (aryl) and alkenyl (vinylic) halides, also exist, but 
much of their chemistry is different. 

ieee 
| Xx 

Alkyl halide Arylhalide  Vinylic halide 

10.1 Nomenclature of Alkyl Halides 

Alkyl halides are named in the same way that alkanes are (Section 3.4) by 
considering the halogen as a substituent on a parent alkane chain. There 
are three rules: 

1. Find and name the parent chain. As in naming alkanes, select the 
longest chain as the parent. If a double or triple bond is present, 
the parent chain must contain it. 

2. Number the carbons of the parent chain beginning at the end nearer 
the first substituent, regardless of whether it is alkyl or halo. Assign 
each substituent a number according to its position on the chain. 
For example: 

ie i te Nets 

CH;CHCH,CHCHCH,CH3 CH3;CHCH,CHCHCH,CH3 
1 2.3 | 4 5 6 tf 1 2 3 |4 56 7 

CH3 CH; 

5-Bromo-2,4-dimethylheptane 2-Bromo-4,5-dimethylheptane 

a. If more than one of the same kind of halogen is present, number 
each and use one of the prefixes di-, tri-, tetra-, and so on. For 

example: 

i Cl 

CH;CHCHCHCH,CHs3 
ieee SG 

CH3 

2,3-Dichloro-4-methylhexane 

b. If different halogens are present, number each according to its 
position on the chain, but list all substituents in alphabetical 
order when writing the name. For example: 
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i 

Br CH,CH,CHCHCH3 
1 2 3.4 | 5 

CH, 

1-Bromo-3-chloro-4-methylpentane 

3. If the parent chain can be properly numbered from either end by 
rule 2, begin at the end nearer the substituent (either alkyl or halo) 
that has alphabetical precedence. For example: 

ie Br 

CH3;CHCH,CH2,CHCH3 
6 5 4 3 2 

2-Bromo-5-methylhexane 
(not 5-Bromo-2-methylhexane) 

In addition to their systematic names, many simple alkyl halides are 
also named by identifying first the alkyl group and then the halogen. For 
example, CHsI can be called either iodomethane or methyl iodide. Such 
names are well entrenched in the chemical literature and in daily usage, 
but they won’t be used in this book. 

Br ee CHsI CH;CHCH; 

Iodomethane 2-Chloropropane Bromocyclohexane 
(or methyl iodide) (or isopropyl! chloride) (or cyclohexyl bromide) 

PREBLE IM cate a aicaisteiinro op sates eda iclialieve rs lava ote lela eilgu nuit: a (atl olieree<ta cer ole) iene oRoveValalelia teste { 

10.1 Give the IUPAC names of these alkyl halides: 

(a) CH;CH,CH,CH,I (b) (CH3)2,CHCH,CH,Cl 
(c) BrCH,CH,CH.C(CH3).CH»Br (d) (CH3)gCCICH,CH,Cl — 

(e) CH3sCHICH(CH,CH,CI)CH,CH3 (f) CH3CHBrCH,CH,CHCICH3; 

PROBREDA GS ciate cece: spun p eke tia 1m lee area stelaie le alsa sin) save oye) cia) slalarare Maetaial a eae eT aa ate tes 

10.2 Draw structures corresponding to these IUPAC names: 
(a) 2-Chloro-3,3-dimethylhexane (b) 3,3-Dichloro-2-methylhexane 

(c) 3-Bromo-3-ethylpentane (d) 1,1-Dibromo-4-isopropylcyclohexane 
(e) 4-sec-Butyl-2-chlorononane (f) 1,1-Dibromo-4-tert-butylcyclohexane 

TORO HEHEHE EEE EEE EEE HEHEHE HEHEHE EEE HEE HEE EHH EE HED 

10.2 Structure of Alkyl Haiides 

The carbon—halogen bond in an alkyl halide results from the overlap of a 
carbon sp hybrid orbital with a halogen orbital. Thus, alkyl halide carbon 
atoms have an approximately tetrahedral geometry with H-C-X bond 
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angles near 109°. Halogens increase in size going down the periodic table, 
an increase that is reflected in the bond lengths of the halomethane series 
(Table 10.1). Table 10.1 also indicates that C-X bond strengths decrease 
going down the periodic table. 

TABLE 10.1 Parameters for the C-X Bond in Halomethanes 
SSE ES RE I ESI TE 

Bond strength 

Halomethane Bond length(A) (kcal/mol) — (kJ/mol) 

H,C—F 1.39 109 456 

H,;C—Cl 1.78 84 351 

H,;C—Br 1.93 70 293 

BCI 2.14 56 234 

In an earlier discussion of bond polarity in functional groups (Section 
5.5), we noted that halogens are electronegative with respect to carbon. The 
C-X bond is polar, with the carbon atom bearing a slight positive charge 
(6*) and the halogen a slight negative charge (67): 

None nos 
ax 
4 

where X is the standard abbreviation for a halogen (X = F, Cl, Br, or I). 
We can get a rough idea of the amount of bond polarity by measuring 

the dipole moments of the halomethanes. As indicated in Table 10.2, the 
identity of the halogen has a fairly small effect; all of the halomethanes 
have substantial dipole moments. 

TABLE 10.2 Dipole Moments of 

Halomethanes 
Ee a ee eee eee 

Halomethane Dipole moment,  (D) 

CH3F 1.82 

CH,Cl 1.94 

CH; Br ieee 

CH3I 1.64 

Since the carbon atom of alkyl halides is positively polarized, alkyl 
halides are good electrophiles (Section 5.5). We'll see in the next chapter 

’ that much of the chemistry alkyl halides undergo is dominated by their 

electrophilic behavior. 
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Ob 
at | -—— Electrophilic site 

c/ = 

10.3 Preparation of Alkyl Halides 

We’ve already seen several methods of alkyl halide preparation, including 
the reaction of both HX and Xz with alkenes in electrophilic addition reac- 
tions (Sections 6.9 and 7.2). HCl, HBr, and HI react with alkenes by a polar 
pathway to give the product of Markovnikov addition; HBr can also add by 
a radical pathway to give the non-Markovnikov product. Bromine and chlo- 
rine yield trans 1,2-dihalogenated addition products. 

aces 
H CH; 

Xo HBr HX 

radicals 

H bor aeP H Ls ee Bree H ee 

X CH, Br CH; H CH, H  -»* CH; 

X = Clor Br X=CLBrorl 

— 

Another method of alkyl halide synthesis is the reaction of alkanes with 
chlorine or bromine by a radical chain-reaction pathway (Section 5.4). 
Although inert to most reagents, alkanes react readily with chlorine or 
bromine gas in the presence of light to give haloalkane substitution products. 
The reaction occurs by the radical mechanism shown in Figure 10.1 for 
chlorination. 

Recall from Section 5.4 that radical substitution reactions normally 

require three kinds of steps: initiation, propagation, and termination. Once 
an initiation step has started the process by producing radicals, the reaction 
continues in a self-sustaining cycle. The cycle requires two repeating prop- 
agation steps, in which a radical, the halogen, and the alkane yield alkyl 
halide product plus more radical to carry on the chain. The chain is occa- 
sionally terminated by the combination of two radicals. 

Though interesting from a mechanistic point of view, alkane haloge- 
nation is a poor synthetic method for preparing different haloalkanes. Let’s 
see why. 
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a 

Initiation step Cl==Cl ote? 2 Cl: 

H;C— H HCl 

Propagation steps Step 1 
(a repeating cycle) 

Ser Cl: H.C: 

Step 2 

H,;C— Cl Cl—Cl 

H.C: le *CH3 ance H3;C—CH3 

Termination steps Chew CHa > Cl—= CH 

Cle oCl ——> Cll 

Overall reaction CH, 45C)h »=-- UCHeChrs HC] 

SS See EE EE 

Figure 10.1 Mechanism of the radical chlorination of methane. 

(The symbol hv shown in the initiation step is the standard way of 
indicating irradiation with light.) 

10.4 Radical Halogenation of Alkanes 

Alkane halogenation is a poor method of alkyl halide synthesis because 
mixtures of products invariably result. For example, chlorination of methane 
does not stop cleanly at the monochlorinated stage, but continues on to give 
a mixture of dichloro, trichloro, and even tetrachloro products: 

lat CH,Cl, + HCl 

Cla. CHCl, + HCl 

l 
el CCl HCl 

The situation is even worse for chlorination of alkanes that have more 
than one kind of hydrogen. For example, chlorination of butane gives two 
monochlorinated products in addition to dichlorobutane, trichlorobutane, 
and so on. Thirty percent of the monochloro product is 1-chlorobutane, and 

- 70% is 2-chlorobutane: 
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CH3CH2CH2CH3 + Cl, shes CH3CH2CH2,CH2Cl + CH3;CH,CHCH; + 

Butane 1-Chlorobutane 2-Chlorobutane and so on 

CHAPTER 10 Alkyl Halides 

‘i Dichloro-, 

trichloro-, 

tetrachloro-, 

— 

30:70 

As another example, 2-methylpropane yields 2-chloro-2-methylpropane and 
1-chloro-2-methylpropane in the ratio 35:65, along with more highly chlo- 
rinated products: 

CHs ire sak Dichloro-, 
hv trichloro-, CH,CHCH; + Cl; —— SEM + CHsCHCH2Cl + tetrachloro-, 

Cl and so on 

2-Methylpropane 2-Chloro-2- 1-Chloro-2- 
methylpropane methylpropane 
a 

35:65 

From these and similar reactions, it’s possible to calculate a reactivity 
order toward chlorination for different types of hydrogen atoms in a mole- 
cule. Take the butane chlorination, for instance. Butane has six equivalent 
primary hydrogens (-CH3) and four equivalent secondary hydrogens 
(-CH.2-). The fact that butane yields 30% of 1-chlorobutane product means 
that each one of the six primary hydrogens is responsible for 30%/6 = 5% 
of the product. Similarly, the fact that 70% of 2-chlorobutane is formed means 
that each one of the four secondary hydrogens is responsible for 70%/4 = 
17.5% of the product. Thus, reaction of a secondary hydrogen happens 
17.5/5 = 3.5 times as often as reaction of a primary hydrogen. 

A similar calculation for the chlorination of 2-methylpropane;indicates 

that each one of the nine primary hydrogens accounts for 65%/9 = 7.2% of 
the product, while the single tertiary hydrogen (R3CH) accounts for 35% of 
the product. Thus, a tertiary hydrogen is 35/7.2 = 5 times as reactive ag a 
primary hydrogen toward chlorination. 

R,;CH > R,CH, > RCH; 

5.0 3.5 1.0 
Relative reactivity toward chlorination 

What are the reasons for the observed reactivity order of alkane hydro- 
gens toward radical chlorination? A look at the bond dissociation energies 
given previously in Table 5.4 hints at the answer. As the data in Table 5.4 
indicate, tertiary C—H bonds (91 kcal/mol; 380 kJ/mol) are weaker than 
secondary C—H bonds (95 kcal/mol; 397 kJ/mol), which are weaker in turn 
than primary C—-H bonds (98 kcal/mol; 410 kJ/mol). Since less energy is 
needed to break a tertiary C—H bond than to break a primary or secondary 
C-H bond, the resultant tertiary radical is more stable than a primary or 
secondary radical. 

Relative stability order of radicals R,C- > RCH > RCH, 
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An explanation of the relationship between reactivity and bond strength 
in radical chlorination reactions is similar to that invoked in Section 6.12 
to explain why more stable carbocations form faster than less stable ones 
in alkene electrophilic addition reactions. The reaction energy diagram for 
the formation of an alkyl radical during alkane chlorination looks like that 
in Figure 10.2. Although the hydrogen-abstraction step is slightly exother- 
mic, there is nevertheless a certain amount of developing radical character 
in the transition state for this step. Thus, any factor (such as increased alkyl 
substitution) that stabilizes a radieal intermediate also stabilizes the tran- 
sition state leading to that intermediate (lowers its AG*). In other words, a 
more stable radical forms faster than a less stable one. Tertiary radicals are 
more stable, and tertiary hydrogen atoms are therefore more easily removed. 

RCH3 

RgCHe 

R3CH 

R’—H+ «Cl 

R’ «+ HCl 

Energy 

Reaction progress ———> 

FU et 

Figure 10.2 Reaction energy diagram for alkane chlorination. The 

stability order of tertiary, secondary, and primary radicals is the 

same as their relative rate of formation. 

In contrast to alkane chlorination, alkane bromination is usually a good 

deal more selective. In its reaction with 2-methylpropane, for example, bro- 

mine abstracts the tertiary hydrogen with greater than 99% selectivity, as 

opposed to the 35:65 mixture observed in the corresponding chlorination. 

CH; CH3 spe 

meres ree eee lace 

Br 
2-Methylpropane 2-Bromo-2- 1-Bromo-2- 

methylpropane methylpropane 

(>99%) (<1%) 
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The enhanced selectivity of alkane bromination over chlorination can 
be explained by turning once again to the Hammond postulate. In comparing 
the product-determining steps—abstraction of an alkane hydrogen by Cl- 
or Br: radical—a comparison of AH° values shows that chlorinations are 
exothermic but that brominations are endothermic. As a result, the tran- 
sition state for bromination resembles the alkyl radical more closely than 
the transition state for chlorination does, and the stability of that radical 
is therefore more important for bromination than for chlorination. 

CH; CH; 
| | AH°? —12 kcal/mol for X = Cl 

H;C—C—H +X» — > H;C—C > AF HX 

| | AH° 
CH, CH, 

+3 kcal/mol for X = Br 

2-Methylpropane 

PROBLEM... 

PROBLEM... 

10.4 

ey 

Draw and name all monochloro products you would expect to obtain from radical 
chlorination of 2-methylpentane. Which, if any, are chiral? 

Bmw we eee we eee eee eee sere eee eseeeeeeenseseeeeeseseseeeeeses 

Taking the known relative reactivities of 1°, 2°, and 3° hydrogen atoms into account, 
what product(s) would you expect to obtain from monochlorination of 2-methylbu- 
tane? What would be the approximate percentages of each product? (Don’t forget to 
take into account the number of each type of hydrogen.) 

Ce ey 

( 
Use the data in Table 5.4 to calculate AH° for the reactions of Cl- and Br: witha 
secondary hydrogen atom of propane. Which reaction would you expect to be more 
selective? “ 

eee ee meee errr reassess sreeeeseeessseesesesesesesesseeeeeeeeHuse 

10.5 Allylic Bromination of Alkenes 

While repeating some earlier work of Wohl,! Karl Ziegler reported in 1942 
that alkenes react with N-bromosuccinimide (abbreviated NBS) in the pres- 
ence of light to give products resulting from substitution of hydrogen by 
bromine at the position next to the double bond (the allylic position). Cyclo- 
hexene, for example, gives 3-bromocyclohexene in 85% yield: 

Alfred Wohl (1883-1933); b. Graudentz; Ph.D., Berlin (Hofmann); professor, University of 
Danzig. 
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0 

2 B Cs (NBS) a O 

Allylic O 

is hv, CCl, im ee a Op H 

Bl EL O 

Cyclohexene 3-Bromocyclohexene 

(85%) 

This allylic bromination with NBS looks very similar to the alkane 
halogenation reaction: In both cases, a C—H bond on a saturated carbon is 
broken and the hydrogen atom is replaced by halogen. The analogy is a good 
one, for studies have shown that allylic NBS brominations do in fact occur 
by a radical pathway. Although the exact mechanism of the reaction is 
complex, the crucial product-determining step involves abstraction of an 
allylic hydrogen atom and formation of the corresponding radical. The rad- 
ical then reacts with Brg to yield the product and a bromine radical, which 
cycles back into the reaction to carry on the chain. The Brg necessary for 
reaction with the allyl radical is produced by a concurrent reaction of HBr 
with NBS: 

H H H H Br 

7) pr + HBr eee + Br: 

Allylic radical 

O O 

HBr + NEBr —— Br. N= 

O O 

Why does bromination occur exclusively at the position next to the 

double bond, rather than at one of the other positions? The answer, once 

again, is found by looking at bond dissociation energies to see the relative 

stabilities of various kinds of radicals. 

There are three kinds-of C—H bonds in cyclohexene, and Table 5.4 gives 

us an idea of their relative strengths. Although a typical secondary alkyl 

C-H bond has a strength of about 95 kcal/mol (397 kJ/mol), and a typical 

vinylic C-H bond has a strength of 108 kcal/mol (452 kJ/mol), an allylic 

C-H bond has a strength of only 87 kcal/mol (364 kJ/mol). An allylic radical 

is therefore more stable than a typical alkyl radical by about 7 kcal/mol 

_ (33 kJ/mol). 
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vee keal/mol (allylic) 

H 

H H 
~95 kcal/mol (alky) X08 kcal/mol (vinylic) 

We can thus expand our stability ordering to include allylic and vinylic 

radicals: 

Allylic > RsC: > R,CH > RCH, > -CHy > Vinylic 

More stable Saal Less stable 

10.6 Stability of the Allyl Radical: 
Resonance 

Why are allylic radicals so stable? To see the reason, look at the orbital 
picture of the allyl radical in Figure 10.3. The radical carbon atom next to 
the double bond can adopt sp” hybridization, placing the unpaired electron 
in a p orbital and giving a structure that is electronically symmetrical. The 
p orbital on the central carbon can overlap equally well with a p orbital on 
either of the two neighboring carbons. 

(a) (b) 

Figure 10.3 (a) An orbital view of the allyl radical and (b) a 

computer-generated model. The structure is electronically 

symmetrical. 

Since the allyl radical is electronically symmetrical, there are two ways 
in which we can draw it: with the unpaired electron on the left and the 
double bond on the right, or with the unpaired electron on the right and 
the double bond on the left. Neither structure is correct by itself; the true 
structure of the allyl radical is somewhere in between. 
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H H 
| | 

et rs abel Gas Pe Ce 

| | | | 
H H H H 

The two structures are called resonance forms, and their relationship 
is indicated by the double-headed arrow between them. The only difference 
between any pair of resonance forms is the placement of the bonding elec- 
trons. The atoms themselves don’t move, but occupy exactly the same places 
in both resonance forms. 

The best way to think about resonance is to realize that a species like 
the allyl radical is no different from any other organic substance. An allyl 
radical doesn’t jump back and forth between two resonance forms, spending 
part of its time looking like one and the rest of its time looking like the 
other; rather, an allyl radical has a single unchanging structure that we 
call a resonance hybrid. 

The real difficulty in visualizing the resonance concept is that we can’t 
draw an accurate single picture of a resonance hybrid using familiar Kekulé 
structures, because the line-bond structures that serve so well to represent 
most organic molecules don’t work well for the allyl radical. The difficulty, 
however, lies with the representation of the structure rather than with the 
structure itself. We might try to represent the allyl radical by using a dotted 
line to indicate that the two C—C bonds are equivalent and that each is 

approximately 13 bonds, but such a drawing doesn’t help much and will be 
used infrequently in this book. 

i i 
He CIR ey Oe 

One of the most important postulates of resonance theory is that the 

greater the number of possible resonance forms, the greater the stability of 

the compound. For example, an allyl radical is a resonance hybrid of two 

Kekulé structures and is therefore more stable than a typical alkyl radical. 

In molecular orbital terms, the stability of the allyl radical is due to the 

fact that the unpaired electron is delocalized, or spread out, over an 

extended pi orbital network rather than concentrated at only one site. 

H,C=CHCH, <> CH,CH=CH, CH,CH,CH, 

Allyl radical Propyl radical 

(delocalized, more stable) (localized, less stable) 
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In addition to affecting stability, the delocalization of the unpaired elec- 
tron in the allyl radical has chemical consequences. Since the unpaired 
electron is spread out over both ends of the pi orbital system, bromination 
of the allyl radical can occur at either end. Thus, allylic bromination of an 
unsymmetrical alkene often leads to a mixture of products. For example, 
bromination of 1-octene gives both 3-bromo-1-octene and 1-bromo-2-octene. 
Because the intermediate allylic radical in this case is not symmetrical, 

though, reaction at the two ends is not equally likely and the two products 
are not formed in equal amounts. 

Br 

| 
CH3CH,CH,CH,CH,CHCH= CH, 

3-Bromo-1-octene (17%) 

CH,CH,CH,CH,CH,CH,CH— CH, saat + 

CH;CH,CH,»CH,CH,CH = CHCH,Br 

1-Bromo-2-octene (83%) 

(53:47 trans: cis) 

Since product mixtures are formed by bromination of unsymmetrical 
alkenes, allylic bromination is best carried out on symmetrical alkenes such 
as cyclohexene. The products of these reactions are particularly useful for 
conversion into dienes by dehydrohalogenation with base: 

Br 

O 8 = — ————- 
CCl, 

{ 

Cyclohexene 3-Bromocyclohexene 1,3-Cyclohexadiene 

—_ 

PROBLEM its acerave) ote: chatetouaials (ols) olateneisitetel esl sieie e's els ivesih) aideate imine oleate chan 

10.6 The major product of the reaction of methylenecyclohexane with N-bromosuccin- 
imide is 1-(bromomethyl)cyclohexene. How do you explain this? 

ea po CH,Br 
NBS 

> 
CCl4, A ta 

Major product 

PROBLEM 6 ciesa oss) Aveta, Aso cainle.8 ein iain ol 29 als) 5,svoc6/0)9 sore avelala eielereva ht iererereie Meee e eine 

10.7 What products would you obtain from reaction of these alkenes with NBS? If more 
than one product is formed, show the structures of all. 
(a) 5-Methylcycloheptene (b) CHs 

CH;3;CHCH=CHCH,CH; 
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10.8 Alkylbenzenes such as toluene (methylbenzene) undergo reaction with NBS to give 
products in which bromine substitution has occurred at the position next to the 
aromatic ring. How can you account for this result? (See Table 5.4.) 

feeder CH.Br 

NBS Cr = SEs 
CCl,, A 

Sec eeeeceneanencccecsececece PRS) lM (8) SMS (GOS SO (0) 0! W066 (A Opes leq 6). 00100506 oe oe 6 6 Bae 16 6 Riel eee al alle 

10.7. Drawing and Interpreting 
Resonance Forms 

Resonance is an extremely useful concept in chemistry, one that can be used 
to explain a variety of different phenomena. In inorganic chemistry, for 
example, the carbonate ion (CO327) is known to have identical bond lengths 
for its three C—O bonds. Although there is no single Lewis or line-bond 
structure that can account for this equality of C—O bonds, resonance theory 
accounts for it nicely. The carbonate ion is simply a resonance hybrid of 
three individual resonance forms. Each of the three oxygens shares the pi 
electrons and the negative charges equally: 

As an example from organic chemistry, we’ll see in Chapter 15 that the 
six C—C bonds in aromatic compounds such as benzene are equivalent, 
because benzene is a resonance hybrid of two individual resonance forms. 
Though each individual form seems to imply that benzene has alternating 
single and double bonds, neither form is correct by itself. The true benzene 
structure is a hybrid of the two individual forms, and all six carbon—carbon 
bonds are equivalent: 

oe 
Two benzene resonance forms Benzene resonance hybrid 

When first dealing with resonance theory, it’s useful to have a set of 
guidelines that describe how to draw and interpret resonance forms. The 
following five rules should prove helpful: 
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Rule 1 

Rule 2 

Rule 3 

Resonance forms are imaginary, not real. The real structure is 
a composite, or resonance hybrid, of the different forms. Sub- 
stances such as the allylic radical, the carbonate ion, and ben- 
zene are no different from any other substance. They have 
single, unchanging structures and do not switch back and forth 
between resonance forms. The only difference with these mole- 
cules is in the way they must be represented on paper. Although 
normal line-bond structures are adequate for representing most 
substances, they’re inadequate for representing the bonding in 
some other substances. 

Resonance forms differ only in the placement of pi or nonbonding 
electrons. Neither the position nor the hybridization of atoms 
changes from one resonance form to the next. In the carbonate 
ion, for example, the central carbon atom is sp? hybridized in 
all resonance forms, and the three oxygen atoms remain in 
exactly the same place in all resonance forms. Only the posi- 
tions of the pi or nonbonding electrons differ from one form to 
another: 

Cah hi ie hae 

CA <>: C —— > 

a F263 -:07> Po: E < ? 

Similarly, in benzene the pi electrons in the double bonds move, 
but the carbon atoms remain in place: 

a ; 
% 

By contrast, two structures such as 1,3-cyclohexadiene-end 

1,4-cyclohexadiene are not resonance structures because they 
don’t have their hydrogen atoms in the same position. Instead, 
the two dienes are constitutional isomers. 

H H 
Constitutional isomers, H 

not 

H resonance forms H 
H H 

1,3-Cyclohexadiene 1,4-Cyclohexadiene 

Different resonance forms of a substance do not have to be equiv- 
alent. For example, bromination of 1-butene with NBS involves 
formation of an unsymmetrical allylic radical. One end of the 
delocalized pi electron system has a methyl substituent, and 
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the other end is unsubstituted. Even though the two resonance 
forms aren’t equivalent, they both still contribute to the overall 
resonance hybrid. 

HC oreo Hi Hine cae CHUGH iia Gi es ee Oo a 0% ak 

When two resonance forms are nonequivalent, the actual 
structure of the resonance hybrid is closer to the more stable 
form than to the less stable form. Thus, we might expect the 
buteny] radical to look a bit more like a secondary radical than 
like a primary radical. 

Rule4 All resonance forms must obey normal rules of valency. Reso- 
nance forms are like any other structure: The octet rule still 
holds. For example, one of the following structures for the car- 
bonate ion is not a valid resonance form because the carbon 
atom has five bonds and ten electrons: 

: : $ 1 : 

10 electrons here 
Cz 

Za eS OOS 

BO ae Os “Oso Ota 

Carbonate ion Not a resonance form 

Rule5 The resonance hybrid is more stable than any single resonance 
form. In other words, resonance leads to stability. The greater 
the number of resonance forms possible, the more stable the 
substance. We’ve already seen, for example, that an allylic 
radical is more stable than a normal radical. In a similar man- 
ner, we'll see in Chapter 15 that a benzene ring is more stable 
than a cyclic alkene. 

PRAGTIGES PROBLEM gies seis cise tiem airiislele ois eiccicisbp asics aie 

Use resonance structures to explain why both C—O bonds of sodium formate have 

the same length (1.26 A). 

H—C€ Sodium formate 

Solution The formate anion is a resonance hybrid of two equivalent resonance 

forms. The two resonance forms can be drawn by showing the double bond either to 

. the top oxygen or to the bottom oxygen. Only the positions of the electrons are 

different in the two structures. 
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ore 70:7 
1 / 

Et fatedionG 
. <. 

2O:7 .O 
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10.9 Draw as many resonance structures as you can for these species: 

CH, (b) 0 ¥ (c) + 

Ne H=—C—CH, 

PROBLEM oo wigs eveiacheis) 5) sive ie wistol sive ele) elec/ars'aicts aise 6 e)e ¢:stelsiele sia) 9)'s:0 ele] u/a)si= 96 

(a) 

10.10 Draw as many resonance structures as you can for these species: 

:O: 
+f oe & se 

(a) Nitromethane, ea (b) Ozone, 70=0—O:- 

7027 

(on Disvomethaner EL CON =N (d) H.>C=CH—CH=CH—CH, 
Sie SLeveve aia etm, ais)(e)(pie'e)a)4).6 0:6 00) ).0\'= 61 als) a\'s 6~4) 6 6 (w)'e)l9) 016) 61,418((9)ia}le)@) 6/0/80, 61.6 a)esefe\enene lars Piarele 

10.8 Preparing Alkyl Halides from 
Alcohols 

o~: 

The most valuable method for the preparation of alkyl halides is their syn- 
thesis from alcohols. A great many alcohols are commercially available, and 
we'll see later that a great many more can be obtained from carbonyl com- 
pounds. Because of the importance and generality of the reaction, a variety 
of different reagents have been used for transforming alcohols into alkyl 
halides. 

The simplest (but also least generally useful) method for carrying out 
the conversion of an alcohol to an alkyl] halide involves treating the alcohol 
with HCl, HBr, or HI: 

ROH + HX ——> RX + H,0 (X = Cl, Br, or D 

For reasons to be discussed in Section 11.14, the reaction works best when 

applied to tertiary alcohols, R;COH. Primary and secondary alcohols also 

react, but at considerably slower rates and at considerably higher reaction 
temperatures. Although this is not a problem in simple cases, more com- 
plicated molecules are sometimes acid-sensitive and are destroyed by the 
reaction conditions. 
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R3COH > R,CHOH > RCH,OH > CH,;0H 

3° 2° 1c Methanol 

More reactive _____ Reactivity Less reactive 

The reaction of HX with a tertiary alcohol is so rapid that it’s often 
carried out simply by bubbling the pure HX gas into a cold ether solution 
of the alcohol. Reaction is usually complete within a few minutes. 

H;,C OH H;C Cl 

HCI (gas) 
> 

Ether, 0°C + H,0 

1-Methylcyclohexanol 1-Chloro-1-methylcyclohexane 

(90%) 

Primary and secondary alcohols are best converted into alkyl halides 
by treatment with such reagents as thionyl chloride (SOC1,) or phosphorus 
tribromide (PBr3). These reactions, which normally take place readily under 
mild conditions, are less acidic and less likely to cause acid-catalyzed rear- 

rangements than the HX method is. 

OH Br 

| . | 
3 CH3,CH,CHCH; — > 3 CH,CH,CHCH, + P(OH)s 

2-Butanol 2-Bromobutane 

(86%) 

OH 

SOCl, 
———_—_—— 

Pyridine 

O 

Benzoin Desyl] chloride (86%) 

+ SO, + HCl 

As the preceding examples indicate, the yields of these PBrg and SOCl, 

reactions are generally high. Other functional groups such as ethers, car- 

bonyls, and aromatic rings don’t usually interfere. We'll look at how these 

substitution reactions take place in the next chapter. 

PROBLEM (. occ ccc cis cet enw ce sre ns cece ce oases soccer yisioenels Renae sei 

10.11 How would you prepare these alkyl halides from the appropriate alcohols? 

(a) 2-Chloro-2-methylpropane (b) 2-Bromo-4-methylpentane 

F (c) BrCH,CH,CH,CH,CH(CHs3)2 (d) CH;CH,CH(CH3)CH2CCl(CHs3). 

Pe 
uaitatatwite al eisialaikeiereisl wiht way ere) acelereve iin pile eee alee. et 6 isireieele)e)e) e.6i 8.8) e) 8/9) 019/908) 
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10.9 Reactions of Alkyl Halides: Grignard 
Reagents 

Organic halides of widely varying structure—alkyl, aryl, and vinylic— 
react with magnesium metal in ether or tetrahydrofuran (THF) solvent to 
yield organomagnesium halides, RMgX. These products, named Grignard 
reagents after their discoverer, Victor Grignard,” are examples of organo- 
metallic compounds since they contain a carbon—metal bond. 

Ether 
R—X + Mg Ene R—Mg—X 

where R = 1°, 2°, or 3° alkyl, aryl, or alkenyl 

X = Cl, Br, or I 

For example: 

Mg 

« )-B Ether (rman 

Bromobenzene _ Phenylmagnesium 

bromide 

i. MgCl 

CH;CH,CHCH, —> CH,CH,CHCH; 

2-Chlorobutane sec-Butylmagnesium 

chloride 

Many different kinds of organohalides form Grignard See Steric 
hindrance in the halide doesn’t appear to be a factor in the formation of 
Grignard reagents, since 1°, 2°, and 3° alkyl halides all react with ease. Afyl 
and alkeny] halides also react, although it’s best to use THF as solvent for 
these cases. The halogen may be Cl, Br, or I, although chlorides are some- 
what less reactive than bromides and iodides. Organofluorides rarely react 
with magnesium. 

As you might expect from the discussion of electronegativity and bond 
polarity in Section 5.5, the carbon—magnesium bond is highly polarized, 
making the carbon atom both nucleophilic and basic: 

} “MeX 

5-| _— Basic and nucleophilic site 

- s/ ™~S 

2Francois Auguste Victor Grignard (1871-1935); b. Cherbourg, France; professor, University 
of Nancy, Lyons; Nobel Prize (1912). 
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In a formal sense, a Grignard reagent can be considered to be a carbon anion 
or carbanion—the magnesium salt of a hydrocarbon acid. It’s more accu- 
rate, though, to view Grignard reagents as containing a highly polar cova- 
lent C—Mg bond, rather than an ionic bond between C~ and *MgX. 

Because of their nucleophilic/basic character, Grignard reagents react 
both with acids and with a wide variety of electrophiles. For example, Grig- 
nard reagents react with proton donors (Brgnsted acids) such as H,O, ROH, 
RCOOH, or RNHzg to yield hydrocarbons. The overall sequence is a useful 
synthetic method for converting an alkyl halide into an alkane (R-X —> 
R-H): 

R—X -“& R—Mg—x 23 R—H + HOMgx 

Alkyl Grignard Alkane 
halide reagent 

For example, 

CH,(CH,)sCH.Br a CH3(CH,)sCH3 

i-Bromodecane Decane (85%) 

We’ll see many more uses of Grignard reagents in later chapters. 

10.12 How strong a base would you expect a Grignard reagent to be? Look at Tables 8.1 
and 8.2, and then predict whether the following reactions are likely to occur. 
(a) CH;3MgBr + H—C=C—H — > CH, + H—C=C—MgBr 
(b) CHsMgBr + NH; —~> CH, + H,.N—MgBr 

10.13 An important advantage of alkyl halide reduction via Grignard reagents is that the 
sequence can be used to introduce deuterium into a specific site in a molecule. How 
might you do this? 

Br D 

| 
CH,CHCH,CH, ——> CH,CHCH,CH, 

PROBLEWN cece segs caste oie ales el sisal) 012) 28 o)/=haualé (na eral aicaja)ie el alogol sho! s cele in iolnle’ s feieks,c(¥)e0 0x8 

10.14 Why do you suppose it’s not possible to prepare a Grignard reagent from a bromo 
alcohol such as 4-bromo-1-pentanol? 

iS Mg MgBr 

CH;CHCH,CH,CH,0H -<> CH3CHCH,CH,CH,OH 

_ Give another example of a molecule that is unlikely to form a Grignard reagent. 

ia a elle ohe eu eve letee isis =) OLe Sispuliale eel s\ssede gels, (016 (6 sine vie S018, © 6548) 0ieie ee) ©)\¢ 6 0 faeie eve alaiene.e. 
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10.10 Organometallic Coupling Reactions 

Several other organometallic reagents can be prepared in a manner similar 
to that of Grignard reagents. For example, alkyllithium reagents can be 
prepared by the reaction of an alkyl halide with lithium metal: 

oe ét 

CH3CH,CH,CH.Br ee CH3,CH,CH2CHeI.i + LiBr 
Pentane 

1-Bromobutane Butyllithium 

Alkyllithiums are both nucleophiles and bases, and their chemistry is 
similar in many respects to that of the alkylmagnesium halides. One of the 
most valuable reactions of alkyllithiums is their use in preparing lithium 
diorganocopper reagents, or Gilman? reagents. 

CH’pr + $1) — CHa + er 

Methyllithium 

9 CHa Cul ES. (Char ig al 

Methyllithium Lithium dimethylcopper 

(a Gilman reagent) 

Gilman reagents are easily prepared by reaction of an alkyllithium 
with cuprous iodide, Cul, in ether solvent. Though rather unstable, they 
have the remarkable ability of undergoing organometallic coupling reac- 
tions with alkyl bromides and iodides (but not fluorides). One of the alkyl 
groups from the Gilman reagent replaces the halogen from alkyl halide, 
resulting in the formation of a hydrocarbon with a new carbon—carbon bond. 
Lithium dimethylcopper, for example, reacts with 1-iododecane to give unde- 
cane in 90% yield: 

— 

(CH;).CuLi + CH3(CHs)sCHel —— CH;(CH,)sCH2CH, + Lil + CH3,Cu 

Lithium dimethylcopper 1-Iododecane Undecane (90%) 

This organometallic coupling reaction is extremely versatile and very 
useful in organic synthesis. As the following examples indicate, the coupling 
reaction can be carried out on aryl and vinylic halides as well as on alkyl 
halides. 

rs H m-CrEas H 

Loe + (n-C4H9)gCuLi ——-. C=—€ + n-C4H Cu i Lil 

H I H C4Ho -n 

trans-1-Iodo-1-nonene trans-5-Tridecene (71%) 

3Henry Gilman (1893-1986); b. Boston; Ph.D. (1918) Harvard (Kohler); professor, Iowa State 
University (1923-1986). 
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I CHs 
ie + (CHs);CuLli — > Cr + CHsCu + Lil 

Iodobenzene Toluene (91%) 

An organocopper coupling reaction is even carried out on a commercial 
scale to synthesize muscalure, (9Z)-tricosene, the sex attractant secreted by 
the common housefly. Minute amounts of this insect hormone, or phero- 
mone, greatly increase the lure of insecticide-treated fly bait and provide 
a species-specific means of insect control. Coupling of cis-1-bromo-9-octa- 
decene with lithium dipentylcopper is used industrially to produce musca- 
lure in 100 lb batches. 

sai ia Se oe C i3H27 

c——C + (n-CsH,,)oCuLi ——> C=C 
/ \ / 

H H Lithium dipentylcopper H H 

cis-1-Bromo-9-octadecene Muscalure [(9Z)-tricosene] 

(99%) 

Although the details of the mechanism by which coupling occurs are 
not fully understood, radicals may be involved. The coupling is not a typical 
polar nucleophilic substitution reaction of the sort considered in the next 
chapter. 

10.15 How would you prepare these compounds using an organocopper coupling reaction 
at some point in the scheme? More than one step is required in each case. 
(a) 3-Methylcyclohexene from cyclohexene 
(b) Octane from 1-bromobutane 
(c) Decane from 1-pentene 

Come eee ee eee eee eee sere ee eee e ee eeeeeeseHEEeeeEeEEEsES EH EHO eH EH EEE OSD 

10.11 Summary and Key Words 

Alkyl halides are compounds containing halogen bonded to a saturated, 
sp®-hybridized carbon atom. The C—X bond is polar, and alkyl halides can 
therefore behave as electrophiles. 

Alkyl halides can be prepared by radical halogenation of alkanes, but 

this method is of little general value since mixtures of products usually 
result. The reactivity order of alkanes toward halogenation is identical to 

the stability order of radicals: tertiary > secondary > primary. According 

to the Hammond postulate, the more stable radical intermediate is formed 

~ faster because the transition state leading to it is more stable. 

Alkyl halides can also be prepared from alkenes. Alkenes react with 

N-bromosuccinimide (NBS) to give the product of allylic bromination. The 
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NBS bromination of alkenes is a complex process that takes place through 
an intermediate allyl radical. Allyl radicals are stabilized by resonance 
and can be drawn in two different ways, neither of which is correct by itself. 
The true structure of the allyl radical is best described as a composite, or 

resonance hybrid, of the two individual resonance forms. The only differ- 
ence between the two resonance structures is in the location of bonding 

electrons: The nuclei remain in the same places in both structures. 

H,C=CH— CH, <5 'H\C=cH=CH 

Alcohols react with HX to form alkyl halides, but the reaction works 
well oniy for tertiary alcohols, R35COH. Primary and secondary alky] halides 
are normally prepared from alcohols using either SOCl, or PBrs. Alkyl 
halides react with magnesium in ether solution to form organomagnesium 
halides, or Grignard reagents, RMgX. Since Grignard reagents are both 
nucleophilic and basic, they react with Brgnsted acids to form hydrocarbons. 
The overall result of Grignard formation and protonation is the conversion 
of an alkyl halide into an alkane (RX — RMgX — RH). 

Alkyl halides also react with lithium metal to form organolithium 
reagents, RLi. In the presence of Cul, these form diorganocoppers, or Gil- 
man reagents, R,.CuLi. Gilman reagents react with alkyl halides to yield 
coupled hydrocarbon products. 

10.12 Summary of Reactions 

1. Preparation of alkyl halides 
a. From alkenes by allylic bromination (Section 10.5) 

H Br 

| | | a 2 ae 
C C NBS (@ ¢ a 

a Son —~ CCl, So7 ~ 

b. From alkenes by addition of HBr and HCl (Sections 6.9 and 6.10) 

H Br 

\ Bs ee | 
C=C. + HBr. —. —C—C— 

Z \ eats 

c. From alcohols 

(1) Reaction with HX, where X = Cl, Br, or I (Section 10.8) 

OH xX 

é HX, | 
uy —— rd pain 

Reactivity order: 3° > 2° > 1° 
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(2) Reaction of 1° and 2° alcohols with SOC]l, in pyridine (Section 

10.8) 

OH Cl 

‘ Socl, | 

°7] 7s H Pyridine 7 H 

(3) Reaction of 1° and 2° alcohols with PBrgz (Section 10.8) 

OH Br 

| PBrs | 

feaH we Bihar! aH 

2. Reactions of alkyl halides 

a. Grignard reagent formation (Section 10.9) 

Mg 

R—X Ether R—Mg—xX 

where X = Br, Cl, or I 

R = 1°, 2°, 3° alkyl, aryl, or vinylic 

b. Diorganocopper (Gilman reagent) formation (Section 10.10) 

2 Li 

Pentane 
RX Ra-bi. +) LixX 

where R = 1°, 2°, 3° alkyl, aryl, or vinylic 

2R—Li + Cul =" [R—Cu—RI Lit 

c. Organometallic coupling (Section 10.10) 

R,CuLi + R'—X —2> R—R’ + RCu + LiX 

d. Conversion of alkyl halides to alkanes (Section 10.9) 

R—xX —Mi> R—Mg—X —°> R—H + HOMgx 

ADDITIONAL PROBLEMSG.....................eeeeeeeeee eee 

10. 16 Name these alkyl halides according to IUPAC rules: 

(a) (CH3)»>CHCHBrCHBrCH,CH(CH3),2 (b) CH;CH=CHCH,CHICH3 

(c) (CH3),CBrCH,CHCICH(CH3)2 (d) CH;CH,CH(CH,Br)CH,CH,CH3 

(e) CICH,CH,CH,C=CCH,Br 
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10.17 

10.18 

10.19 

10.20 

10.21 

10.22 

10.23 

10.24 

Draw structures corresponding to these IUPAC names: 
(a) 2,3-Dichloro-4-methylhexane (b) 4-Bromo-4-ethyl-2-methylhexane 
(c) 3-Iodo-2,2,4,4-tetramethylpentane (d) cis-1-Bromo-2-ethylcyclopentane 

A chemist requires a large amount of 1-bromo-2-pentene as starting material for a 
synthesis. She finds a supply of 2-pentene in the stockroom and decides to carry out 
an NBS allylic bromination reaction: 

CH;CH,CH=CHCH; ——> CH;CH,CH=CHCH,Br 
4 

What is wrong with this synthesis plan? What side products would form in addition 
to the desired product? 

What product(s) would you expect from the reaction of 1-methylcyclohexene with 
NBS? Would you use this reaction as part of a synthesis? 

CH3 
NBS, 9 
oie ae 

How would you prepare the following compounds, starting with cyclopentene and 
any other reagents needed? 

(a) Chlorocyclopentane (b) Methylcyclopentane 
(c) 3-Bromocyclopentene (d) Cyclopentanol 
(e) Cyclopentylcyclopentane (f) 1,3-Cyclopentadiene 

Predict the product(s) of these reactions: 

H3;C OH 

HBr. 9 Soc} 
(a) iihes (b) CH3CH,CH,CH,OH ere 2 

( 
OH 

NBS PBrs 9 oC): ol J ee 

(e) CH,CH,CHErcH, — AB 
Ether 

Li Cul 
(f) CH3CH,CH,CH,Br ———~ A —— B 

Pentane 

Draw and name the monochlorination products you might obtain by radical chlori- 
nation of 2-methylpentane. Which of the products are chiral? Are any of the products 
optically active? 

(S)-3-Methylhexane undergoes radical bromination to yield 3-bromo-3-methylhex- 
ane as the major product. Is the product chiral? Is it optically active? What stereo- 
isomers are produced and in what ratio? 

Assume that you have carried out a radical chlorination reaction on (R)-2-chloro- 
pentane and have isolated (in low yield) 2,4-dichloropentane. How many stereo- 
isomers of the product are formed and in what ratio? Are any of the isomers optically 
active? 
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10.26 

10.27 

10.28 

10.29 

10.30 
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Calculate AH° for the reactions of Cl- and Br+ with CH, and then draw a reaction 
energy diagram showing both processes. Which reaction is likely to be faster? 

Table 5.4 shows that the methyl C-H bond of toluene is 13 kcal/mol (54 kJ/mol) 
weaker than the C—H bond of ethane. In other words, the CgH;CH,° (benzyl) radical 
is 13 kcal/mol more stable than the -CH2CHs radical. Draw as many resonance 
structures as you can for the benzyl radical. 

Cy 

Toluene 

What product(s) would you expect from the reaction of 1-phenyl-2-butene with NBS? 
Explain. 

1-Pheny]-2-butene 

Which of the following pairs of structures represent resonance forms? 

aa 

SS 

Draw as many resonance structures as you can for these species: 

: y 3 

(a) HC CCH; (b) 
ee 

oe ee ce 

(OILN— C==NH, (d) Hsc—S—CH, 
i is 

(orc CH— CH; (ILC =cH CH=CH CH— CH, 

Which of the following two resonance structures would you expect to contribute most 

to the resonance hybrid? Explain. 
+ 

Orn - Onn 
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10.31 

10.32 

10.33 

10.34 

How would you carry out these syntheses? 
(a) Butylcyclohexane from cyclohexene 

(b) Butylcyclohexane from cyclohexanol 
(c) Butylcyclohexane from cyclohexane 

Cyclobutadiene is a rectangular molecule with two shorter single bonds and two 
longer double bonds. Why do the following structures not represent resonance forms? 

o~-o 
The syntheses shown here are unlikely to occur as written. What is wrong with 
each? 

(a) CH;CH,CH.F +S 
2. H30+ 

CH, 

) as _NBS . 

Ori ha 

CH3 

CH3 

_(CHs),CuLi, 

| Riker 

Which of the following pairs represent resonance structures? 

CH3;CH2CH3 

a oo + oe oe 

(a) CH;C=N—O:- and CH3;C=N—O:- i 

i 
()CH,C—O “Sand :CH,C—O—H - 

lal 
:O: “O77 

I | 
re SS 

(c) Cr NH; and Cr NH, 

Q: Aah. 
(d) CH,=N and CN 



Chapter 11 

_ Reactions of Alkyl 
- Halides: 
Nucleophilic 
Substitutions and 
Eliminations 

We saw in the preceding chapter that the carbon—halogen bond in alkyl 
halides is polar and the carbon atom is electron-poor. Thus, alkyl halides 
are electrophiles, and much of their chemistry involves polar reactions with 
electron-rich nucleophiles and bases. 

- 
On | _— Electrophilic carbon atom 

[an 

Alkyl halides do one of two things when they react with a nucleophile: 
Either they undergo substitution of the X group by the nucleophile or they 
undergo elimination of HX to yield an alkene. 

Substitution Nuir# 0k — —C—Nu + X:- 

NEE 

x 5 \ Uf 
Elimination co! Gg ras C= Oe4-—Nu—-H + Xs- 

7 Ne a 
X 

359 
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Nucleophilic substitution and base-induced elimination are two of the most 
important reactions in organic chemistry. It’s now time to take a close look 
at them to see how these reactions occur, what factors are involved, and 

how we can control the reactions for purposes of organic synthesis. 

11.1 The Discovery of the Walden 
Inversion 

In 1896 the German chemist Paul Walden! reported a remarkable discovery. 
He found that the pure enantiomeric (+)- and (—)-malic acids could be 

* interconverted by a series of simple substitution reactions. When Walden 
etreated (—)-malic acid with PCl;, he isolatededextrorotatory (+)-chloro- 
succinic acid. This, on treatment with wet silver oxide, gave (+)-malic acid. 
Similarly, reaction of (+)-malic acid with PCl; gave levorotatory (—)-chloro- 
succinic acid, which was*converted into (—)-malic acid when treated with 

wet silver oxide. The full cycle of reactions reported by Walden is shown in 
Figure 11.1. 

| | | 
ee aPC HOUe A E 

Ether 

OH Cl 

(—)-Malic acid (+)-Chlorosuccinic acid 

[alp = —2.3° 

i Ag20, H2,0 | Ag,0, H,O ( 

T | | = 
BOC ee “a es G og Ene 

er 

“Cl OH 

(+)-Malic acid (—)-Chlorosuccinic acid [a]lp = +2.3° 

Figure 11.1 W/alden’s cycle of reactions interconverting (+)- and 
(—)-malic acids. 

At the time, the results were astonishing. The eminent chemist Emil 
Fischer called Walden’s discovery “the most remarkable observation made 
in the field of optical activity since the fundamental observations of Pasteur.” 

‘ 

*Paul Walden (1863-1957); b. Latvia; Ph.D., Leipzig; student and professor, Riga Polytechnic, 
Russia (1882-1919); professor, University of Rostock, University of Tubingen, Germany. 
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Since (—)-malic acid was being converted into (+)-malic acid, some reactions 
in the cycle must have occurred with a change in configuration at the stereo- 
genic center. But which ones, and how? (Recall that the direction of light 

rotation and the absolute configuration of a molecule aren’t directly related. 
You can’t tell by looking at the sign of rotation whether or not a change in 
configuration has occurred during a reaction.) 

Today, we refer to the transformations taking place in Walden’s cycle 
as nucleophilic substitution reactions because each step involves the 
substitution of one nucleophile (chloride ion, Cl-, or hydroxide ion, HO~) 
by another. Nucleophilic substitution reactions are one of the most important 
general reaction types in organic chemistry. 

, e 

11.2 Stereochemistry of Nucleophilic 
Substitution . 

Although Walden realized that changes in configuration must have taken 
place during his reaction cycle, he didn’t know at which steps the changes 
occurred. In the 1920s, Joseph Kenyon? and Henry Phillips began a series 
of investigations to elucidate the mechanism of nucleophilic substitution 
reactions and to find out how inversions of configuration occur. They rec- 
ognized that the presence of the carboxylic acid group in Walden’s work on 
malic acid may have led to complications, and they therefore carried out 
their own work on simpler cases. (In fact, the particular sequence of reactions 
studied by Walden is unusually complex for reasons we won’t go into. The 
crucial point the sequence raised, however, is the idea that changes in three- 
dimensional configuration can evidently occur in organic reactions.) 

Among the reactions studied by Kenyon and Phillips was one that 
interconverted the two enantiomers of 1-phenyl-2-propanol (Figure 11.2). 
Although this particular series of reactions involves nucleophilic substitu- 
tion of an alkyl toluenesulfonate (a tosylate) rather than an alkyl halide, 
exactly the same type of reaction is involved as that studied by Walden. For 
all practical purposes, the entire tosylate group acts as if it were simply a 
halogen substituent: 

Bey Ns cee ee NL Nie 

1 
where Y = Cl, Br, I, OTos OTos = =o-3-{ CH; 

O 

Nu = A nucleophile 

F 2Joseph Kenyon (1885-1961); b. Blackburn, England; D.Sc. (London), 1914; British Dyestuffs 

Corp. (1916-1920); Battersea Polytechnic, London (1920-1950). 
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/ TosCl 

oo. 1 an} Pyridine H O—Tos + HCl 

(+)-1-Phenyl-2-propanol [alp = +31.1° 

[alp = +33.0° 

O 

| m0, -OH | 
CH3;CO- 

uy pr *, 

/ / + -QTos -OTos + H 03C OH i 
x AV 
CH; Cc a 

AT 
[aly = +7.0° Hel 2 

[alp = —7.06° 

1 
CH3CO- | H,0, -OH 

O 

x TosCl » 
~ Vy / = HGle ei a  pyaanen OH => CH;CO 

| AV 
Tos H 

[alp = —31.0° (—)-1-Pheny]-2-propanol 
[alp = —33.2° 

[SSS SS ee ee ee 

Figure 11.2 A Walden cycle on 1-phenyl-2-propanol. Stereogenic s 

centers are marked by asterisks, and the bonds broken in each ( 
reaction are indicated by wavy lines. 

— 

In the three-step reaction sequence shown in Figure 11.2, (+)-1-pheny]- 
2-propanol is converted into its (—) enantiomer, and at least one of the three 
steps must therefore involve an inversion (change) of configuration at the 
stereogenic center. The first step, formation of a toluenesulfonate, is known 

to occur by breaking the O-H bond of the alcohol rather than the C—O bond 
to the chiral carbon, and the configuration around carbon is therefore 
unchanged. Similarly, it can be shown (Section 21.7) that the third step, 
hydroxide ion cleavage of the acetate, also takes place without breaking the 
C—O bond at the stereogenic center. Thus, inversion can’t occur in the third 
step. The inversion of stereochemical configuration must therefore take place 
in the second step, the nucleophilic substitution of tosylate ion by acetate ion. 

O 

; CH oe X 
/ ou EEsVOr / i 

He@ — los Inversion of O-H ta () Ls 

configuration | 

C ee Hee 
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From this and nearly a dozen other series of reactions, Kenyon and 
Phillips concluded that the nucleophilic substitution reaction of primary 
and secondary alkyl halides and tosylates always proceeds with inversion 
of configuration. 

Se (60. 68108 e616, 6 6 8 6b 6 €1 56 b)5 0.5 8 6s os See tins Wsib ec 6 aie 0 ete 616 6:0 9.06 0:0 5 

What product would you expect to obtain from reaction of (S)-2-bromohexane with 
sodium acetate, Nat ~OOCCH;? Show the stereochemistry of both starting material 
and product. 

a ee ee ee ee 

11.3 Kinetics of Nucleophilic Substitution 
Sa a a hE RE RE BEL SE ESI EERE} 

Chemists often speak about a reaction as being fast or slow. The exact rate 
at which a starting material reacts to give product is called the reaction 
rate and can often be measured. The determination of reaction rates and 
of how those rates depend on reagent concentrations is a powerful tool for 
probing reaction mechanisms. Let’s see what can be learned about the 
nucleophilic substitution reaction by a study of reaction rates. 

In all chemical reactions, there is a direct relationship between reaction 
rate and reagent concentrations. When we measure this relationship, we 
measure the kinetics of the reaction. For example, let’s look at some factors 
that influence the rate of a simple nucleophilic substitution: the reaction of 
bromomethane with hydroxide ion to yield methanol. 

HO: + CH3—Br: —? HO—CHg oe :Bri- 

At a given concentration of reagents, the reaction occurs at a certain 
rate. If we double the concentration of hydroxide ion, the frequency of 
encounter between the reagents is also doubled, and we might therefore 
predict that the reaction rate will double. Similarly, if we double the con- 
centration of bromomethane, we might expect that the reaction rate will 
again double. This behavior is exactly what is found. We call such a reaction, 
in which the rate is linearly dependent on the concentrations of two reagents, 
a second-order reaction. Mathematically, we can express this second-order 
dependence of the nucleophilic substitution reaction by setting up a rate 
equation: , 

Reaction rate = Rate of disappearance of starting material 

= k x [RX] x [-OH] 

where [RX] = CH3Br concentration 

[-OH] = ~OH concentration 

k = A constant value 
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This equation says that the reaction rate is the same as the rate of 

disappearance of starting material and is equal to a coefficient, k, times the 

alkyl halide concentration times the hydroxide ion concentration. The con- 
stant k is called the rate coefficient for the reaction and has units of liters 
per mole second (L/mol sec). The rate equation simply says that as either 
[RX] or [-OH] changes, the rate of the reaction changes accordingly. If the 
alkyl halide concentration is doubled, the reaction rate doubles; if the alkyl 

halide concentration is halved, the reaction rate is halved. 

11.4 The Sy2 Reaction 

. 

‘diate’ a capil billet tan viliesd tai She ol inal 

At this point, two important pieces of information have been obtained about 
the nature of nucleophilic substitution reactions on primary and secondary 
alkyl halides and tosylates: 

1. These reactions always occur with inversion of stereochemistry at 
the stereogenic carbon center. 

2. These reactions show second-order kinetics and follow the rate law: 

Rate = k X [RX] x [Nu:7] 

What mechanism will account for the reaction stereochemistry and 
second-order kinetics of these reactions? An explanation was first advanced 
in 1937 when Hughes? and Ingold formulated the mechanism of what they 
called the Sy2 reaction—shorthand for substitution, nucleophilic, bimolec- 
ular. (Bimolecular means that two molecules, nucleophile and alky] halide, 
take part in the step whose kinetics are measured.) 

The essential feature of the Sy2 reaction mechanism formulated by 
Hughes and Ingold is that the reaction takes place in a single step without 
intermediates when the incoming nucleophile attacks the substrate fram a 
position 180° away from the departing group. As the nucleophile comes in 
on one side and bonds to the chiral carbon, the halide or tosylate departs 
from the other side, and the stereochemical configuration of the molecule 
inverts. The process is shown in Figure 11.3 for the reaction of (S)-2-bromo- 
butane with hydroxide ion, leading to (R)-2-butanol. 

We can picture the reaction as occurring when an electron pair on the 
nucleophile, Nu:~, forces out the leaving group, Y:~, with the electron pair 
from the former C-—Y bond. This occurs through a transition state in which 
the new Nu-C bond is partially forming at the same time that the old C-Y 
bond is partially breaking, and in which the negative charge is shared by 
both the incoming nucleophile and the outgoing leaving group. The tran- 
sition state for this inversion must have the remaining three bonds to carbon 
in a planar arrangement, as shown in Figure 11.4. 

SRdward David Hughes (1906-1963); b. Criccieth, North Wales; Ph.D., Wales (Watson); D.Sc., 
sean Angel); professor, University College, London (1930-1963). 

4g": sae p eet 
a = % 

wR Dee oi 



The nucleophile ~OH uses its lone- 
pair electrons to attack the alkyl 
halide carbon 180° away from the 
departing halogen. This leads to a 
transition state with a partially 
formed C—OH bond and a partially 
broken C-Br bond. 

The stereochemistry at carbon is 
inverted as the C—OH bond forms 
fully and the bromide ion departs 
with the electron pair from the 
former C-Br bond. 
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CH, 
ee Ses H SF 

By — Se nie 

CH,CH; 

(S)-2-Bromobutane 

| 
H CH, - 

ve \ aco: 
HO ees 

CH,CH; 

Transition state 

| 
H,C 
/aH 

oe Oa cb te 

CH,CH; 

(R)-2-Butanol 

Figure 11.3 The mechanism of the S,2 reaction. The reaction 
takes place in a single step when the incoming nucleophile 
approaches from a direction 180° away from the departing halide 
ion. The stereochemistry at carbon is inverted from S in the starting 
material to R in the product. 

Transition state 

Planar 

arrangement 
Tetrahedral 
arrangement 

Tetrahedral 
a 

arrangement 

‘ EDEN RD SAREE IIT IS 

STAFFORDSHIRE 
UNIVERSITY 
LIBRARY 

Eg 

Figure 11.4 The planar transition state of an S,,2 reaction. 

SE Roe 
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PROBLEM... 

x 
fg fs la Nu—C. ery _ 

= Strong wind é 

SS ee ee ee ee ae 

Figure 11.5 The inversion of a stereogenic center during an S,,2 

reaction is similar to the inversion of an umbrella in a strong wind. 

The mechanism proposed by Hughes and Ingold is fully consistent with 
experimental results, explaining both stereochemical and kinetic data. 
Thus, the requirement for back-side attack of the entering nucleophile from 
a direction 180° away from the departing Y group causes the stereochemistry 
of the substrate to invert, much like an umbrella turning inside out in 
the wind (Figure 11.5). The Hughes—Ingold mechanism also explains why 
second-order kinetics are found for Sy2 reactions: The reaction occurs in a 
single step that involves both alkyl halide and nucleophile. Two molecules 
are involved in the step whose rate is measured. 

er 

What product would you expect to obtain from reaction of NaOH with (R)-2-bromo- 
butane? Formulate the reaction showing the stereochemistry of both starting mate- 
rial and product. { 

ey 

— 

A further piece of evidence in support of the requirement for back-side Sy2 displace- 
ment is the finding that the following alkyl bromide does not undergo a substitution 
reaction with hydroxide ion. Can you suggest a reason for the lack of reactivity? 
Making a molecular model should be helpful. 

11.5 Characteristics of the S,2 Reaction 

We now have a good picture of how Sy2 reactions occur, but we also need 
to see how these substitutions can be used and what variables affect them. 
Some Sy2 reactions are fast and some are slow; some take place in high 
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yield, and others in low yield. Understanding the different factors involved 
can be of tremendous value to chemists. Let’s begin by reviewing what we’ve 
learned about reaction rates in general. 

The rate of a chemical reaction is determined by AG*, the energy dif- 
ference between reactant (ground state) and transition state. A change in 
reaction conditions can affect the magnitude of AG* in two ways: either by 
changing the reactant energy level or by changing the transition-state energy 
level. If the reactant energy level is lowered, AG* increases and reaction 
rate decreases; conversely, if the reactant energy level is raised, AG* 
decreases and reaction rate increases, as can be seen in Figure 11.6(a). 

Similarly, stabilization of the transition state lowers AG* and raises 
reaction rate, whereas destabilization of the transition state raises AG* and 

lowers reaction rate [Figure 11.6(b)]. We’ll see examples of all these effects 
as we look at Sy2 reaction variables. 

Reaction progress ———> 

(a) (b) 

Reaction progress 

Sa a ee ee 

Figure 11.6 The effect of changes in reactant and transition-state 

energy levels on reaction rate. (a) Higher reactant energy level 

corresponds to faster reaction (lower AG#). (b) Higher transition- 

state energy level corresponds to slower reaction (higher AG?). 

THE SUBSTRATE: STERIC EFFECTS IN THE Sy2 

REACTION 

The first Sy2 reaction variable to look at is the bulk of the alkyl halide. 

We’ve said that the transition state for an Sy2 reaction involves partial 

bonding between the attacking nucleophile and the substrate. It therefore 

seems reasonable that a hindered, bulky substrate should prevent easy 

approach of an incoming nucleophile and should have a more difficult time 

reaching the transition state. In other words, sterically bulky substrates, 

in which the carbon atom is “shielded” from attack by the incoming nucleo- 

- phile, should react more slowly than less hindered substrates because the 

transition state for their reaction is sterically hindered and higher in energy 

(Figure 11.7). 
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H 
\ 
2G Bt H’ 

H 

CH; 

JG Br 
H;C-/ 

H 

(c) (d) 

Figure 11.7 Steric hindrance to the S,,2 reaction. As the 

computer-generated space-filling models indicate, the carbon 

atom in (a) bromomethane is readily accessible, resulting in a fast 

Sn2 reaction. The carbon atoms in (b) bromoethane (primary), 

(c) 2-bromopropane (secondary), and (d) 2-bromo-2-methylpropane 

(tertiary) are successively less accessible, resulting in successively 

slower S,,2 reactions. 

{ 

As Figure 11.7 shows, the difficulty of nucleophilic attack increases as 
the three substituents bonded to the halo-substituted carbon atom increase 

in size. The relative reactivities for some different substrates are as follows: 

ys ce ag ae e 
mae oak thee yet CBee hae Mea ape mes oy ee 

H CH3 CH3 CH3 

Relative (methyl) (primary) (secondary) (neopentyl) (tertiary) 
reactivity 3,000,000 100,000 2,500 1.0 <1 

More ane , Less 
téabtive ee G Mata EL a el he reactive 

Methyl halides are by far the most reactive in Sy2 reactions, followed 
by primary alkyl] halides such as ethyl and propyl. Alkyl branching next to 
the leaving group, as in isopropyl halides (2°), slows the reaction greatly, 
and further branching, as in tert-butyl halides (3°), effectively halts the 
reaction. Even branching one carbon removed from the leaving group, as 
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in 2,2-dimethylpropyl (neopentyl) halides, greatly slows nucleophilic dis- 
placement. Clearly, Sy2 reactions can occur only at relatively unhindered 
sites and are normally useful only with methyl halides, primary halides, 
and a few simple secondary halides. 

Although not shown in the preceding reactivity order, vinylic halides 
(RgC=CRX) and aryl halides are completely unreactive toward attempted 
Syn2 displacements. This lack of reactivity probably is due to steric factors, 
since the incoming nucleophile would have to approach in the plane of 
the carbon—carbon double bond in order to be able to carry out back-side 
displacements. 

Bodsoce ES | R7 c= CN R So No reaction Cl Ne No reaction 

/ 

Nu Aryl halide 

Vinylic halide 

THE ATTACKING NUCLEOPHILE 

The nature of the attacking nucleophile is a second variable that has a major 
effect on the Sy2 reaction. Any species, either neutral or negatively charged, 
can act as a nucleophile as long as it has an unshared pair of electrons (that 
is, as long as it’s a Lewis base). If the nucleophile is negatively charged, 
the product is neutral, but if the nucleophile is neutral, the product is 
positively charged. 

yon 

Negatively charged Nu: Nut ae RLY — R—Nu + Y:~ 

Neutral Nu: Nuk or Rey v=o RNutet Yoo 

Because of the wide scope of nucleophilic substitution reactions, a great 

many kinds of products can be prepared from alkyl halides and tosylates. 

Table 11.1 lists some common nucleophiles and shows the products of their 

reactions with bromomethane. 

Although all the Sy2 reactions shown in Table 11.1 take place as indi- 

cated, some are much faster than others. What are the reasons for the 

reactivity differences? Why do some reagents appear to be much more 

“nucleophilic” than others? 
The answers to these questions aren’t straightforward and aren’t yet 

fully understood. Part of the problem is that the very term nucleophilic is 

imprecise. Although most chemists use the term nucleophilicity to mean a 

measure of the affinity of a species for a carbon atom in the Sy2 reaction, 

the reactivity of a given nucleophile can change somewhat from one reaction 

to the next. 
The exact nucleophilicity of a species in a given reaction depends on 

- the nature of the substrate, the identity of the solvent, and even the con- 

centration of the reagents. In order to speak with any precision, we must 
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TABLE 11.1 Some Sy2 Reactions with Bromomethane: 
Nu:~ + CHsBr —» NuCH3 + Br- 

SS a IS SE a IOI Oe 

Attacking nucleophile Product 

Formula Name Formula Name 

H:- Hydride CH, Methane 

CH,S a Methanethiolate CH;SCH3 Dimethy] sulfide 

HS a Hydrosulfide HSCH3 Methane thiol 

N=C:- Cyanide N=CCH3 Acetonitrile 

3 I 23 Iodide ICH3 TIodomethane 

HO = Hydroxide HOCH3 Methanol 

CH,O:- Methoxide CH,OCHs Dimethyl ether 

N=N=N:- Azide N;CH3 Azidomethane 

‘Ch: Chloride CICH, Chloromethane 
CH3;CO,:7 Acetate CH3;CO.CH3 Methy] acetate 

H,N Ammonia H3NCHs Br- Methylammonium bromide 

(CH3)3N : Trimethylamine ( CH,),NCHs Br- Tetramethylammonium bromide 

study the relative reactivity of various nucleophiles on a single substrate 
in a single solvent system. Much work has been carried out on the Sy2 
reactions of bromomethane in aqueous ethanol with the following results: 

CH3Br + Nu:~ —~> CHs3Nu + Br- 

Nu = HS7,,. GN: Jp 6 JCH.Og.. HOR Cle Ni rts 

Relative a5 125 100 25 16 1.0 0.7 0.001 
reactivity 

More “i : Less 
5 Reactivity as nucleophile : 

reactive \% reactive 

Although precise explanations for the observed nucleophilicities aren’t 
known, some trends can be detected in the data: 

1. Nucleophilicity roughly parallels basicity when comparing nucleo- 
philes that have the same attacking atom. Hydroxide ion, for exam- 
ple, is both more basic and more nucleophilic than water. Since 
“nucleophilicity” measures the affinity of a Lewis base for a carbon 
atom in the Sy2 reaction, and “basicity” measures the affinity of a 
base for a proton, it’s easy to see why there might be a rough cor- 
relation between the two kinds of behavior. 
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2. Nucleophilicity usually increases on going down a column of the 
periodic table. Thus, HS~ is more nucleophilic than HO-, and the 
halide reactivity order is I- > Br- > Cl-. 

PROBLEM Sab ee ee Nes) Nee SY OVAL RING Gi ATA G lea Palen! 4/6, /@ a6) eT eee 0," 9\'wi“il6:)e)iel'ecalfal’a.ater Maes ate lecal"bsfeiral 

11.4 What products would you expect from reaction of 1-bromobutane with these 
reagents? 
(a) Nal (b) KOH (© H—C=C—Li_ @) NH, 

PROBLEM Fe eae ee OU Tene, OGL S816 ie ieifeliase Te a .0, 8 (eb! 6 1a;'e:\: bi/0-b)'a ely Ole 1p) www ekehereanal ol eta (araere: 

11.5 The tertiary amine base quinuclidine reacts with CHsI 50 times as fast as triethyl- 
amine. Can you suggest a reason for this difference? 

RjN:? + CHsl —> R;N—CH;:I:- 

Ly (CHsCH,)3N: 

Quinuclidine Triethylamine 

MRCP EIA rect stetcale seta or ale Fer an ere a1 abate vs alah ens ls a lanes a un 5 ote ais 00 le" one Ole ER TTR TS ke 

11.6 Which reagent in each of the following pairs is more nucleophilic? Justify your 
choices. 
(a) (CH3)2N~ and (CH3)2.NH (b) (CH3)3B and (CH3)3N (c) H,O and H2S 

= Pare © piel ace aie in\e, satel ¢ le) s) ahes) ails ‘eta eld éiieysielrel ees ole (e) «| © aac 6) 0,10 ete) © 06) © 0.0) One elelpielaia isl ete ec 

THE LEAVING GROUP 

Another variable that can strongly affect the Sy2 reaction is the nature of 
the group displaced by the attacking nucleophile: the leaving group. Since 
the leaving group is expelled with a negative charge in most Sy2 reactions, 
we might expect the best leaving groups to be those that best stabilize the 
negative charge. Furthermore, since the stability of an anion is related to 

basicity, we can also say that the best leaving groups should be the weakest 
bases. 

As indicated on the following page, the weakest bases (anions derived 
from the strongest acids) are indeed the best leaving groups. The p-toluene- 
sulfonate (tosylate) leaving group is very easily displaced, as are iodide and 
bromide ion, but chloride and fluoride ion are much less effective as leaving 

- groups. 
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TosO- I Br7 Cl- F- HO-, H,N~, RO- 
. a 

Relative 60 30° 10 °° 02 0.001 =O 
reactivity 

r Hee ; Less 
hee o Reactivity as leaving group : 

reactive reactive 

The reason that stable anions (weak bases) make good leaving groups 
can be understood by looking at the transition state. In the transition state 
for an Sy2 reaction, the charge is distributed over both the attacking nucleo- 
phile and the leaving group. The greater the extent of charge stabilization 
by the leaving group, the more stable the transition state and the more 
rapid the reaction. 

Leaving group 

Transition state 

(Negative charge is delocalized 
over both Nu: and Y) 

It’s just as important to know which are poor leaving groups as to know 
which are good, and the preceding data clearly indicate that F~, HO-, RO-, 
and H2N~ are not displaced by nucleophiles. In other words, alky] fluorides, 
alcohols, ethers, and amines do not undergo Sy2 reactions under normal 
circumstances. 

PROBLEM... a tain’ sa «fi ae PARR eats bt adereianes Base meer 

11.7 Rank the following compounds in order of their expected reactivity toward Sy2 
reaction: 

— 

CH3Br, CH;OTos, (CH3)3CCl, (CH3)2CHC1 

eee em eee meee mee etree ere eee eee HEHEHE HEHEHE EEE E EEE EE HEHEHE EE EES 

THE SOLVENT 

The rates of many Sy2 reactions are affected by the solvent. Protic solvents, 
which contain —OH groups, are generally the worst solvents for Sy2 reac- 
tions; polar aprotic solvents, which have strong dipoles but don’t have 
—OH or —NH groups, are the best. 

Protic solvents such as methanol and ethanol slow down Sy? reactions 
by affecting the energy level of the nucleophilic reactant rather than the 
energy level of the transition state. Protic solvent molecules are able to form 
hydrogen bonds to negatively charged nucleophiles, orienting themselves 
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into a “cage” around the nucleophile. This solvation strongly stabilizes 
the nucleophile, decreasing its reactivity toward electrophiles in the Sy2 
reaction. 

OR 
| 
H 

RO—H---X:*-H—OR 

i 
OR 

A solvated anion 
(reduced nucleophilicity due to enhanced ground-state stability) 

In contrast to protic solvents, polar aprotic solvents favor Sy2 reac- 

tions. Particularly valuable are acetonitrile, CH3;CN; dimethylformamide, 
(CH3)2NCHO (abbreviated DMF); dimethy] sulfoxide, (CH3)2SO (abbrevi- 
ated DMSO); and hexamethylphosphoramide, [(CH3)2N]3PO (abbreviated 
HMPA). These solvents are able to dissolve many salts because of their high 
polarity, but they tend to surround the metal cations rather than the nucleo- 
philic anions. As a result, the unsolvated anions have a greater effective 
nucleophilicity in these solvents, and Sy2 reactions take place at corre- 
spondingly faster rates, as indicated below. Rate increases of over a million- 
fold have been observed in going from methanol to hexamethylphosphor- 
amide for the reaction of azide ion with 1-bromobutane: 

Solvent 
CH3;CH,CH,CH2Br Ts N37 a CH3;CH,CH,CH,N3 + Br7 

Solvent = HMPA CH;CN DMF DMSO HO CH3;0H 

Relative 
ee 200 5.0 2.8 1:3 0.007 0.001 

reactivity 

More " Fee SIS? Less 
ranckicg eactivity as solven renee 

Polar aprotic solvents increase the rate of Sy2 reactions by affecting 
the energy level of the nucleophilic reactant rather than the energy level 
of the transition state. They lower AG* by destabilizing (raising) the ground- 

state energy level of the nucleophile (Figure 11.8). 
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11.8 Normal organic solvents such as benzene, ether, and chloroform are neither protic 

nor strongly polar. What effect would you expect these solvents to have on Sy2 

reactions? 
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Reaction progress 

Sa SS Se Ee Ee ees ae 

Figure 11.8 The effect of solvent on S,2 reactions. The 
nucleophile is stabilized and less reactive in protic solvents but 
destabilized and more reactive in polar aprotic solvents. 

11.6 The S,1 Reaction 

As we’ve seen, the Sy2 reaction is favored by basic nucleophiles like hydrox- 
ide ion and is disfavored by protic solvents such as water and alcohol. As 
we've also seen, the reaction is sensitive to steric factors: Primary substrates 

react rapidly, secondary substrates react more slowly, and tertiary substrates 
are essentially inert to back-side attack by nucleophiles. 

Remarkably, a completely different picture emerges when different reac- 
tion conditions are used. When treated in protic solvents with nonbasic 
nucleophiles under neutral or acidic conditions, tertiary substrates often 
react several thousand times faster than primary or secondary ones. We 
noted in Section 10.8, for example, that the substitution reaction of alcohols 
with HX to yield alkyl halides is fastest for tertiary alcohols and slowest 
for methanol: 

R-— OH +} BX.) ——> R= X tHO 

R3;COH > R,CHOH > RCH,OH >CH3;0H 

3° 2° i? Methanol 

vo reactive reactive 

The same trend is noted in many substitution reactions in which sub- 
strates are heated with nonbasic nucleophiles in protic solvents: Tertiary 
substrates react much faster than primary or secondary ones. For example, 
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the relative rates of reaction of some alkyl halides with water shown below 
indicate that 2-bromo-2-methylpropane is more than 1 million times as reac- 
tive as bromoethane. 

RBr + H,O —» ROH + HBr 

(CH3)3CBr (CH3),CHBr CH;CH,Br CH;Br 

Relative 1,200 0.012 0.001 0.001 reactivity 

Reactivity reactive reactive 

What’s going on here? Clearly, nucleophilic substitution reactions are 
occurring, yet the reactivity order seems backward. These reactions can’t 
be taking place by the mechanism we’ve been discussing, and we must 
therefore conclude that an alternative substitution mechanism exists. This 
alternative mechanism is called the Syl reaction (for substitution, nucleo- 
philic, unimolecular). Let’s see what evidence is available concerning the 
Snl reaction. 

11.7 Kinetics of the S,1 Reaction 

The reaction of water with 2-bromo-2-methylpropane seems analogous to 
the reaction of hydroxide ion with bromomethane, and we might therefore 
expect to observe second-order kinetics. In fact, we do not. We find instead 
that the reaction rate is dependent only on the alkyl halide concentration 
but is independent of water concentration. In other words, the reaction is a 
first-order process. Only one molecule is involved in the step whose kinet- 
ics are measured. We can write the rate expression as follows: 

Reaction rate = Rate of disappearance of alkyl halide 

k x [RX] 

| 

The rate of this Syl reaction is equal to a rate coefficient k times the alkyl 
halide concentration. Nucleophile concentration does not appear in the rate 
expression. How can this result be explained? To answer this question, we 
must first learn more about kinetics measurements. 

Many organic reactions are rather complex and occur in successive 
steps. One of these steps is usually slower than the others, and we call this 
the rate-limiting step. No reaction can proceed faster than its rate-limiting 
step, which acts as a kind of traffic jam or bottleneck. The overall reaction 
rate that we actually measure in a kinetics experiment is determined by 
the height of the highest cumulative energy barrier (AG*) between a low 
point and a subsequent high point in the energy diagram of the reaction. 

- The hypothetical reaction energy diagrams in Figure 11.9 illustrate the idea 
of the rate-limiting step. 



376 CHAPTER 11 Reactions of Alky! Halides: Nucleophilic Substitutions and Eliminations 

Reaction progress ———>- Reaction progress 

(a) (b) 

Reaction progress Reaction progress 

(c) (d) 
( 

Se Se re ee 

Figure 11.9 Hypothetical reaction energy diagrams. The rate- 

limiting step in each is determined by the greatest cumulative 

difference in height between a low point and a subsequent high 

point. 

In Figure 11.9(a), the rate-limiting step is simply the height of the 
barrier from the starting material to the first transition state, whereas in 
(b) the rate-limiting step represents the cumulative barrier from starting 
material to the highest-energy, second transition state. In (c) the step cor- 
responding to the highest energy barrier is that from the stable intermediate 
to the second transition state, and in (d) the highest barrier is that from 
starting material to the first transition state. With this as background, let’s 
look further into the kinetics of the Sy1 reaction. 

The observation of first-order kinetics for the Syl reaction of 2-bromo- 
2-methylpropane with water indicates that the alkyl halide is involved in 
a unimolecular rate-limiting step. In other words, 2-bromo-2-methylpro- 
pane undergoes some manner of spontaneous reaction without assistance 
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ia 
H,C a Cc ar Br 

as 
Spontaneous dissociation of the CH; 
alkyl bromide occurs in a slow, 
rate-limiting step to generate a | Rate-limiting 
carbocation intermediate plus one 
bromide ion. ——— 

i 
oon ea Br- 

CH, = 

>OH, 
Carbocation 

The carbocation intermediate reacts 

with water as nucleophile in a fast Fast 
step to yield protonated alcohol as step 
product. 

CH; 

H,C i ef C=C 
\> 

CH, Hy 
>OH, 

Loss of proton from the protonated 
alcohol intermediate then gives the | 
neutral alcohol product. 

CH; 

Eee + H,0* 

CH; 

See Se ee eee 

Figure 11.10 The mechanism of the S,1 reaction of 2-bromo-2- 

methylpropane with water. Three steps are involved, with the first 

one rate-limiting. 

from the nucleophile. The mechanism shown in Figure 11.10 accounts for 
the kinetic observations. 

Unlike what happens in an Sy2 reaction, in which the leaving group 
is displaced at the same time that the incoming nucleophile is approaching, 
an Syl reaction takes place by unassisted loss of the leaving group before 
the incoming nucleophile approaches. 2-Bromo-2-methylpropane sponta- 
neously dissociates to the tert-butyl carbocation plus bromide ion in a slow, 
rate-limiting step, and the intermediate ion is then immediately trapped 
by nucleophilic water in a fast step so that first-order kinetics are obtained. 

- Water plays no role in the step whose rate is measured by kinetics. The reaction 
energy diagram is shown in Figure 11.11. 
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Rook a 

Carbocation 

intermediate 

Reaction progress ——— > 

a I 

Figure 11.11 A reaction energy diagram for an S,1 reaction. The 

rate-limiting step is the spontaneous dissociation of the alkyl halide. 

11.8 Stereochemistry of the S,1 Reaction 

If Sy1 reactions occur through carbocation intermediates, the stereochem- 
ical consequences should differ from those for Sy2 reactions. Since carbo- 
cations are planar, sp?-hybridized species, they are achiral. Thus, if we carry 
out an Syl reaction on one enantiomer of a chiral starting material and go 
through an achiral carbocation intermediate, then the product must be opti- 
cally inactive. The symmetrical intermediate carbocation can be attacked 
by a nucleophile equally well from either side, leading to a 50:50 mixture 
of enantiomers—a racemic mixture (Figure 11.12). 

The prediction that Syl reactions on optically active substrates should 

lead to racemic products is exactly what’s observed. Surprisingly, though, 
few Syl displacements occur with complete racemization. Most give a minor 
(0—20%) excess of inversion. For example, the reaction of optically active 
(R)-6-chloro-2,6-dimethyloctane with water leads to an alcohol product that 
is approximately 80% racemized and 20% inverted (80% R,S + 20% S is 
the same as 40% R + 60% S): 

Cie CoH. CoH; 
\ 

( 

; s aN } 
HsCasqeGpely cutid enters earlier cate + HCl 

vhs C,H;0H ff 

(CHy)3CH(CHsg)o (CHy)3CH(CHs)» (CHy)sCH(CHs)2 

(R)-6-Chloro- 40% R 60% S 
2,6-dimethyloctane (retention) (inversion) 
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2 ) Chiral substrate 

Dissociation 

50% inversion of Planar, achiral carbocation 50% retention of 

configuration intermediate configuration 

Figure 11.12 Stereochemistry of the S,1 reaction. An optically 
active starting material must give a racemic product. 

PROBLEM... 

11.9 

The situation is complex, and the reasons for the lack of complete race- 
mization in most Sy1 reactions aren’t completely clear. An attractive sug- 
gestion, first proposed by Saul Winstein,* is that ion pairs are involved. 
According to this suggestion, dissociation of the substrate occurs to give a 
complex in which the two ions are still loosely associated and in which the 
carbocation is effectively shielded from nucleophilic attack on one side by 
the departing ion. If a certain amount of substitution occurs before the two 
ions fully diffuse away from each other, then a net inversion of configuration 
will be observed (Figure 11.13). 

Seem eee we ewe eter ere ee eee Heese eeeeeHeeeeeeEeeeeEESeeeeeEe 

What product(s) would you expect from reaction of (S)-3-chloro-3-methyloctane with 
acetic acid? Show the stereochemistry of both starting material and product. 

4Saul Winstein (1912-1969); b. Montreal; Ph.D., California Institute of Technology (Lucas); 
professor, University of California, Los Angeles (1942-1969). 
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This side open This side shielded 
to attack from attack 

—|@-=6’@ |-/e--6-—-@ 
Ion pair Free carbocation 

Inversion Racemization 

Sa eee 

Figure 11.13 The ion-pair hypothesis. The leaving group 

effectively shields one side of the developing carbocation 

intermediate from attack by added nucleophile, thereby leading to 

some inversion of configuration rather than complete racemization. 

11.10 Among the numerous examples of Sy1 reactions that occur with incomplete race- 
mization is one reported by Winstein in 1952. The optically pure tosylate of 2,2- 
dimethyl]-1-phenyl-1-propanol ([a]p = —30.3°) was heated in acetic acid to yield the 
corresponding acetate ([a]p = +5.3°). Ifcomplete inversion had occurred, the optically 
pure acetate would have had [a]p = +53.6°. What percentage racemization and what 
percentage inversion occurred in this reaction? 

- OTos OAc 

| HOAc 
(CH3)3,C—CH ret (CH3)3sC—CH + HOTos 

[alp = —30.3° Observed [a]lp = +5.3° 
(optically pure [a]lp = +53.6°) 

CHC EHC CHT FCETCERCKO HO RO HOO ROCKO CRRCOReR EUS R OOO SUECE OSSD UOC OC CEC RRS 

11.9 Characteristics of the S,1 Reaction 

Just as the Sy2 reaction is strongly influenced by such variables as solvent, 
leaving group, substrate structure, and nature of the attacking nucleophile, 
the Sy1 reaction is similarly influenced. Factors that lower AG*, either by 
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stabilizing the transition state leading to carbocation formation or by raising 
the reactant energy level, favor faster Sy1 reactions. Conversely, factors 
that raise AG*, either by destabilizing the transition state leading to a car- 
bocation or by lowering reactant energy level, slow down the Syl reaction. 

THE SUBSTRATE 

According to the Hammond postulate, any factor that stabilizes a high- 
energy intermediate should also stabilize the transition state leading to that 
intermediate. Since the rate-limiting step in the Syl reaction is the spon- 
taneous, unimolecular dissociation of the substrate, we would expect the 

reaction to be favored whenever stabilized carbocation intermediates are 
formed. This is exactly what’s found: The more stable the carbocation inter- 
mediate, the faster the Syl reaction. 

We've already seen (Section 6.11) that the stability order of alkyl car- 
bocations is 3° > 2° > 1° > —CHs. To this list we must now add the resonance- 
stabilized allyl and benzyl] cations: 

+ + 
H,C—CH—CH, CH, 

Allyl carbocation 

il 

Benzyl! carbocation 

We saw in Sections 10.6 and 10.7 that allylic radicals have unusual 
stability because the unpaired electron can be delocalized over an extended 
pi orbital system. The same is true for allylic and benzylic carbocations 
(benzylic = next to aromatic ring). Delocalization of the positive charge 
over the extended pi orbital system of these carbocations results in unusual 
stability. As Figure 11.14 indicates, an allylic cation has two equivalent 
resonance forms. In one form the double bond is on the “left,” and in the 
other form the double bond is on the “right.” A benzylic cation, however, 
has four resonance forms. These four forms are not equivalent, but all four 
make substantial contributions to the overall resonance hybrid. 

As a result of the resonance stabilization in allylic and benzylic car- 
bocations, carbocations have the following stability order. Note that a pri- 
mary allylic or benzylic carbocation is approximately as stable as a secondary 
alkyl carbocation. Similarly, a secondary allylic or benzylic carbocation is 
about as stable as a tertiary alkyl carbocation. 

, H 
+ 

CH= C= ee ~ eZ 1 1 > ee = ig 

| 
CH, H H H et H 

(secondary) (benzyl) (allyl) (primary) (methyl) (tertiary) 

More Less 

0 a 
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Allyl carbocation 

i t 
H Po Mae, i. Ho ZG my H 

H H H H 

Benzyl carbocation 

H H H H 
| emi 

C 

Figure 11.14 — Resonance forms of allylic and benzylic 

carbocations. 

The stability order of carbocations is exactly the order of Sy1 reactivity for 
alkyl halides and tosylates. 

Parenthetically, it should be noted that allylic and benzylic substrates 
are particularly reactive in S,2 reactions as well as in Syl reactions. Allylic 
and benzylic C—X bonds are weaker by about 10 kcal/mol than are the 
corresponding saturated bonds and are therefore more easily broken. 

‘ 
CH 

CH,CH,—Cl H,C=CHCH;—Cl ede ” 

81 kcal/mol 69 kcal/mol 70 kcal/mol 

er er 2 od 

11.11 Rank the following alkyl halides in order of their expected Sy1 reactivity. 

CH;CH,Br, H,C=CHCH(Br)CHs3, H,C—CHBr, CH;CH(Br)CH3 

11.12 How can you account for the fact that 3-bromo-l-butene and 1-bromo-2-butene 

undergo Syl reaction at nearly the same rate even though one is a secondary halide 
and the other is primary? 

SOOO HOHE OH EEE HHH HEHEHE HEE HEHEHE HEHEHE HEHEHE EEE HERE EE EOD 
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THE LEAVING GROUP 

During the discussion of Sy2 reactivity, we reasoned that the best leaving 
groups should be those that are most stable—that is, the conjugate bases 
of strong acids. An identical reactivity order is found for the Sy1 reaction, 
because the leaving group is intimately involved in the rate-limiting step. 
Thus, we find the Sy1 reactivity order to be 

losO> >. 1-2 Br> (Cie = HO 

More 

reactive 

Less 

reactive 
Reactivity 

Note that in the Syl reaction, which is often carried out under acidic 
conditions, neutral water can act as a leaving group. This is the case, for 
example, when an alkyl halide is prepared from a tertiary alcohol by reaction 
with HBr or HCl (Section 10.8). The alcohol is first protonated and then 

loses water to generate a carbocation. Reaction of the carbocation with halide 
ion then yields the alkyl halide (Figure 11.15). 

Realizing that an Syl reaction is involved in the conversion of alcohols 
to alkyl halides makes it easier to understand why the reaction works well 
only for tertiary alcohols: Tertiary alcohols react fastest because they give 
the most stable carbocation intermediates. 

THE NUCLEOPHILE 

PROBLEM 

The nature of the attacking nucleophile plays a major role in the Sy2 reac- 
tion. Should it play an equally major role in the Syl reaction? The answer 
is no. The Syl reaction, by its very nature, occurs through a rate-limiting 
step in which the added nucleophile plays no kinetic role. The nucleophile 
does not enter into the reaction until after rate-limiting dissociation has 
occurred and thus cannot affect the rate of the reaction. The reaction of 2- 
methyl-2-propanol with HX, for example, occurs at the same rate regardless 

of whether X is Cl, Br, or I: 

es a 

Binge at # + HX ——> Sark Way aan sh H,0 

CH3 CH; 

2-Methyl-2-propanol (same rate for X = Cl, Br, I) 

eter ee) Sih yaaa (x itete) Beha eheila ain eer aLere shew imia wiles @'e siete ele @)e. «80, 0 eer siareye ee ele 

11.13 How do you account for the fact that 1-chloro-1,2-diphenylethane reacts with the 

ed 

- nucleophiles fluoride ion and triethylamine at exactly the same rate? 

Sates Sale che ale eis de BLS hee Aele a O16 e616, @LesP 61 @L.6 8 A8 10 10.6 Cece (0.0/0, 06. 8'9 106) 08.9.8 
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GH goes) He 

CH,—C— OH 

bu, 
The —OH group is first protonated | 
by HBr. 

CH; 
gene 

CHg a. C ae OH, ate Bre 

CH, 

Spontaneous dissociation of the 
protonated alcohol occurs in a | 
slow, rate-limiting step to yield a 
carbocation intermediate plus water. 

od 
Carbocation SOBA ih + H,O 

CH3 
The carbocation intermediate reacts 
with bromide ion in a fast step to :Bri- 
yield the neutral substitution | sd 

product. 

re 
CHs= { == Br 

CH, 

Figure 11.15 The mechanism of the S,1 reaction of a tertiary 

alcohol with HBr to yield an alkyl halide. Neutral water is the ( 

leaving group. 

THE SOLVENT 

What about solvent? Does it have the same kind of effect in Syl reactions 
that it has in Sy2 reactions? The answer is both yes and no. Yes, solvents 
have a large effect on Syl reactions just as they do on Sy2 reactions, but 
no, the reasons for their effects are not the same. Solvent effects in the Sy2 
reaction are due to stabilization or destabilization of the nucleophile reac- 
tant. Solvent effects in the Sy1 reaction, however, are due to stabilization 

of the transition state. Let’s look again at the Hammond postulate to see the 
effect of solvent on the transition state. 

The Hammond postulate (Section 6.12) says that any factor stabilizing 
the intermediate carbocation should increase the rate of reaction. Solva- 
tion—the stabilization of the carbocation by interaction with solvent mol- 

ecules—can have just such an effect. Although the exact nature of 
carbocation stabilization by solvent is not easily defined, we might picture 
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the solvent molecules orienting themselves around the cation in such a 
manner that the electron-rich ends of the solvent dipoles face the positive 
charge (Figure 11.16). 

Figure 11.16 Solvation of a carbocation by water. The electron- 
rich oxygen atoms of solvent surround the positively charged 
carbocation to stabilize it. 

The properties of a solvent that contribute to its ability to stabilize ions 
by solvation aren’t fully understood but are related to the polarity of the 
solvent. Polar solvents such as water, methanol, dimethy] sulfoxide, and so 
forth are good at solvating ions, but most ether and hydrocarbon solvents 
are very poor at solvating ions. 

Solvent polarity is usually expressed in terms of dielectric constants, 
€, which measure the ability of a solvent to act as an insulator of electric 
charges. Solvents of low dielectric constant such as hydrocarbons are non- 
polar, whereas solvents of high dielectric constant such as water are polar. 
Table 11.2 lists the dielectric constants of some common solvents. 

TABLE 11.2 Dielectric Constants of Some Common Solvents 

Dielectric | Dielectric 
Name constant Name constant 

Aprotic solvents | Protic solvents 

Hexane 1.9 Acetic acid 6.2 

Benzene 2.3 Ethanol 24.3 

Diethyl ether , 4.3 Methanol 33.6 

Chloroform 4.8 Formic acid 58.0 

Hexamethylphosphoramide 30 Water 80.4 

(HMPA) 

Dimethylformamide (DMF) 38 

Dimethy] sulfoxide 48 

(DMSO) 
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Syl reactions take place much more rapidly in highly polar solvents 
than in nonpolar solvents. In the reaction of 2-chloro-2-methylpropane, for 
example, a rate increase of 100,000 is observed on going from the polar 
solvent ethanol to the even more polar solvent water. The rate increases on 
going from hydrocarbon solvents to water are too large to measure 

accurately. 

80% aqueous 40% aqueous 
pies ethanol ethanol eS 

eure 100 14 0.1 0.001 
reactivity 

More es Less 
reactive Liksbnshablaa reactive 

It should be emphasized again that both Sy1 and Sy2 reactions show 
large solvent effects, but that they do so for different reasons. Sy2 reactions 
are disfavored by protic solvents because the ground-state energy level of 
the attacking nucleophile is lowered by solvation. Sy1 reactions, however, 
are favored by protic solvents because the transition-state energy level lead- 
ing to carbocation intermediate is lowered by solvation. Compare the Syl 
reaction energy diagram in Figure 11.17 to that in Figure 11.8, where the 
effect of solvent on the Sy2 reaction is illustrated. 

Reaction progress 

ne ee) 

Figure 11.17 The effect of solvent on S,I reactions. Both ground- 

state and transition-state energy levels are lowered by solvation in 

polar solvents, but the effect on transition state is much greater. 

(Red curve, nonpolar solvent; green curve, polar solvent.) 
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11.14 As indicated in Problem 11.3, halides such as the one shown here are inert to Sn2 

eee eee ene 

11.10 

displacement. Perhaps more surprisingly, they’re also unreactive to Sy1 substitution, 
even though they’re tertiary. Considering the planar geometry of carbocations, can 
you suggest a reason for this low reactivity? (Molecular models may be helpful.) 

SOTO OS 0 581E HBG 18) 6 6 10) 6.615 6.0 We Cees 6 0 6 ab (00 v.60) C1 e)0 @ 6 0) 6b 10) 6 8s) 6 vle.e see 6 

Elimination Reactions of Alkyl 
Halides 

We began this chapter by saying that two kinds of reactions are possible 
when a nucleophile/Lewis base attacks an alkyl halide. Either the reagent 
can attack at carbon and substitute for the halide or it can attack at hydrogen 
and cause elimination of HX to form an alkene. 

H H OH 
e e ‘ re \ i 

Substitution a ON CoO ie 

Br 

H 
° ° e \ wee \ f- 

Elimination -C—C + OH- ——> C=C + HO + Bro 
: Fm / \ 

ce 

Elimination reactions are more complex than substitution reactions for 
several reasons. There is, for example, the problem of regiochemistry: What 
products result from dehydrohalogenation of unsymmetrical halides? In fact, 
elimination reactions almost always give mixtures of alkene products, and 

the best we can usually do is to predict which will be the major product. 
According to a rule formulated by the Russian chemist Alexander Zait- 

sev,° base-induced elimination reactions generally give the more highly 
substituted alkene product—that is, the alkene with more alkyl] substituents 
on the double-bond carbons. In the following two examples, Zaitsev’s rule 
is clearly applicable. The more highly substituted alkene product predom- 
inates in both cases when sodium ethoxide in ethanol is used as the base. 

- 5Alexander M. Zaitsev (1841-1910); b. Kasan, Russia (name also spelled Saytzeff, according 
to the German pronunciation). 
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11.11 

Br 

| Pie 
CH;CH,CHCH; a cat a CH;CH=CHCH, + CH,CH,CH=CH, 

3 20 

2-Bromobutane 2-Butene 1-Butene 

(81%) (19%) 

Br CH3 

| CH,CH,07 Na* | 
a ake fee ec CH,;CH =C(CH3)2 + CH3CH2C =CH2 

os CH; 2-Methyl-2-butene 2-Methyl]-1-butene 
(70%) (30%) 

2-Bromo-2-methylbutane 

The elimination of HX from an alkyl halide is a general reaction and 
an excellent method for preparing alkenes. The subject is complex, however, 
because elimination reactions can take place through a variety of different 
mechanistic pathways just as substitutions can. We’ll consider two of them: 
the El and E2 reactions. 

CPO O ewe eee reese eee eee ene eeee eee eeeeeeee 

What products would you expect from elimination reactions of these alkyl halides? 
Which product will be major in each case? 

HS ee ee ik at 

(a) CH;CH,CHCHCH; (b) CH;CHCH,— 1 — CHCH3; 

CH, 

The E2 Reaction 

The E2 reaction (for elimination, bimolecular) takes place when an alkyl 
halide is treated with a strong base such as hydroxide ion or alkoxide ion 
(RO~). It is the most commonly occurring pathway for elimination and can 
be formulated as shown in Figure 11.18. 

Like the Sy2 reaction, the E2 reaction takes place in one step without 
intermediates. As the attacking base begins to abstract a proton from a 
carbon next to the leaving group, the C—H bond begins to break, a new 
carbon—carbon double bond begins to form, and the leaving group begins to 
depart, taking with it the electron pair from the C—X bond. 



Base (B:) attacks a neighboring hydrogen and 
begins to remove the H at the same time as the 
alkene double bond starts to form and the X 
group starts to leave. 

Neutral alkene is produced when the C—H bond 
is fully broken and the X group has departed 
with the C—X bond electron pair. 
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H R \ / 

Reo Cee?) 
R xX 

B-+--H. R t 
at ‘ if 

Roe j 
ri e 
R AG 

Transition state 

CC + B—H + :X7 

Figure 11.18 Mechanism of the E2 reaction of an alkyl halide. 

The reaction takes place in a single step through a transition state 

in which the double bond begins to form at the same time the H 
and X groups are leaving. 

One piece of evidence supporting this mechanism is the measurement 
of reaction kinetics. Since both base and alkyl halide enter into the rate- 
limiting step, E2 reactions show second-order kinetics. In other words, E2 
reactions follow the rate law: 

Rate = k X [RX] xX [Base] 

A second and more compelling piece of evidence involves the stereo- 
chemistry of E2 eliminations. As indicated by a large amount of experi- 
mental data, E2 reactions are stereospecific. Elimination always occurs from 
a periplanar geometry, meaning that all four reacting atoms—the hydro- 
gen, the two carbons, and the leaving group—lie in the same plane. Two 
such geometries are possible: syn periplanar geometry, in which the H and 
the X are on the same side of the molecule; and anti periplanar geometry, 
in which the H and the X are on opposite sides of the molecule. Of the two 
choices, anti periplanar geometry is energetically preferred because it allows 
the two carbon centers to adopt a staggered relationship, whereas syn geom- 

- etry requires that the substituents on carbon be eclipsed. 
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H | - HX 
H S a= H mG 

‘ok nay ie Te 
—C —S xX —C aS 

XxX 

Anti periplanar geometry Syn periplanar geometry 

(staggered, lower energy) (eclipsed, higher energy) 

What’s so special about periplanar geometry? Because the original C-H 
and C-X sp? sigma orbitals in the starting material must overlap and 
become p pi orbitals in the alkene product, there must also be partial overlap 
in the transition state. This can occur only if all the orbitals are in the same 
plane to begin with—that is, if they’re periplanar (Figure 11.19). 

Anti periplanar \% ms gy [ 

Alkene 
Anti transition state product 

SSS ee 

Figure 11.19 The transition state for the E2 reaction of an alkyl 
halide with base. Partial overlap of the developing p orbitals in 

the transition state requires periplanar geometry of the starting 
material. 
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It might help to think of E2 elimination reactions with periplanar geom- 
etry as being similar to Sy2 reactions with 180° geometry. In an Sy2 reaction, 
an electron pair from the incoming nucleophile pushes out the leaving group 
on the opposite side of the molecule (back-side attack). In an E2 reaction, 
an electron pair from a neighboring C—H bond pushes out the leaving group. 
on the opposite side of the molecule (anti periplanar). 

Anti periplanar geometry for E2 eliminations has definite stereochem- 
ical consequences that provide strong evidence for the proposed mechanism. 
To take just one example, meso-1,2-dibromo-1,2-diphenylethane undergoes 
E2 elimination on treatment with base to give only the pure E alkene with 
the benzene rings (phenyl groups) cis. None of the isomeric Z alkene is 
formed because the transition state leading to the Z alkene would have to 
have syn periplanar geometry. 

Base :——~ 

HEN _-Ph Hv Ph 
nN C KOH Ze 

08D 7 Behan cf a 

Br Ph Br Ph 

H Ph 
Br Ph 

meso-1,2-Dibromo-1,2-diphenylethane (E)-1-Bromo-1,2-diphenylethylene 

Br Ph 

Br 

PRACTICE PROBLEM... ... 0.0... ccccinecceseessneese renee cceee sis 

What stereochemistry would you expect for the alkene obtained by E2 elimination 

of (1,S,2S)-1,2-dibromo-1,2-diphenylethane? 

Solution First draw (1S,2S)-1,2-dibromo-1,2-diphenylethane so that you can see its 

stereochemistry and so that the -H and -Br groups to be eliminated are anti peri- 

planar (molecular models are extremely helpful here). Keeping all substituents in 

approximately their same positions, eliminate HBr and see what alkene results. The 

product is (Z)-1-bromo-1,2-diphenylethylene. 

He | wer? evs) he 

rk Ps 
nit copalhe Br Pn 

(1S,2S)-1,2-Dibromo-1, 2-diphenylethane (Z)-1-Bromo-1,2-diphenylethane 

PRROBULEIM sie cd crate covuuacso.0) > Aigne mi sieve sieisinioie ere eleiclninielelele # ieee sis. cueiaie joie slinioiei¢ieies 

11.16 What stereochemistry would you expect for the alkene obtained by E2 elimination 

- of (1R,2R)-1,2-dibromo-1,2-diphenylethane? Draw a Newman projection of the react- 

ing conformation. 
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11.17 1-Chloro-1,2-diphenylethane can undergo E2 elimination to give either cis- or trans- 

11.12 

1,2-diphenylethylene (stilbene). Draw Newman projections of the reactive confor- 
mations leading to both cis- and trans-1,2-diphenylethylene. Look at both confor- 
mations and suggest a reason why the trans alkene is the major product. 

C 

Crh = Cyan) 
1-Chloro-1,2-diphenylethane trans-1,2-Diphenylethylene 

Elimination Reactions and 
Cyclohexane Conformation 

Anti periplanar geometry for E2 reactions is particularly important in cyclo- 
hexane rings where rigid chair-like geometry forces a specific relationship 
between the substituents on neighboring carbon atoms (Section 4.10). As 
pointed out by Derek Barton® in a landmark 1950 paper, much of the chem- 
ical reactivity of substituted cyclohexanes is controlled by conformational 
effects. Let’s look at the E2 dehydrohalogenation of chlorocyclohexanes to 
see the effect of conformation on reactivity. 

The anti periplanar requirement for E2 reactions can be met in cyclo- 
hexanes only if the hydrogen and the halogen are trans diaxial (Figure 
11.20). If either the halogen or the hydrogen is equatorial, E2 elimination 
can’t occur. 

The elimination of HCl from the menthy] chlorides (Figure 11.21) pro- 
vides a good illustration of this trans-diaxial requirement. Neomenthy] thlo- 
ride undergoes elimination of HCl on reaction with ethoxide ion 200 times 
as fast as menthyl chloride. Furthermore, neomenthyl] chloride yields 3- 
menthene as the sole alkene product, whereas menthy] chloride yields pri- 
marily 2-menthene. 

We can understand this difference in reactivity by looking at the most 
favorable chair conformations of the reactant molecules. Neomenthy] chlo- 
ride should have the conformation shown in Figure 11.21(a) with the two 
large substituents, methyl and isopropyl, equatorial. In this conformation, 
chlorine is rigidly held in an axial orientation—the perfect geometry for E2 
elimination with loss of the hydrogen atom at C4 to yield the more substi- 
tuted alkene product 3-menthene. 

®Derek H. R. Barton (1918— ); b. Gravesend, England; Ph.D. and D.Sc. London (Heilbron, 
E. R. H. Jones); professor, Birkbeck College, Harvard, Glasgow, Imperial College, London, 
Institut de Chimie des Substances Naturelles, Gif-sur-Yvette, France, Texas A.&M.; Nobel 
Prize (1969). 
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En eee 

Axial chlorine: H and Cl are anti periplanar 

__Base_ 

Mia tector reaction wie) 

Equatorial chlorine: H and Cl are not anti periplanar 

H+ H 

Cl 

= H Base No reaction from Epi. 

H Cl this conformation 

H 

=e eS 

Figure 11.20 Geometric requirements for E2 reaction in 

cyclohexanes. The leaving group and the hydrogen must both be 

axial for anti periplanar elimination to occur. 

veri diaxial 
aH . Ae on ww H3C 

"os "pepe Hn aed s 
Fast xy CH(CH3)o Na* -OCH,CHa, CH(CH3)> 

ethanol 

Neomenthy] chloride 3-Menthene 

(a) 

Hie 

HC rc H CH(CHs)2 CH(CHs)> 
1) OB [ women, 

Trans diequatorial 2-Menthene 

Menthy] chloride 
Ring-flip Ring-flip 

Trans es CH(CH;), CH(CHs). 

Fast 

Na* -OCHCHs, 
Le ethanol 

CH; Cl CHs 

(b) 

Sear ee ee eee 

Figure 11.21 Dehydrochlorination of menthyl and neomenthyl 
chlorides. Neomenthy! chloride can lose HCI from its more stable 

conformation, but menthy! chloride must first ring-flip before HCl 

loss can occur. 
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Menthy] chloride, by contrast, has the geometry shownin Figure 11.21(b), 
in which all three substituents are equatorial. Since the chlorine is equa- 
torial, it can’t undergo E2 elimination. In order to achieve the necessary 
geometry for elimination, menthyl] chloride must first ring-flip to a higher- 
energy chair conformation, in which all three substituents are axial. Then 
E2 elimination occurs with loss of the only possible trans-diaxial hydrogen, 
leading to 2-menthene. The net effect of the simple change in chlorine ste- 
reochemistry is a 200-fold decrease in reaction rate and a complete change 
of product. The chemistry of the molecule is controlled by conformational 
effects. 

CeCe ame eee esse reeesesesereresereeeeeeseeeeserSsseoresesess 

Which isomer would you expect to react faster under E2 elimination conditions, 
trans-1-bromo-4-tert-butylcyclohexane or cis-1-bromo-4-tert-butylcyclohexane? Draw 
each molecule in its more stable chair conformation and explain your answer. 

CRP CeCe meee meee HHA O Cee TEM EHH OCC OEE EDEL ES HEHE OS CED OS 

11.13 The Deuterium Isotope Effect 
I a IE OE ES LE SET 

One final piece of evidence in support of the E2 mechanism is provided by 
a phenomenon known as the deuterium isotope effect. For reasons that 
we won't go into, a carbon—hydrogen bond is weaker by a small amount 
(about 1.2 kcal/mol) than a corresponding carbon—deuterium bond is. Thus, 
a C-H bond is more easily broken than an equivalent C—D bond, and the 
rate of C-H bond cleavage is therefore faster. As an example of how this 
effect can be used to obtain mechanistic information, the base-induced elim- 
ination of HBr from 1-bromo-2-phenylethane proceeds 7.11 titnes as fast 
as the corresponding elimination of DBr from 1-bromo-2,2-dideuterio-2- 
phenylethane: 

—_ 

H 
| 

Faster reaction € \-c-op, _ Base. € \-cu=cu, 

H 

1-Bromo-2-phenylethane 

D 

| ase 
Slower reaction a CH.Br Pia (So Obl 

D 

1-Bromo-2,2-dideuterio-2-phenylethane 

This result tells us that the C—H (or C-D) bond is broken in the rate-limiting 
step and is thus fully consistent with our picture of the E2 reaction as a 
one-step process. If it were otherwise, we couldn’t measure a rate difference. 
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11.14 The E1 Reaction 
Sa ST RE RR ISTE EO 

Just as the Sy2 reaction is analogous to the E2 reaction, the Sy1 reaction 
also has a close analog: the E1 reaction (for elimination, unimolecular). 
The E1 reaction can be formulated as shown in Figure 11.22 for the elim- 
ination of HC] from 2-chloro-2-methylpropane. 

Cl 
i 

CH -@ (ii. 

CH, 
Spontaneous dissociation of the 
tertiary alkyl chloride yields an | Bate: 
intermediate carbocation in a slow, limiting 
rate-limiting step. 

ia :Base 
Hee oof) | 

Carbocation a — 1 —H +Cl- 

H;C H 

Loss of a neighboring H* in a fast 
step yields the neutral alkene 

product. The electron pair from the | Fas 
C-H bond goes to form the alkene pi 
bond. CH, H 

C=C 
/ N 
CH, H 

SSE TS EE eee Se eee 

Figure 11.22 Mechanism of the El reaction. Two steps are 

involved, the first of which is rate-limiting, and a carbocation 

intermediate is present. 

K1 eliminations begin with the same spontaneous dissociation of a 

halide that we saw in the Syl reaction, but the dissociation is followed this 
time by loss of a proton from the intermediate carbocation. In fact, the E1 
mechanism normally occurs in competition with Sy1 reaction when an alkyl 
halide is treated in a protic solvent with a nonbasic nucleophile. Thus, the 
best substrates are those that are also subject to Sy1 reaction, and mixtures 
of products are almost always obtained. For example, when 2-chloro-2- 
-methylpropane is warmed to 65°C in 80% aqueous ethanol, a 64:36 mixture 
of 2-methyl1-2-propanol (Sy1) and 2-methylpropene (E1) is obtained: 
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ie ina nepery 
Ha Frat *O, ethanol H.C—C—OH + c= 

CH, CH, CH; H 

2-Methy]1-2- nol 2-Methylpropene 
2-Chloro-2-methylpropane e nae (36%) 

Much evidence has been obtained in support of the E1 mechanism. As 
expected, E1 reactions show first-order kinetics consistent with a sponta- 
neous dissociation process: 

Rate = k x [RX] 

A second piece of evidence involves the stereochemistry of elimination. 
Unlike the E2 reaction, where periplanar geometry is required, there is no 
geometric requirement on the El reaction. The intermediate carbocation 
can lose any available proton from a neighboring position. We might there- 
fore expect to obtain the more stable (Zaitsev’s rule) product from E1 reac- 
tion, which is just what we find. To return to a familiar example, menthyl 
chloride loses HC] under E1 conditions to give a mixture of alkenes in which 
the Zaitsev product, 3-menthene, predominates (Figure 11.23). 

One final piece of evidence is that no deuterium isotope effect is found 
for E1 reactions because rupture of the C—H (or C—D) bond occurs after the 
rate-limiting step, rather than during it. Thus, we can’t measure a rate 
difference between a deuterated and nondeuterated substrate. 

11.15 Summary of Reactivity: 
Sul, Sy2, El, E2 ( 

Snl, Sn2, E1, E2—how can you keep it all straight? How can you predict 
what will happen in any given case? Will substitution or elimination occur? 
Will the reaction be bimolecular or unimolecular? There are no rigid answers 
to these questions, but it is possible to recognize some broad trends and 
make some generalizations about what to expect. 

1. Primary alkyl halides undergo substitution by an Sy2 mechanism 
if a good nucleophile such as RS~, I~, CN~, NHs, or Br7 is used. If 
a strong, bulky base such as tert-butoxide is used, E2 elimination 
takes place: 

CH3CH,0*~ 
Ethanol 

CH;CH,CH= CH, st CH3CH,CH,CH2,0CH.CH, 

CH,CH,CH,CH.Br 1-Butene (10%) Butyl ethyl ether (90%) 

1-Bromobutane \ (CHa)3CO #7 
CH3;CH,CH=CH, + CH3;CH,CH,CH,OC(CH3), 

1-Butene (85%) Butyl tert-butyl ether (15%) 
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CH(CH3), 

a ext os 
Menthyl chloride Cl 

E2 conditions 

1.0M Na* ~OCH,CH3 E1 conditions 
Ethanol, 100°C 0.01M Nat ~-OCH.CH, 

80% aqueous ethanol, 160°C 

CH(CHs3)2 i 
H(CH3)o 

a ae 

2-Menthene (100%) 

CH(CHs3)o i 
2-Menthene (32%) 

HC i | 
CH(CH3)2 

3-Menthene (68%) 

SSeS ee 

Figure 11.23 Elimination reactions of menthyl chloride. 

E2 conditions (strong base) lead to 2-menthene, whereas E1 

conditions (very dilute base) lead to a mixture of 2-menthene 

and 3-menthene. 

2. Secondary alkyl halides undergo both Sy2 substitution and E2 elim- 
ination, and a mixture of products often results. If a polar aprotic 
solvent such as hexamethylphosphoramide is used with a good 
nucleophile or a weak base, Sy2 substitution usually predominates. 
If the same secondary halide is treated with a strong base such as 
ethoxide ion, hydroxide ion, or amide ion, however, E2 elimination 
occurs. For example, 2-bromopropane undergoes different reactions 
when treated with ethoxide ion (strong base—E2) and with acetate 
ion (weak base—Syn2) as seen on the next page. 

Secondary alkyl] halides, particularly allylic and benzylic ones, 
can also undergo Syl and E1 reactions if weakly basic nucleophiles 
are used in protic solvents such as ethanol or acetic acid. Mixtures 
of products are usually obtained. 
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O 
| 

0 OCCH, 

CH,CHCH, + CH,CH=CH, 
(weak base) 

Br Isopropyl] acetate Propene 

(100%) (0%) 

CH;CHCH, 

2-Bromopropane OCH,CHs, 

CH,CH,0- 

(strong base) 
CH;CHCH, oi CH,;CH= CH, 

Ethyl isopropyl Propene 

ether (20%) (80%) 

3. Tertiary halides undergo E2 elimination when a base such as OH~ 
or RO™ is used. For example, 2-bromo-2-methylpropane gives 97% 
elimination product when treated with ethoxide ion in ethanol. By 
contrast, reaction under nonbasic conditions (heating in pure eth- 
anol) leads to a mixture of products resulting from both Syl sub- 
stitution and E1 elimination: 

ro CH; 
CH;CH,0~ Nat tie ec ae CCH, 

Ethanol 

CH; CHs 
CH; 
| Ethyl tert-butyl ether 2-Methylpropene 

H,C—C—Br (3%) (97%) 
| : 

CH, 
CH 

po CH,CH,OH ae 
2-methylpropane a H,C— G —OCH,CH, + eo =f, 

CH, CH; 

Ethyl tert-butyl ether 2-Methylpropene 

(80%) (20%) 

Table 11.3 summarizes these generalizations. 

PROBLEM ee | 

11.19 Tell whether these reactions are Sy1, Sy2, E1, or E2: 
(a) 1-Bromobutane + NaN; —— 1-Azidobutane 

Cl 
| | 

(b) CH;CH,CHCH,CH; + KOH —~> CH3;CH,CH=CHCH; 
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TABLE 11.3 Correlation of Structure and Reactivity for Substitution and 
Elimination Reactions 

Halide type Syl Sy2 El E2 

RCH2X Does not occur Highly favored Does not occur Occurs when 
(primary) strong 

bases are 
used 

R,CHX Can occur with Occurs in Can occur with Favored when 
(secondary) benzylic and competition benzylic and strong 

allylic with E2 allylic bases are 
halides reaction halides used 

R3CX Favored in Does not occur Occurs in com- Favored when 
(tertiary) hydroxylic petition with bases are 

solvents Snl1 reaction used 

11.16 Substitution Reactions in Synthesis 

The reason we’ve discussed nucleophilic substitution reactions in such detail 
is because they’re so important in organic chemistry. In fact, we’ve already 
seen a number of substitution reactions used in organic synthesis, although 
they weren’t identified as such at the time. 

One example is the alkylation of acetylide anions discussed in Section 
8.9. We said that acetylide anions react well with primary alkyl bromides, 
iodides, and tosylates, to provide the alkyne product. 

RC=C:- Nat + R’CH2X ——— = CCH.R’ + NaX 

where X = Br, I, or OTos 

Acetylide ion alkylation is, of course, an Sy2 reaction, and it’s therefore 

understandable that only primary alkyl halides and tosylates react well. 

Since acetylide anion is a strong base as well as a good nucleophile, K2 

elimination competes with Sy2 alkylation when a secondary or tertiary 

substrate is used. For example, reaction of sodio 1-hexyne with 2-bromo- 

- propane gives primarily the elimination product propene: 
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CH3(CHe )gC = CCH(CH3)2 

Br 7% Sn2 

CH;(CH2)3C=C:- Nat + eer — rf 

Sodio 1-hexyne CH3(CH2)3C=CH + CH3;CH=CH2 

93% E2 

Other substitution reactions we’ve seen include some of the various 
methods used for preparing alkyl halides from alcohols. We saw in Section 
10.8, for example, that alkyl halides can be prepared by treating alcohols 
with HX—reactions now recognizable as nucleophilic substitutions of halide 
ions on the protonated alcohols. Tertiary alcohols react by an Syl pathway 
involving unimolecular dissociation of the protonated alcohol to yield a 
carbocation, whereas primary alcohols react by an Sy2 pathway involving 
direct bimolecular displacement of halide ion on the protonated alcohol 
(Figure 11.24). 

Tertiary alcohol—Sy1 

HC HC HC yf ee HC 
lesen sc ‘eens | | 

H3;C— C— OH + hoe e.——<—— H;C—C— OH, —— H,C—C* =— HeC—C—Cl 

| YU LU | 
H;C H,C H,;C + H,O HC 

2-Methy]1-2- 2-Chloro-2- 

propanol methylpropane 

Primary alcohol—Sy2 7 

aan, _ ate Hae 
CH;CH,OH ft ae — CH;CH,—— OH, —— CH;CH,Cl + H,O 

G 
Ethanol Chloroethane 

Figure 11.24 Mechanisms of reactions of HCI with tertiary and 

primary alcohols. 

Yet another substitution reaction we’ve seen is the conversion of pri- 
mary and secondary alcohols into alkyl bromides by treatment with PBrs 
(Section 10.8). Although —OH is a poor leaving group and can’t be displaced 
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directly by nucleophiles, reaction with PBr3 activates an alcohol toward 
displacement by transforming the hydroxy] into a better leaving group: 

Good leaving group 
Se 

Poor leaving group H 

CH,(CH,),CH,oH 2B". CH,(CH = ant 3 274 2 Ether 3( 2)4CHy Os PBr, ae CH;(CH,),CH,Br 

re 
1-Hexanol 1-Bromohexane 

Alcohols react with PBr3 to give dibromophosphites (ROPBrz), which 
are highly reactive substrates in Sy2 reactions. Displacement by bromide 
ion then occurs rapidly on the primary carbon, and alkyl bromides are 
produced in good yield. 

11.17 Substitution Reactions in Biological 
Systems 

Many biological processes occur by reaction pathways analogous to those 
carried out in the laboratory. Thus, a number of reactions that occur in 
living organisms take place by nucleophilic substitution mechanisms. 

BIOLOGICAL METHYLATIONS 

Perhaps the most common of all biological substitutions is the methylation 
reaction: the transfer of a methyl group from an electrophilic donor to a 
nucleophile. Although a laboratory chemist might choose iodomethane for 
such a reaction, living organisms operate in a more subtle way. The large 
and complex molecule S-adenosylmethionine is the biological methyl-group 
donor. Since the sulfur atom in S-adenosylmethionine has a positive charge 
(a sulfonium ion), it is an excellent leaving group for Sy2 displacements on 
the methyl carbon. A biological nucleophile therefore attacks the methionine 
methyl by an Sy2 reaction. 

An example of the action of S-adenosylmethionine in biological methy]- 
ations takes place in the adrenal medulla during the formation of adrenaline 
from norepinephrine (Figure 11.25). 

After becoming used to dealing with simple halides such as iodomethane 
used for laboratory alkylations, it’s something of a shock to encounter a 
molecule as complex as S-adenosylmethionine. From a chemical standpoint, 
however, CH3I and S-adenosylmethionine do exactly the same thing: Both 
transfer a methyl group by an Sy2 reaction. The same principles of reactivity 

- apply to both. 
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2, ere 
HO Lae 2 HOOCCHCH,CH,SCH, 

H H 
H H 

Norepinephrine 

OH OH 

S-Adenosylmethionine 
|sx2 reaction 

NH, 

N Ni 

HO oo OH NH, tad ay 
NIN 

HO CHCH,NHCH, + HOOCCHCH,CH,SCH, (09 

H H 
Et H 

Adrenaline 

OH OH 

— SS 

Figure 11.25 The biological formation of adrenaline by S,,2 

reaction of norepinephrine with S-adenosylmethionine. 

OTHER BIOLOGICAL ALKYLATIONS 

Another example of a biological Sy2 reaction is involved in the response of 
organisms to certain toxic chemicals. Many reactive Sy2 substrates with 
deceptively simple structures are quite toxic to living organisms. Bromo- 
methane, for example, is widely used as a fumigant to kill termites. Phe 
toxicity of these chemicals derives from their ability to transfer alkyl groups 
to nucleophilic amino groups (-NH2) and mercapto groups (-SH) on 
enzymes. With enzymes modified by alkylation, normal biological chemistry 
is altered. 

Enzyme ~NH, =a Enzyme NHR 

Alkylated enzymes 

Enzyme ~ SH Tae Enzyme w SR 

One of the best-known toxic alkylating agents is mustard gas, 
CICH,CH,SCH2CH2Cl, which gained notoriety because of its use as a 
chemical-warfare agent during World War I. An estimated 400,000 casu- 
alties resulted from its use. Mustard gas, a primary halide, is highly reactive 
toward Sy2 displacements by nucleophilic groups of proteins. It is thought 
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to act through an intermediate sulfonium ion in much the same manner as 
S-adenosylmethionine (Figure 11.26). 

oe nternal Sy2 reaction x CH CICH, CH, @CH.CH,2C] cman? reaction 5, CICH.CHSC cr 
Mustard gas a ahs 

:NH, 

Syn2 reaction 

CICH,CH,S CH,CH,NH 
Alkylated protein 

Figure 11.26 The alkylation of a protein by S,2 reaction of 
mustard gas. 

11.18 Summary and Key Words 

Reaction of an alkyl halide or tosylate with a nucleophile results either in 
substitution or in elimination. Nucleophilic substitutions are of two types: 
Sn2 reaction and Syl reaction. In the Sy2 reaction, the entering nucleo- 
phile attacks the halide from a direction 180° away from the leaving group, 
resulting in an umbrella-like Walden inversion of configuration at the 
carbon atom. The reaction shows second-order kinetics and is strongly 
inhibited by increasing steric bulk of the reagents. Thus, Sy2 reactions are 
favored for primary and secondary substrates. 

The Syl reaction occurs when the substrate spontaneously dissociates 
to a carbocation in a slow rate-limiting step, followed by a rapid attack of 
nucleophile. In consequence, Syl reactions show first-order kinetics and 
take place with racemization of configuration at the carbon atom. They are 
most favored for tertiary substrates. 

Eliminations of alkyl halides to yield alkenes also occur by two different 
mechanisms: E2 reaction and E1 reaction. In the E2 reaction, a base 
abstracts a proton at the same time the leaving group departs. The reaction 
takes place preferentially through an anti periplanar transition state in 
which the four reacting atoms—hydrogen, two carbons, and leaving group— 
are all in the same plane. The reaction shows second-order kinetics and a 
deuterium isotope effect, and occurs when a secondary or tertiary sub- 

strate is treated with a strong base. These elimination reactions usually 
. give a mixture of alkene products in which the more highly substituted 
alkene predominates (Zaitsev’s rule). 
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The E1 reaction takes place when the substrate spontaneously disso- 
ciates to yield a carbocation in the slow rate-limiting step before losing a 
neighboring proton. The reaction shows first-order kinetics and no deute- 
rium isotope effect, and occurs when a tertiary substrate reacts in polar, 

nonbasic solution. 
In general, substrates react in the following way: 

RCH2X 
Fe, 

(primary) — Mostly Sy2 substitution 

R,CHX > Syn2 substitution with nonbasic nucleophiles 

(secondary) E2 elimination with strong bases 

R3CX > Mostly E2 elimination 
(tertiary) (Syl substitution and E1 elimination in nonbasic solvents) 

11.19 Summary of Reactions 

1. Nucleophilic substitutions 
a. Syl reaction; carbocation intermediate is involved (Sections 

11.6-11.9) 

i i ‘i 
Ree Xe) Be es Banhas deo Km 

R R 

Best for 3°, allylic, and benzylic halides and tosylates. 
b. Sy2 reaction; back-side attack of nucleophile occurs (Sections 

11.4-11.5) 

hn iy - x\ 
Nu: ->C—X — => Nua—C + Xi- 

Best for 1° or 2° halides 

Nu:~ = H7, “CN, I, Br7, Cl7, "OH, "NH2, CH;,07, CHsCO.-, 
HS~, H20, NHs, and so forth. 

2. Eliminations 
a. E1 reaction; more highly substituted alkene is formed (Section 

11.14) 

H X H R 

eae ‘agp doe ‘ / 
oa snes ae — naan + HX 

R R 
Best for 3° halides 
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b. E2 reaction; anti periplanar geometry is required (Section 11.11) 

Base: mr a i 

C= KOH Cx 
bse e Br2 Ethanol =o a 

Best for 2° and 3° halides 

ADDITIONAL: PROBLEMS (0). diol eis none ete 

11.20 

11.21 

* 11.22 

11.23 

11.24 

11.25 

11.26 

Which reagent in each pair will react faster in an Sy2 reaction with hydroxide ion? 
(a) CH3Br or CHI 
(b) CH3CHglI in ethanol or dimethyl sulfoxide 
(c) (CH3)3CCl or CH;Cl 
(d) H,C—CHBr or HXC=CHCH,Br 

What effect would you expect these changes to have on the rate of the reaction of 
1-iodo-2-methylbutane with cyanide ion? 
(a) CN~ concentration is halved, and 1-iodo-2-methylbutane concentration is 

doubled. 
(b) Both CN and 1-iodo-2-methylbutane concentrations are tripled. 

What effect would you expect on the rate of reaction of ethanol with 2-iodo-2-methyl- 
butane if the concentration of the halide were tripled? 

How might you prepare each of the following molecules using a nucleophilic sub- 
stitution reaction at some step? 

(a) CH3z;C=CCH(CHs3). (b) CH3CH,CH,CH,CN 
(c) H3;C—O—C(CHs3)3 (d) CH3;CH,CH,NH, 

CH, 
au B (e) eee Br7 (f) ei : 

A phosphonium salt 

Which reaction in each of these pairs would you expect to be faster? 
(a) The Sy2 displacement by iodide ion on CH3Cl or on CH30Tos 

(b) The Sy2 displacement by acetate ion on bromoethane or on bromocyclohexane 
(c) The Sy2 displacement on 2-bromopropane by ethoxide ion or by cyanide ion 
(d) The Sy2 displacement by acetylide ion on bromomethane in benzene or in 

hexamethylphosphoramide 

What products would you expect from the reaction of 1-bromopropane with: 
(a) NaNH, 3 (b) Kt -OC(CH3)z 

(c) Nal (d) NaCN 

(e) Nat -C=CH (f) Mg, then H,O 

Which reagent in each of the following pairs is more nucleophilic? Explain your 
answer. 
(a) “NH, or NH3 (b) H,O or CH3;COO- 

- (c) BFs or F~ (d) (CH3)3P or (CH3)3N 

(e) I- or Cl- (f) ~-C=N or ~OCH; 
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11.27 Among the Walden cycles carried out by Phillips and Kenyon is the following series 
of reactions reported in 1923. Explain the results and indicate where Walden inver- 

sion is occurring. 

ne ee 

cu,cucr,— teeth, cuoncn,—(_\ 

[a]lp = +33.0° [a]p = +81.1° 

re [enscnon. A 

o-K* OCHCHs 

cu,cucn,—_\) cucncn,_\ 

| [aly = —19.9° 
CH,CH,Br 

OCH,CH; 

CH,CHCH, 

lalys=423.5° 

11.28 The synthetic sequences shown here are unlikely to occur as written. What is wrong 
with each? 

Br 

| re 
(a) CH,CHCH,CH, —<—2CCHss, CH,CH(O-+Bu)CH,CH; (CH,),COH { 

F OH 
— 

+ 10H — Se 

CH; CH; 
_ SOCl, . 

(c) igi es Pyridine ( Fe 

11.29 Order each set of compounds with respect to Syl reactivity. 

NH, 

(a) (CH3)s3C—Cl, oe CH3;CH,CHCH3 

(b) (CH3)3C—F, (CH3)3C—Br, (CH3)3C—OH 
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(c) CH, Br, CH(CHs3)Br, 

Si i: i be 

11.30 Order each set of compounds with respect to Sy2 reactivity. 
(a) (CH3)sCCl, CH3CH,CH.Cl, CH;CH,CHCICH; 
(b) (CH3)2CHCHBrCH3, (CH3),CHCH,Br, (CH3)3CCH,Br 
(c) CHsCH,CH,OCH3, CH3;CH,CH,OTos, CH;CH,CH Br 

11.31 Predict the product and give the stereochemistry resulting from reaction of the 
following nucleophiles with (R)-2-bromooctane: 
(a) “CN (b) CH3sCO,7 (c) CH3S~ (d) Br 

11.32 Describe the effects of the following variables on Sy2 and Syl reactions: 
(a) Solvent (b) Leaving group 
(c) Attacking nucleophile (d) Substrate structure 

11.33 Ethers can often be prepared by Sy2 reaction of alkoxide ions with alkyl halides. 
Suppose you wanted to prepare cyclohexyl methyl ether. Which of the two possible 
routes shown here would you choose? Explain. 

Qs Cys au 
OCH, 

Chee. “3 s/n 

11.34 The Sy2 reaction can occur intramolecularly (within the same molecule). What prod- 
uct would you expect from treatment of 4-bromo-1-butanol with base? 

Na* —OCH; 
BrCH,CH,CH,CH,OH CH;0H + [BrCH,CH,CH,CH,O7 Nat] — ? 

11.35 In light of your answer to Problem 11.34, propose a synthesis of 1,4-dioxane starting 
only with a dihalide. 

on 
O 

1,4-Dioxane 

11.36 How can you explain the fact that trans-1-bromo-2-methylcyclohexane yields the 

non-Zaitsev elimination product 3-methylcyclohexene on treatment with base? 

H.C 
_H CH; 

Mat oe: 

ye Br 

trans-1-Bromo-2-methylcyclohexane 3-Methylcyclohexene 
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11.37 

11.38 

11.39 

11.40 

11.41 

11.42 

11.43 

11.44 

Propose structures for compounds that fit these descriptions: 
(a) An alkyl halide that gives a mixture of three alkenes on E2 reaction 
(b) An alkyl halide that will not undergo nucleophilic substitution 
(c) An alkyl halide that gives the non-Zaitsev product on E2 reaction 
(d) An alcohol that reacts rapidly with HCl at 0°C 

Predict the major alkene product from this elimination: 

H.C CH 

CH,CHCBr ~~. 

CH,CH; 

The tosylate of (2R,3S)-3-phenyl-2-butanol undergoes E2 elimination on treatment 
with ethoxide ion to yield (Z)-2-phenyl-2-butene. 

a _ 

Cacia CH;C=CHCHs, 

Gat 

Formulate the reaction, showing the proper stereochemistry. Explain the observed 
result by using Newman projections. 

In light of your answer to Problem 11.39, which alkene, EF or Z, would you expect 
from the elimination reaction of the (2R,3R)-3-phenyl-2-butanol tosylate? Which 
alkene would result from E2 reaction on the 2S,3R and 2S,3S tosylates? Explain 
your answers. 

Predict the product(s) of the following reaction, making sure you indicate stereo- 
chemistry where necessary. 

Br 
i CH. 

H,O 9 

Ethanol, A ~~ — 

H.C 
HH 

Draw all isomers of C,H Br, name them, and arrange them in order of decreasing 
reactivity in the Sy2 reaction. 

Reaction of iodoethane with cyanide ion, CN~-, yields primarily the nitrile 
CH3;CH2C=N along with a small amount of isonitrile, CH3;CH,N=C. Write Lewis 
structures for both products, assign formal charges as necessary, and propose mech- 
anisms to account for their formation. 

Alkynes can be made by dehydrohalogenation of vinylic halides in a reaction that 
is essentially an E2 process. In studying the stereochemistry of this elimination, it 
was found that (Z)-2-chloro-2-butene-1,4-dioic acid reacts 50 times as fast as the 

corresponding E isomer. What conclusion can you draw about the stereochemistry 
of eliminations in vinylic halides? How does this result compare with eliminations 
of alkyl halides? 

HH, Gl 
a ae 

HOOC—C=esC—COOH 0 ae HOOC—C=C—COOH 
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11.46 

11.47 

11.48 

11.49 
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Optically active 2-butanol slowly racemizes on standing in dilute sulfuric acid. Pro- 
pose a mechanism to account for this observation. 

ha 

CH3;CH,CHCH; 2-Butanol 

Suggest an explanation for the observation that reaction of HBr with (R)-3-methyl- 
3-hexanol leads to (+)-3-bromo-3-methylhexane. 

OH 
| 

aig 3-Methyl-3-hexanol 

CH, 

Explain the fact that treatment of 1-bromo-2-deuterio-2-phenylethane with strong 
base leads to a mixture of deuterated and nondeuterated phenylethylenes in which 
the deuterated product predominates by approximately 7:1. 

D H 
CH(D)CH,Br 

CT __“OC(CHy)s , cy M1 cy 

7:1 ratio 

Although anti geometry is preferred for E2 reactions, it isn’t absolutely necessary. 
The deuterated bromo compound shown here reacts with strong base to yield an 
undeuterated alkene. Clearly, a syn elimination has occurred. Make a molecular 

model of the starting material to examine its geometry, and then explain the result. 

Br 
7 Base H 

D 

H H 

In light of your answer to Problem 11.48, account for the observation that one of 
the following isomers undergoes E2 reaction approximately 100 times as fast as the 
other. Which isomer is the more reactive, and why? 

Cl ; 
(a) L. RO 

H \ 
Cl 

Cl 

H 
RO™ 

(b) Cl 
H 
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11.50 

11.51 

11.52 

11.53 

11.54 

11.55 

11.56 

11.57 

There are eight possible diastereomers of 1,2,3,4,5,6-hexachlorocyclohexane. Draw 
them in their most stable chair conformations. One isomer loses HCl in an E2 
reaction nearly 1000 times more slowly than the others. Which isomer reacts so 

slowly, and why? 

Consider the following methyl ester cleavage reaction: 

O 
| 
C—O—CHg..... COs Li- 

ae ers, oe: ~ CHA 
DMF 

The following evidence is available: 
(a) The reaction occurs much faster in DMF than in ethanol. 
(b) The corresponding ethyl ester cleaves approximately 10 times more slowly than 

the methy] ester. 
Using this evidence, propose a mechanism for the reaction. What other kinds of 
experimental evidence could you gather to support your mechanistic hypothesis? 

Account for the fact that the rate of reaction of 1-chlorooctane with acetate ion to 
give octyl acetate is greatly accelerated by the presence of a small quantity of iodide 
ion. 

Compound X is optically inactive and has the formula C,gH,.gBr2. On treatment 
with strong base, X gives hydrocarbon Y, C;g,H,,. Compound Y absorbs two equiv- 
alents of hydrogen when reduced over a palladium catalyst and reacts with ozone 
to give two fragments. One fragment, Z, is an aldehyde with formula C7H,O. The 
other fragment is glyoxal, CHOCHO. Formulate the reactions involved, and suggest 
structures for X, Y, and Z. What is the stereochemistry of X? 

Propose a structure for an alkyl halide that gives (E)-3-methyl-2-phenyl-2-pentene 
and none of the Z isomer on E2 elimination. Make sure you indicate the stereo- 
chemistry. 

The following reaction is simply a nucleophilic substitution, even though you haven’t 
seen it before. Propose a mechanism to account for the observed result. { 

HO Br O 

Maced maw, ” 
wey | Nice, ee S/o ee 3 

CH; oH CH, GH. 

The following reaction is simply a nucleophilic substitution, even though you haven’t 
seen it before. Propose a mechanism to account for the observed result. 

CH,OH CH,Cl 
TosCl 

Pyridine, 60°C 

The following reaction is simply a nucleophilic substitution, even though you haven’t 
seen it before. Propose a mechanism to account for the observed result. 

Br H en, HO H 
I A AOH we C ae C x 

! | 
O ©) 



Chapter 12 

Structure 
_ Determination: 
Mass Spectroscopy 
and Infrared 
Spectroscopy 

Structure determination is central to organic chemistry. Every time a reac- 
tion is run, the products must be purified and identified. The products must 
be separated from solvents, from excess reagents, and from each other if 
more than one is formed, and their structures must be determined. Deter- 

mining the structure of an organic compound was a time-consuming process 

in the nineteenth and early twentieth centuries, but extraordinary advances 
have been made in the past few decades. Sophisticated instruments are now 
available that greatly simplify the problems of purification and structure 
determination. Use of these instruments doesn’t guarantee good results— 
skill and patience are still required—but it does make things easier. 

Purification of Organic Compounds 

Crystallization is one of the simplest yet most effective methods for puri- 
fying a solid product. The crude reaction product is dissolved in a minimum 
amount of a suitable hot solvent, and the solution is allowed to cool slowly. 
Pure crystals slowly form and precipitate, while impurities remain in solu- 
tion. The crystalline product is then isolated by filtration. 

Distillation is an equally simple and effective method for purifying a 
_volatile liquid product. The crude liquid reaction product is heated to a boil, 
and the vapors are condensed into a receiver flask (Figure 12.1). Nonvolatile 
impurities remain in the still pot. 

411 
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Thermometer 

Condenser 

Sample flask 

Receiver flask 

Figure 12.1. A simple distillation apparatus. As the volatile sample 

is boiled, vapors rise, are condensed, and are collected in a receiver 

flask. 

If the crude product is a mixture of two or more volatile compounds 
having different boiling points, fractional distillation can often effect a 
separation. The lower-boiling, more volatile component distills first, fol- 
lowed by the higher-boiling material. The theory of fractional distillation 
columns is complex, but as a practical matter good separation can usually 
be achieved in the laboratory if the components differ in boiling point by 
more than 10°C. 

If neither crystallization nor distillation is effective, some forin of chro- 
matography is normally used to separate a mixture of organic compounds. 
The development of chromatography, which literally means “color writing,” 
as a separation technique dates back to the work of the Russian chemist 
Mikhail Tswett! in 1903. Tswett described the separation of the pigments 
in green leaves by dissolving the leaf extract in an organic solvent and 
allowing the solution to run down through a vertical glass tube packed with 
chalk powder. Different pigments passed down the column at different rates, 
leaving a series of colored bands on the white chalk column. A simple chro- 
matographic column is shown in Figure 12.2. 

The term chromatography is now used to refer to a variety of related 
separation techniques, all of which work on a common principle: The mixture 
to be separated is dissolved in a solvent mobile phase and passed over an 
adsorbent stationary phase. Because different compounds adsorb to the 
stationary phase to differing extents, they migrate through the phase at 
different rates and are separated as they emerge (elute) from the end of the 

'Mikhail Semenovich Tswett (or Tsvett) (1872-1919); b. Asti, Italy; Russian subject; Uni- 
versity of Warsaw (1901-1907); Institute of Technology, Warsaw (1908); in Moscow (1915); 
professor and director, Botanical Garden, Estonia (1917). 
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Solvent (mobile phase) 

Solid phase (Al203 or SiO2) 

Sand Glass wool 

Figure 12.2 A simple chromatography column. The glass tube is 

filled with adsorbent material, and a solution containing the 
mixture to be separated is allowed to drip through the column. 

chromatography column. We'll discuss briefly three chromatographic tech- 
niques that are often used by organic chemists: liquid chromatography, high- 
performance liquid chromatography, and gas chromatography. 

12.2 Liquid Chromatography 

Liquid chromatography, or column chromatography, is one of the sim- 
plest and most often used chromatographic methods. As in Tswett’s original 
experiments, a mixture of organic compounds is dissolved in a suitable 
solvent (the mobile phase) and is adsorbed onto a stationary phase such as 
alumina (Al,O3) or silica gel (hydrated SiO2). More solvent is then passed 
down the column containing the stationary phase, and different compounds 
are eluted at different times. 

The time at which a compound is eluted is strongly influenced by its 
polarity. As a general rule, molecules with polar functional groups are 
adsorbed more strongly and therefore migrate through the stationary phase 
more slowly than nonpolar molecules. For example, a mixture of an alcohol 
such as 1-heptanol and a related alkene such as 1-heptene can be easily 
separated by liquid chromatography. The relatively nonpolar alkene passes 
through the column much faster than the more polar alcohol. 

High-performance liquid chromatography (HPLC) is a variant of 
the simple column technique. It has been found that the efficiency of column 
chromatography is vastly improved if the stationary phase is made up of 
very small, uniformly sized spherical particles. Small particle size ensures 

-a large surface area for better adsorption, and a uniform spherical shape 
allows a tight, uniform packing. In practice, specially prepared and coated 
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silica microspheres of 10—25 micrometer (um) size (1 wm = 10~® m) are 

often used: 15 g of these microspheres have a surface area equivalent to the 
size of a football field. 

High-pressure pumps are required to force solvent through a tightly 
packed HPLC column, and sophisticated detectors are required to monitor 
the appearance of material eluting from the column. These refinements are 
well worth it, however, for a good HPLC column can have up to several 
thousand times the separating power of a simple gravity-flow column. Figure 
12.3 shows the results of HPLC analysis of a mixture of 14 common pesti- 
cides, using coated silica microspheres as the stationary phase and aceto- 
nitrile/water as the mobile phase. As each compound is eluted from the 
chromatography column, it passes through a detector, which registers its 
presence as a peak on a recorder chart. 

1. Oxamy] 
2. Methomy] 
3. ANTU 
4. Aldicarb 
5. Monuron 
6. Carbofuran 
7. Propoxur 
8. Fluometuron 
9. Diuron 

10. Warfarin 
11. Siduron 
12. Methiocarb 
13. Linuron 
14. Mexacarbate. 

Minutes { 

Figure 12.3. The HPLC analysis of a mixture of 14 agricultural — 
pesticides. The structures of the pesticides can be found in the 
Merck Index. 

12.3. Gas Chromatography 

Gas chromatography differs from liquid chromatography in several 
respects. The most important difference is that a gas such as nitrogen or 
helium is used as the mobile phase, rather than a liquid solvent. Opera- 
tionally, the technique employs an instrument known as a gas chromato- 
graph, shown schematically in Figure 12.4. 

A small amount of sample mixture (often less than 1 mg) is dissolved 
in a small volume of solvent and injected by syringe into a heated inlet of 
the gas chromatograph. The sample is instantly vaporized and is then swept 
through a heated chromatography column by a stream of carrier gas. As 
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Carrier gas 

(mobile phase) 

4) 

Coiled chromatography column 

Sample 

Heated Heated 
inlet block detector 

Oven 

Recorder chart 

eS ea 

Figure 12.4 Schematic representation of a gas chromatograph. 

pure separated components elute from the column, the appearance of each 
is detected and registered as a peak on a recorder chart. 

Although only small amounts of material can be separated on a gas 
chromatograph, the separating power of modern instruments is phenomenal. 
Efficiencies up to 10 times that of HPLC and 100,000 times that of simple 
laboratory distillation can be achieved. Figure 12.5 shows the results of an 
analysis carried out on a mixture of 12 steroids, using a 30 m fused-silica 
(quartz) column. 

1. Coprostane 
2. 5p-Androsterone 
3. Cholestane 
4, Androsterone 
5. Epiandrosterone 
6. 17«-Estradiol 
7. B-Estradiol 
8. Estrone 
9. Progesterone 

10. Cholesterol 
11. Estriol 
12. Stigmasterol 

poten eee eee ee eee eee 
Starts 2 aero eee eos OP Meo Ome Our Cee 2el3 14 615-16 

Minutes 

> SS Ed 

Figure 12.5 Gas chromatographic analysis of a steroid mixture. 

The structures can be found in the Merck Index. 
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12.4 Structure Determination: 
Spectroscopy 

Once the products of a reaction have been separated and purified, the more 
difficult work begins. How do we identify what’s been made? How do we 
know, for example, that the ionic addition of HBr to 1-butene gives 2- 
bromobutane and not 1-bromobutane? 

i 

CH,CH,CH=CH, 2. CH;CH,CHCH, or CH;CH,CH,CH,Br ? 

The answer is that we use several different kinds of spectroscopy to 
elucidate the structures of unknowns. In this and the next two chapters 
we'll look at four of the most useful spectroscopic techniques—mass spec- 
troscopy (MS), infrared spectroscopy (IR), nuclear magnetic resonance spec- 
troscopy (NMR), and ultraviolet spectroscopy (UV)—and we’ll see the kind 
of information to be gotten from each. 

Mass spectroscopy What size and formula? 

Infrared spectroscopy : What functional groups are 
present? 

Ultraviolet spectroscopy Is a conjugated pi electron system 
present? 

Nuclear magnetic resonance What carbon—hydrogen 
spectroscopy framework is present? 

Normally, no one single spectroscopic method is reliable by itself for 
determining the structure of an unknown. A combination of two or more 
methods is almost always used. 

12.5 Mass Spectroscopy 

At its simplest, mass spectroscopy (MS) is a technique that allows us to 
measure the mass (molecular weight) of a molecule. In addition, we can 
often gain valuable structural information about unknowns by measuring 
the masses of the fragments produced when high-energy molecules fly apart. 
‘There are several different kinds of mass spectrometers available, but one 
of the most common is the electron-impact, magnetic-sector instrument 
shown schematically in Figure 12.6. 

A small amount of sample is introduced into the mass spectrometer, 
where it is bombarded by a stream of high-energy electrons. The exact 
energy of the electron beam can be varied but is commonly around 70 elec- 
tron volts (eV), or 1600 kcal/mol (6700 kJ/mol). When a high-energy electron 
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Figure 12.6 Schematic representation of an electron-impact, 
magnetic-sector mass spectrometer. 

strikes an organic molecule, it dislodges a valence electron from the mole- 
cule, producing a cation radical—cation because the molecule has lost a 
negatively charged electron; radical because the molecule now has an odd 
number of electrons. 

RH Nes RH*’ + e 

Organic molecule Cation radical 

Electron bombardment transfers such a large amount of energy to the 
sample molecules that the cation radicals fragment after ionization: They 
fly apart into numerous smaller pieces, some of which retain a positive 
charge, and some of which are neutral. The fragments then pass through a 
strong magnetic field, where they are deflected through a curved pipe accord- 
ing to their mass-to-charge ratio (m/z). Neutral fragments are not deflected 
by the magnetic field and are lost on the walls of the pipe, but positively 
charged fragments are sorted by the mass spectrometer onto a detector, 
which records them as peaks at the proper m/z ratios. Since the number of 
charges, z, is usually 1, the peaks of ratio m/z are simply m, the masses of 

the ions. 
The mass spectrum of a compound is usually presented as a bar graph 

with unit masses (m/z values) on the x-axis and intensity (number of ions 
of a given m/z striking the detector) on the y-axis. The tallest peak, called 
-the base peak, is arbitrarily assigned an intensity of 100%. Figure 12.7 
shows mass spectra of methane and propane. 
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Figure 12.7 Mass spectra of (a) methane (CH,; mol wt = 16) and 

(b) propane (C3H,; mol wt = 44). 

The mass spectrum of methane is relatively simple, since few fragfhen- 
tations are possible. As Figure 12.7(a) shows, the base peak has m/z = 
16, which corresponds to the unfragmented methane cation radical, called 
the parent peak, or the molecular ion (M*’). The mass spectrum also 
shows ions at m/z = 15 and 14, corresponding to cleavage of the molecular 
ion into CH3* and CH,*’ fragments. 

[CHs]* + HH: 

eee eee 
CH, = H:C-H miz = 15 

H 

deat [CH,]* + 2H: 
miz = 16 

miz = 14 (molecular ion, M*’) 

The mass spectral fragmentation patterns of larger molecules are usu- 
ally complex, and the molecular ion is often not the highest (base) peak. 
For example, the mass spectrum of propane, shown in Figure 12.7(b), has 
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a molecular ion at m/z = 44 that is only about 30% as high as the base peak 
at m/z = 29. In addition, many other fragment ions are observed. 

12.6 Interpreting Mass Spectra 

What kinds of information can be gained by studying the mass spectrum of 
a compound? Certainly the most obvious piece of information is the molec- 
ular weight (mol wt), which in itself can be invaluable. For example, if we 
were given three unlabeled bottles containing hexane (mol wt = 86), 

1-hexene (mol wt = 84), and 1-hexyne (mol wt = 82), mass spectroscopy 
would readily distinguish among them. 

Some instruments have such sophisticated detectors that they provide 
mass measurements accurate to 0.001 atomic mass unit (amu), making it 
possible to distinguish between two formulas with the same nominal mass. 
For example, although both C;Hj2 and C4HgO have mol wt = 72, they differ 
slightly beyond the decimal point: C5H;. has an exact mass of 72.0939, 
whereas C4H;O has an exact mass of 72.0575. A high-resolution instrument 
would easily distinguish between the two. 

Unfortunately, not all compounds show a molecular ion in their mass 
spectra. Although M*’ is usually easy to identify if it’s abundant, some 
compounds such as 2,2-dimethylpropane fragment so readily that no molec- 
ular ion is observed (Figure 12.8). 

Relative abundance (%) 

20 40 60 80 100 120 140 

Figure 12.8 Mass spectrum of 2,2-dimethylpropane (CsH;2; 

mol wt = 72). No molecular ion is observed. 

Knowing an unknown’s molecular weight makes it possible to narrow 

the choices for molecular formula down to only a few. For example, if the 

mass spectrum of an unknown compound shows a molecular ion at m/z = 

110, the molecular formula is likely to be CgH4, C7Hi90, CeHgO2, or 

CgHioNe. There are always a number of possible molecular formulas for all 

-but the lowest molecular weights, and tables are available that list all 

possible choices. 
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PROBLEM... 

12.1 

PROBLEM... 

PROBLEM.. 

A further point about mass spectroscopy can be seen by looking carefully 
at the mass spectra of methane and propane in Figure 12.7. Surprisingly, 
the molecular ions aren’t the highest mass peaks in the two spectra; there 
are small peaks in each spectrum at (M + 1)t’ due to the presence in the 
samples of small amounts of isotopically substituted molecules. Although 
12C is the most abundant carbon isotope, a small amount (1.11% natural 
abundance) of !8C is also present. Thus, a certain percentage of the molecules 
analyzed in the mass spectrometer are likely to contain a 1°C isotope, giving 
rise to the observed (M + 1)*t’ peak. 

ee 

Write as many molecular formulas as you can for compounds that have the following 
molecular ions in their mass spectra. Assume that all of the compounds contain C 

and H, but that O may or may not be present. 

(a) M* = 86 (b) Mt’ = 128 (c) Mt’ = 156 

a) 

Nootkatone, one of the chemicals responsible for the odor and taste of grapefruit, 
shows a molecular ion at m/z = 218 in its mass spectrum and is known to contain 
C, H, and O. Suggest several possible molecular formulas for nootkatone. 

i 

By knowing the natural abundances of minor isotopes, it’s possible to calculate the 
relative heights of M+’ and (M + 1)*’ peaks. If 18C has a natural abundance of 
1.11%, what relative heights would you expect for M+’ and (M + 1)*’ peaks in the 
mass spectrum of benzene, CgH,? 

POCO HEH eH eee EHH HEHEHE EEE EEE HEHE EEE HEE EEE EEE EES { 

The “nitrogen rule” of mass spectroscopy says that a compound containing an odd 
number of nitrogens has an odd-numbered molecular ion. Conversely, a compeund 
containing an even number of nitrogens has an even-numbered M+’ peak. Why 
should this be so? 

ee 

In light of the nitrogen rule mentioned in Problem 12.4, what is the molecular 
formula of pyridine, M*’ = 79? 

ee er rr os 

12.7. Interpreting Mass Spectral 
Fragmentation Patterns 

Mass spectroscopy would be useful even if molecular weight and formula 
were the only information that could be obtained. In fact, though, we can 
get much more. The mass spectrum of a compound serves as a kind of 
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“molecular fingerprint.” Each organic molecule fragments in a unique way 
depending on its structure, and the chance that two compounds will have 
identical mass spectra is small. Thus, it’s sometimes possible to identify an 
unknown by computer-based matching of its mass spectrum to one of the 
more than 130,000 mass spectra recorded in a reference library established 

by the U.S. National Institutes of Health. 
It’s also possible to derive structural information about a molecule by 

looking at its fragmentation pattern. Fragmentation occurs when the high- 
energy cation radical flies apart by spontaneous cleavage of a chemical bond. 
One of the two fragments retains the positive charge (a carbocation), and 
the other fragment is a neutral radical. 

Not surprisingly, the positive charge usually remains with the fragment 
that is better able to stabilize it. In other words, the more stable carbocation 
is usually formed during fragmentation. For example, propane tends to 
fragment in such a way that the positive charge remains with the ethyl 
group rather than with the methyl, because the ethyl carbocation is more 
stable than the methyl carbocation (Section 6.11). Propane therefore has a 
base peak at m/z = 29 and a barely detectable peak at m/z = 15 (Figure 
12.7). 

[CH3;CH,CHs3]*° ——> CH;CH,* Se -CHs 

Mt = 44 miz = 29 Neutral; 

not observed 

Since mass-spectral fragmentation patterns are usually complex, it’s 
often difficult to assign definite structures to fragment ions. Most hydro- 
carbons fragment in many ways, as the mass spectrum of hexane, a typical 
alkane, demonstrates (Figure 12.9). The hexane spectrum shows a moder- 
ately abundant molecular ion at m/z = 86 and fragment ions at m/z = 
71, 57, 43, and 29. Since all of the carbon—carbon bonds of hexane are 

Relative abundance (%) 
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Ye ———— 

, ee Ce SS ee 

Figure 12.9 Mass spectrum of hexane (C,H;,; mol wt = 86). The 

base peak is at m/z = 57. 
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electronically similar, all of them break to a similar extent, giving rise to 

the observed ions. 

Figure 12.10 shows how the hexane fragments might arise. The loss of 

a methyl radical from the hexane cation radical (M** = 86) gives rise to a 

fragment of mass 71; the loss of an ethy] radical accounts for a fragment of 

mass 57; the loss of a propyl radical accounts for a fragment of mass 43; 

and the loss of a butyl radical accounts for a fragment of mass 29. With 

skill and practice, chemists can learn to analyze the fragmentation patterns 

of unknown compounds and work backward to a structure that’s compatible 

with the available data. 

CH,CH,CH,CH,CH,CH, 

Hexane 

[CH,;CH,CH,CH,CH,CHs]*" 

Molecular ion, M*° 

CH,CH,CH,CH,CH,* CH,CH,CH,CH,* CH,CH,CH,* CH,CH,* 

miz i 57 43 { 29 

Relative 

abundance (%) 10 100 (base peak) ae 40 

Figure 12.10 Fragmentation of hexane in a mass spectrometer. 

An example of how information from fragmentation patterns can be 
used to solve structural problems is given in Figure 12.11. Assume that we 
have two unlabeled bottles, A and B. One contains methylcyclohexane, the 
other contains ethylcyclopentane, and we need to distinguish between them. 
The mass spectra of both samples show molecular ions at M** = 98, cor- 
responding to C7H,4, but the two spectra differ considerably in their frag- 
mentation patterns. Sample B has its base peak at m/z = 83, corresponding 
to the loss of a -CHg3 group (15 mass units) from the molecular ion, but 
sample A has only a small peak at m/z = 83. Conversely, A has its base 
peak at m/z = 69, corresponding to the loss of a -CHgCHg3 group (29 mass 
units), but B has a rather small peak at m/z = 69. We can therefore be 
reasonably certain that B is methylcyclohexane and A is ethylcyclopentane. 
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Figure 12.11 Mass spectra of unknown samples A and B. 

This example is a simple one, but the principles used are broadly appli- 
cable for organic structure determination by mass spectroscopy. As we'll see 
in later chapters, specific functional-group families such as alcohols, ketones, 
aldehydes, and amines often show specific kinds of mass spectral fragmen- 
tations that can be interpreted to provide structural information. 

eee e twee ee weer wwe we eee eee sere ee eseeeereseeeeeeeeseeereseee 

The mass spectrum of 2,2-dimethylpropane (Figure 12.8) shows a base peak at m/z = 
57. What molecular formula does this correspond to? Can you suggest a structure 
for the m/z = 57 fragment ion? 

ee eee we eene eee eee meee rere wren sree eesseeeeeeeeeserereseee 

Two mass spectra are shown on the following page. One spectrum corresponds to 2- 

methyl]-2-pentene; the other, to 2-hexene. Which do you think is which? Explain 

your choices. 
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12.8 Spectroscopy and the 
Electromagnetic Spectrum ‘ 

Infrared, ultraviolet, and nuclear magnetic resonance spectroscopies differ 
from mass spectroscopy in that they involve the interaction of molecules 
with electromagnetic energy rather than with a high-energy electron beam. 
Before beginning a study of these techniques, we need to look into the nature 
of radiant energy and the electromagnetic spectrum. 

Visible light, X rays, microwaves, radio waves, and so forth are all 

different kinds of electromagnetic radiation. Collectively, they make up 
the electromagnetic spectrum, shown in Figure 12.12. As indicated, the 
electromagnetic spectrum is arbitrarily divided into various regions, with 
the familiar visible region accounting for only a small portion of the overall 
spectrum (from 3.8 x 10-5 cm to 7.8 x 10-5 cm in wavelength). The visible 
region is flanked by the infrared and ultraviolet regions. 

Electromagnetic radiation can be thought of as having dual behavior. 
In some respects it has the properties of a particle (called a photon), yet in 
other respects it behaves as a wave traveling at the speed of light. Electro- 
magnetic waves can be described by their wavelength (A; Greek lambda) 
and frequency (v; Greek nu). The wavelength is simply the length of one 
complete wave cycle from trough to trough; the frequency is the number 



12.8 Spectroscopy and the Electromagnetic Spectrum 425 

CSc | 

Frequency (v) in Hz 

1012 1010 1014 1020 1018 1016 

onion ae Pl) 

19° 10° 

Wavelength (4) in cm om a = eee Wavelength (/) in cm 
= aay 2s 

e — =“ ae 

oases Visible mae 

380 nm 500 nm 600 nm 700 nm 780 nm 

3.8 x 10-7 m 7.8 x 10-7 m 

Figure 12.12 The electromagnetic spectrum. 

of wave cycles that travel past a fixed point in a certain unit of time (usually 
given in cycles per second, or hertz, Hz). Wavelength and frequency are 
inversely related by the equation A = c/v, where A is measured in centi- 
meters, c is the speed of light (3 x 101° cm/sec), and v is measured in hertz. 

— Wavelength — 

Electromagnetic energy is transmitted only in discrete energy bundles, 

called quanta. The amount of energy corresponding to 1 quantum of energy 

(or 1 photon) of a given frequency is expressed by the equation: 

= hv = he/r 

where ¢ = The energy of 1 photon (1 quantum) 

Planck’s constant (6.62 x 10-84 joule sec = 1.58 x 10~*4 cal sec) ~ ll 

v = Frequency in hertz 

A = Wavelength in centimeters 

= Speed of light (3 x 10!° cm/sec) 
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This equation says that the amount of energy in a photon varies directly 
with its frequency, but inversely with its wavelength. High frequencies and 
short wavelengths correspond to high-energy radiation such as gamma rays; 
low frequencies and long wavelengths correspond to low-energy radiation 
such as radio waves. If we multiply « by Avogadro’s number, N, and convert 
to kilocalories per mole, we arrive at the same equation expressed in units 

familiar to organic chemists: 

Nhe _ 2.86 x 107° kcal/mol 
— ie A (cm) 

where E represents the energy of Avogadro’s number (a “mole”) of photons 
of wavelength A 

When an organic compound is exposed to electromagnetic radiation, 
energy of certain wavelengths is absorbed, but energy of other wavelengths 
passes through. Whether the light energy is absorbed or not absorbed 
depends both on the structure of the sample compound and on the wave- 
length of the radiation. If we irradiate the sample with energy of many 
different wavelengths and determine which wavelengths are absorbed and 
which pass through, we can determine the absorption spectrum of the 
compound. 

Absorption spectra are usually displayed on graphs that plot wave- 
length versus amount of radiation transmitted. For example, the absorption 
spectrum of ethyl alcohol using infrared radiation is shown in Figure 12.13. 
The horizontal axis records the wavelength in micrometers (wm), and the 
vertical axis records the intensity of the various energy absorptions in % 
transmittance. The baseline corresponding to 0% absorption (or 100% trans- 
mittance) runs along the top of the chart, and a downward spike means that 
energy absorption has occurred at that wavelength. ; 

Since a molecule gains energy when it absorbs radiation, the energy 
must be distributed over the molecule in some way. For example, energy 
absorption might result in increased molecular motions, causing bonds to 
stretch, bend, or rotate. Alternatively, energy absorption might cause elec- 
trons to be excited from a low-energy orbital to a higher one. Different 
radiation frequencies affect molecules in different ways, but each can provide 
structural information if we learn to interpret the results properly. 

There are numerous kinds of spectroscopy, depending on which region 
of the electromagnetic spectrum is used. We'll look closely at two, infrared 
spectroscopy and nuclear magnetic resonance spectroscopy, and have a brief 
introduction to a third, ultraviolet spectroscopy. Let’s begin by seeing what 
happens when an organic sample absorbs infrared energy. 

PRACTICE PROBLEM iccssiuscrcajreia con tres cuca eee cep eten eee 

Which is higher in energy, FM radio waves with a frequency of 1.015 x 108 Hz 
(101.5 MHz) or visible light with a frequency of 5 x 10!4 Hz? 

Solution The equation ¢ = Av says that energy increases as frequency increases. 
Thus, visible light is higher in energy than radio waves. 
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Figure 12.13 The infrared spectrum of ethyl alcohol. A 

transmittance of 100% means that all the energy is passing 

through the sample, whereas a lower transmittance means that 

some energy is being absorbed. Thus, each downward spike 

corresponds to an energy absorption. 

12.8 How does the energy of infrared radiation with A = 10-4 cm compare with that of 

an X ray with A = 3 x 10-7 cm? 

12.9 Which is higher in energy, radiation with v = 4 x 10° Hz or radiation with = 

9 x 10-4 cm? 

PROBLEM | cic: ctorete ote tt ove aot evr oteHbN® a eisln (olelp eleva ehsicieimiei sls) ai alelale\els'e\aisia @ #\alolvie exe 

12.10 It’s useful to develop an intuitive feeling for the amounts of energy that correspond 

to different parts of the electromagnetic spectrum. Using the relationships 

2.86 x 107% kcal/mol c 
E = meee iC ee and v= 

calculate the energies of the following: 
(a) A gamma ray with A = 5 x 10-9 cm 
(b) An X ray with A = 3 x 10°7 cm 

(c) Ultraviolet light with v = 6 x 10 Hz 

* (d) Visible light with v = 7 x 1014 Hz 

(e) Infrared radiation with A = 2 x 107? cm 
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(f) Microwave radiation with v = 10" Hz 
(g) Radio waves from the fat one, station KFAT in Gilroy, California, 102.56 MHz 

FM. 
Dee eee eee eee eee ee rere eseseseeeserseseeseseseereseseresseeeeeseereseeese 

12.9 Infrared Spectroscopy of Organic 
Molecules 

The infrared (IR) region of the electromagnetic spectrum covers the range 
from just above the visible (7.8 x 10-5 cm) to approximately 107? cm, but 
only the midportion from 2.5 x 1073 cm to 2.5 x 10~4 cm interests organic 
chemists (Figure 12.14). Specific wavelengths within the IR region are usu- 
ally given in micrometers (1 zm = 10~4 cm), and frequencies are expressed 
in wave numbers (7%) rather than in hertz. The wave number, expressed 
in units of cm™!, is simply the reciprocal of the wavelength in centimeters. 

Wave number (7) = 1/A (cm) 

Using the equation E = (2.86 x 107? kcal/mol)/A, we can calculate that the 
energy levels of infrared radiation range from 1.13 to 11.3 kcal/mol (4.73- 
47.3 kJ/mol). 

{ 

Far infrared Microwave 

ad 

==) 

= 2.5 um = 25 um 

¥ = 4000 cm—! p=4 

Figure 12.14 The infrared region of the electromagnetic 

spectrum. 

Why does an organic molecule absorb some wavelengths of infrared 
radiation but not others? All molecules have a certain amount of energy 
distributed throughout their structure causing bonds to stretch and bend, 
atoms to wag and rock, and other molecular vibrations to occur. Some of 
the kinds of allowed vibrations are shown: 
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Symmetric Antisymmetric In-plane Out-of-plane 
stretching stretching bending bending 

PROBLEM. . 

12.11 

ee 

12.10 

The amount of energy a molecule contains is not continuously variable 
but is quantized. That is, a molecule can stretch, bend, or vibrate only at 
specific frequencies corresponding to specific energy levels. Take bond 
lengths for example. Although we usually cite bond lengths as if they were 
fixed, the numbers we give are actually averages. In reality, bonds are 
constantly stretching and bending, lengthening and contracting. Thus, a 
typical C—H bond with an average bond length of 1.10 A is actually vibrating 
back and forth at a specific frequency, alternately stretching and compress- 
ing as if there were a spring connecting the two atoms. When the molecule 
is irradiated with electromagnetic radiation, the vibrating bond will absorb 
energy if the frequencies of the light and the vibration are the same. 

When a molecule absorbs infrared radiation, the molecular vibration 

with a frequency matching that of the light increases in amplitude. In other 
words, the “spring” connecting the two atoms stretches and compresses a 
bit further. Since each light frequency absorbed by the molecule corresponds 
to a specific molecular motion, we can see what kinds of molecular motions 
asample has by measuring its infrared spectrum. By then working backward 
and interpreting the infrared spectrum, we can find out what kinds of bonds 
(functional groups) are present in the molecule. 

IR spectrum —~> What molecular motions? —— 

What functional groups? 

ee ea 

Some chemists prefer to express IR absorptions in micrometers, whereas others prefer 
wave numbers. To converse with both groups, it’s useful to be able to interconvert 
the two systems of measurement rapidly. Do the following conversions: 
(a) 3.1 um to cm} (b) 5.85 wm to cm™ (c) 2250 cm! to um 
(d) 970 cm=! to wm 
erage wie v6 ela eldiald ale ais’ p ela) ofa ele ete ford lore) 6 ‘e 16, Sey sie) 9 aye) ee ye aero ahs Aas 2 18 

Interpreting Infrared Spectra 

The full interpretation of an IR spectrum is difficult because most organic 

molecules are so large that there are dozens or hundreds of different possible 

‘ bond stretching and bending motions. Thus, an IR spectrum contains dozens 

or hundreds of absorptions. In one sense this complexity is valuable, since 

an infrared spectrum serves as a unique fingerprint of a specific compound. 
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In fact, the complex region of the infrared spectrum below 1500 cm™! is 

called the fingerprint region; if two samples have identical -infrared spec- 

tra, the compounds are almost certainly identical. For structural purposes, 

however, the multitude of absorptions present in an infrared spectrum 

makes full interpretation difficult. 
Fortunately, we don’t need to interpret a spectrum fully to get useful 

structural information. Most functional groups have characteristic infrared 
absorptions that don’t change much from one compound to another. The C=O 
absorption of ketones is almost always in the range 1690-1750 cm7!; the 
O-H absorption of alcohols is almost always in the range 3200-3600 cm~?; 
and the C=C absorption of alkenes is almost always in the range 1640-1680 
cm~!. By learning to recognize where characteristic functional-group 
absorptions occur, it’s possible to obtain valuable structural information 
from IR spectra. Table 12.1 lists the characteristic IR absorptions of some 

common functional groups. 
Look at the IR spectra of hexane, 1-hexene, and 1-hexyne in Figure 

12.15 (page 432) to see an example of how infrared spectroscopy can be used. 
Although all three IR spectra contain many peaks, there are characteristic 
absorptions of the C=C and C=C functional groups that allow the three com- 
pounds to be distinguished readily. Thus, 1-hexene shows a characteristic 
carbon—carbon double-bond peak at 1660 cm™! and a vinylic=C—H bond peak 
at 3100 cm~!, whereas 1-hexyne has a carbon—carbon triple-bond absorption 
at 2100 cm~! and a terminal alkyne =C-H bond absorption at 3300 cm™!. 

It helps in remembering the position of specific IR absorptions to divide 
the infrared region from 4000 to 200 cm™! into four parts, as shown in 
Figure 12.16 (page 433): 

1. The region from 4000 to 2500 cm! corresponds to absorptions 
caused by N-H, C-H, and O-H single-bond stretching motions. 
The N-H and O-H bonds absorb in the 3300-3600 cm! range, 
whereas C-H bond stretching occurs near 3000 cm7!. 

2. The region from 2500 to 2000 cm“! is where triple-bond stretching 
occurs. Both nitriles (RC=N) and alkynes show peaks here. = 

3. The region from 2000 to 1500 cm™! is where double bonds of all 
kinds (C=O, C=N, and C=C) absorb. Carbonyl groups generally 
absorb in the range from 1670 to 1780 cm“, and alkene stretching 
normally occurs in a narrow range from 1640 to 1680 cm7!. 

4. The region below 1500 cm™! is the fingerprint portion of the IR 
range. A large number of absorptions due to a variety of C-C, C—O, 
C-N, and C-X single-bond vibrations occur here. 

Why do different functional groups absorb where they do? The best 
analogy is that of two weights (atoms) connected by a spring (a bond). Short, 
strong bonds vibrate at a higher frequency and with lower wavelength than 
long, weak bonds, just as a short, strong spring vibrates faster than a long, 
weak spring. Thus, triple bonds absorb at a higher frequency than double 
bonds, which in turn absorb higher than single bonds. In addition, springs 
connecting small weights vibrate faster than springs connecting large 
weights. Thus, C-H, O-H, and N-H bonds vibrate faster than bonds 
between heavier C, O, and N atoms. 
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TABLE 12.1 Characteristic Infrared Absorptions of Some Functional Groups 

Functional group class Band position (cm7}) Intensity of absorption 

Alkanes, alkyl groups 

C—H 2850-2960 Medium to strong 

Alkenes 

=C—H 3020-3100 Medium 
C=C 1650-1670 Medium 

Alkynes 

=C—H 3300 Strong 
—C=C— 2100—2260 Medium 

Alkyl] halides 

C=+>Gl 600—800 Strong 
C—Br 500-600 Strong 
C=! 500 Strong 

Alcohols 
O—H 3400-3640 Strong, broad 

C—O 1050-1150 Strong 

Aromatics 

\ 
C—H 3030 Medium 

y 

07° ce 
| | 1600, 1500 Strong 
Cx aa C 

Amines 
N—H 3310-3500 Medium 

C—N 1030, 1230 Medium 

Carbonyl compounds” 
C=O 1670-1780 Strong 

Carboxylic acids : 

O—H 2500-3100 Strong, very broad 

Nitriles 

C=N 2210-2260 Medium 

. Nitro compounds 

NO, 1540 Strong 
es 

@Acids, esters, aldehydes, and ketones. 
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Figure 12.15 Infrared spectra of (a) hexane, (b) 1-hexene, and ° 

(c) 1-hexyne. Spectra like these are easily obtained on small samples 

in a few minutes using commercially available instruments. 
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Figure 12.16 Regions in the infrared spectrum. 
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12.12 Refer to Table 12.1, and make educated guesses as to what functional groups these 
molecules might contain: 
(a) A compound with a strong absorption at 1710 cm™1 
(b) A compound with a strong absorption at 1540 cm7! 
(c) A compound with strong absorptions at 1720 cm~! and at 2500-3100 cm7! 

PROBE ee rhea.) sas lacie wow ee sitios Sa nev aes Oe weak 

12.13 How might you use IR spectroscopy to help distinguish between these pairs of 
isomers? 

(a) CH3CH,OH and CH3;0CH3 (b) Cyclohexane and 1-hexene 
(c) CH3CH,COOH and HOCH,CH,CHO 

12.11 Infrared Spectra of Hydrocarbons 

ALKANES 

The infrared spectrum of an alkane is rather uninformative, since no func- 
tional groups are present and all absorptions are due to C-H and C-C bond 
stretching and bending. Alkane C—H bonds always show a strong absorption 
from 2850 to 2960 cm~!, and saturated C—C bonds show a number of absorp- 
tions in the 800-1300 cm™! range. Since most organic compounds contain 

saturated alkane-like portions, most organic compounds have these char- 
- acteristic IR peaks. These C-H and C-C peaks are clearly visible in the 
three spectra shown in Figure 12.15. 
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s 
Alkanes ae —H 2850-2960 cm! 

\ Vp 4 
aa — 800-1300 cm! 

ALKENES 

Alkenes show several characteristic stretching absorptions that can be used 
for structural identification. For example, vinylic =C—H bonds absorb from 
3020 to 3100 cm™! and alkene C=C bonds usually show an absorption near 
1650 cm™!, although in some cases this can be rather weak and difficult to 
see clearly. Both =C—H and C=C absorptions are diagnostic for alkenes, as 
the 1-hexene spectrum in Figure 12.15 shows. 

Mono- and disubstituted alkenes have =C—H bonds with specific out- 
of-plane bending absorptions in the 700-1000 cm“! range, thereby allowing 
the substitution pattern on a double bond to be determined. Monosubstituted 
alkenes such as 1-hexene show strong characteristic peaks at 910 and 990 
cm, and 2,2-disubstituted alkenes (R,C=CH,) have an intense band at 

890 cm. 

Alkenes =C—H 3020-3100 cm! 

Ne yl 
oe 1650-1670 cm! 

RCH=CH, 910 and 990 cm “+ 

R2zC=CH, 890 cm™? 

ALKYNES 

Alkynes show a C=C stretching absorption at 2100-2260 cm™!, a band-that 
is much more intense for terminal alkynes than for internal alkynes. In 
fact, symmetrically substituted triple bonds like that in 3-hexyne show no 
absorption at all, for reasons we won’t go into. Terminal alkynes such as 
1-hexyne also have a characteristic =C—H stretch at 3300 cm~!. This 
band is diagnostic for terminal alkynes, since it is fairly intense and quite 
sharp. 

Alkynes —C=C— ~~ 2100-2260 cm™! 

=C—H 3300 cm™? 

One other point about infrared spectroscopy: It’s also possible to derive 
much structural information from an IR spectrum by noticing which absorp- 
tions are not present. If the spectrum of an unknown has no absorptions 
at 3300 and 2150 cm~!, the unknown isn’t a terminal alkyne; if the spec- 
trum has no absorption near 3400 cm™!, the compound isn’t an alcohol; and 
so on. 
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12.14 Shown here is the infrared spectrum of ethynylcyclohexane. What absorption bands 
can you identify? 
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12.12 Infrared Spectra of Other 
Functional Groups 

As each functional group is discussed in future chapters, the spectroscopic 
behavior of that group will be described. For the present, though, it’s worth- 
while to point out some distinguishing features of the more important func- 
tional groups. 

ALCOHOLS 

The O-H functional group of alcohols is easy to spot in the IR. Alcohols 
have a characteristic band in the range 3300-3600 cm! that is usually 
fairly broad and intense. If present, it’s hard to miss this band or to confuse 
it with anything else. 

Alcohols —O—H 3300-3600 cm-! (broad, intense) 

AMINES 

The N-H functional group of amines is also easy to spot in the IR, with a 

characteristic absorption in the 3300-3500 cm™! range. Although alcohols 

also absorb in this range, an amine absorption is much sharper and less 

intense than a hydroxyl band. 

Amines —N—H 3300-3500 cm~! (sharp, medium intensity) 
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CARBONYL COMPOUNDS 

Carbonyl] functional groups are the easiest to identify of all IR absorptions, 
with a sharp, intense peak in the range 1670-1780 cm~!. Most important, 
the exact position of absorption within the range can often be used to identify 
the exact kind of carbonyl functional group—aldehyde, ketone, ester, and 
so forth. 

Aldehydes Saturated aldehydes absorb at 1730 cm™!, whereas aldehydes 
next to either a double bond or an aromatic ring absorb at 1705 cm™!. 

1 i i 
Aldehydes CH3;CH,CH CH;CH=CHCH CL 

H 
1730 cm7! 1705 \cm7! CY 

1705 cm=! 

Ketones Open-chain ketones and six-membered-ring cyclic ketones 
absorb at 1715 cm7!; five-membered-ring ketones absorb at 1750 cm~!; and 
ketones next to a double bond or an aromatic ring absorb at 1690 cm™!. 

il i i 
Ketones CHjCCHg [+ O  CH,CH=CHCCH; on 

CH; 
1715 cm7! 1750 cm7! 1690 cm7! 

1690 cm7! 

Esters Saturated esters absorb at 1735 cm™!, and esters next to either an 
aromatic ring or a double bond absorb at 1715 cm™!. 

i 1 1 
Esters CH3COCH3 CH;CH=CHCOCH3 Cy 

OCH3 
1735 cm7! 1715 cm7! 

1715 cm7! 

PBEM oan) vei As orpisewio ls “aetacey o iavenis ie ualaha oneterauslotes lode tole Ria mene anreeetatnrnntev ern teers 

12.15 Make guesses about where the following compounds might have characteristic IR 
absorptions: 

O O 
| | 

(a) ofan (b) HC=CCH,CH,CH 

CROCCO e emer eee se ner Ees ese eSEH HO HEHE HO HERERO eH DEC HEED EER OS EO OES 
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12.13 Summary and Key Words 
SSE TE IEE RYE SE PE EES ee eS 

Product purification and structure elucidation are two of the most difficult 
tasks facing laboratory chemists. If possible, purification is done by a direct 
method such as crystallization or distillation. Often, however, some form 
of chromatography must be used. The impure sample is applied to one 
end of a column containing an inert support material (the stationary 
phase), and the sample is carried along by a mobile phase, either gas or 
liquid. Separation of mixtures is effected because different compounds adsorb 
to the stationary phase in differing degrees and therefore pass along the 
column at different rates. 

Once a reaction product has been purified, its structure must be deter- 
mined using various spectroscopic methods such as mass spectroscopy and 
infrared spectroscopy. Mass spectroscopy gives information about the 
molecular weight and formula of unknown samples; infrared spectroscopy 
gives information about the functional groups present. 

In mass spectroscopy, molecules are first ionized by collision with a high- 
energy electron beam. The ions then fragment into smaller pieces, which 
are magnetically sorted according to their mass-to-charge ratio (m/z). The 
ionized sample molecule is called the molecular ion, M*’, and measurement 

of its mass gives the molecular weight of the sample. Structural clues about 
unknown samples can be obtained by interpreting the fragmentation pat- 
tern of the molecular ion. Mass spectral fragmentations are usually complex, 
however, and interpretation is often difficult. 

Infrared spectroscopy involves the interaction of a molecule with elec- 
tromagnetic radiation. When an organic molecule is irradiated with infra- 
red light, certain frequencies of light are absorbed by the molecule and 
others are not absorbed. The frequencies absorbed correspond to the amounts 
of energy needed to increase the amplitude of specific molecular vibrations 
such as bond stretchings and bendings. Every functional group has a char- 
acteristic set of infrared absorptions. For example, the terminal alkyne 
=C-H bond absorbs infrared radiation of 3300 cm™! frequency, and the 
alkene C=C bond absorbs in the range 1650—1670 cm7!. By observing which 
frequencies of infrared radiation are absorbed by a molecule and which are 
not, it’s possible to determine what functional groups a molecule contains. 

ADDITIONAL PROBLEMS........ Ses Gas i i ee ene 

12.16 Write as many molecular formulas as you can for hydrocarbons that show the fol- 

12.17 

12.18 

lowing molecular ions in their mass spectra: 

(a) Mt’ = 64 * (b) M** = 186 (c) M** = 158 (d) M*’ = 220 

In Section 6.2, we calculated the degree of unsaturation of molecules according to 
their molecular formulas. Write the molecular formulas of all hydrocarbons corre- 
sponding to the following molecular ions. How many degrees of unsaturation (double 
bonds and/or rings) are indicated by each formula? 

(a) M*’ = 86 (b) Mt’ = 110 (c) M*’ = 146 (d) M* = 190 

Draw the structure of a molecule that is consistent with the mass spectral data in 

each example: 
(a) A hydrocarbon with Mt* 

(c) A hydrocarbon with Mt’ 

132 (b) A hydrocarbon with M+’ = 166 

84 
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12.19 

12.20 

12.21 

12.22 

12.23 

12.24 

12.25 

12.26 

Write as many molecular formulas as you can for compounds that show the following 
molecular ions in their mass spectra. Assume that the elements C, H, N, and O 

might be present. 

fa) ME me 4 (b) Mt’ = 181 
Camphor, a saturated monoketone from the Asian camphor tree, is used, among 
other things, as a moth repellent and as a constituent of embalming fluid. If camphor 
has M** = 152 in its mass spectrum, what is a reasonable molecular formula? How 
many rings does camphor have? 

Nicotine is a diamino compound that can be isolated from dried tobacco leaves. 
Nicotine has two rings and shows M+’ = 162 in its mass spectrum. Propose a molec- 
ular formula for nicotine, and calculate the number of double bonds present. (There 
is no oxygen in nicotine.) 

Halogenated compounds are particularly easy to identify by their mass spectra 
because both chlorine and bromine occur naturally as mixtures of two abundant 
isotopes. Chlorine occurs as *°Cl (75.5%) and as 37Cl (24.5%), and bromine occurs as 
7Br (50.5%) and ®1Br (49.5%). At what masses do the molecular ion(s) occur for 
these formulas? What are the relative percentages of each molecular ion? 

(a) Bromomethane, CH3;Br (b) 1-Chlorohexane, CgH,3Cl 

Molecular ions can be particularly complex for polyhalogenated compounds. Taking 
the natural abundance of Cl into account (Problem 12.22), calculate the masses of 

the molecular ions of the following formulas. What are the relative percentages of 
each ion? 
(a) Chloroform, CHCl, (b) Freon 12, CF,Cl, (fluorine occurs only as 19F) 

2-Methylpentane (CgH,,4, mol wt 86) has the mass spectrum shown here. What peak 
represents M**? Which is the base peak? Propose structures for fragment ions of 
m/z = 71, 57, 43, and 29. Suggest a reason for the base peak’s having the mass it 
does. 

Relative abundance (%) 

20 40 60 80 100 120 140 

nie 

The combined gas chromatograph/mass spectrometer is a sophisticated instrument 
that uses a mass spectrometer to detect compounds as they elute from a gas chro- 
matograph. This technique allows one to inject a mixture of compounds onto a gas 
chromatography column and to determine automatically the mass spectrum of each 
compound present in the mixture. Assume that you are in the laboratory carrying 
out the catalytic hydrogenation of cyclohexene to cyclohexane. How could you use 
a gas chromatograph/mass spectrometer to determine when the reaction was 
complete? 

Convert the following infrared absorption values from micrometers to wave numbers: 
(a) An alcohol, 2.98 um (b) An ester, 5.81 um (c) A nitrile, 4.93 um 
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12.27 Convert the following infrared absorption values from wave numbers to micrometers: 
(a) A cyclopentanone, 1755 cm=! (b) An amine, 3250 cm7! 
(c) An aldehyde, 1725 cm7! (d) An acid chloride, 1780 cm-! 

12.28 How might you use IR spectroscopy to distinguish between the three isomers 1- 
butyne, 1,3-butadiene, and 2-butyne? 

12.29 Would you expect two enantiomers such as (R)-2-bromobutane and (S)-2-bromobu- 
tane to have identical or different IR spectra? Explain. 

12.30 Would you expect two diastereomers such as meso-2,3-dibromobutane and (2R,3R)- 

dibromobutane to have identical or different IR spectra? Explain. 

12.31 Propose structures for compounds that meet these descriptions: 

(a) C5Hg, with IR absorptions at 3300 and 2150 cm7! 
(b) C4HgO, with a strong IR absorption at 3400 cm7! 
(c) C4HgO, with a strong IR absorption at 1715 cm7! 
(d) CgHj9, with IR absorptions at 1600 and 1500 cm7! 

12.32 How would you use infrared spectroscopy to distinguish between these pairs of 
isomers? 

(a) (CH3)3N and CH3;CH,NHCH3 (b) CH3;COCH3 and CH, —CHCH,0H 
(c) CH;COCH3; and CH;CH,CHO 

12.33 Two infrared spectra are shown. One is the spectrum of cyclohexane, and the other 
is the spectrum of cyclohexene. Identify them and explain your answer. 
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12.34 

12.35 

12.36 

12.37 

12.38 

12.39 

12.40 

12.41 

How would you use infrared spectroscopy to distinguish between these pairs of 

constitutional isomers? 

(a) CH3s;C=CCH3 and CH;CH,C=CH 

O 
| | 

(b) CH;CCH=CHCH3 and CH;CCH,CH=CHy, 

(c) HXC—CHOCH; and CH;CH,CHO 

Assume you are carrying out the dehydration of 1-methylcyclohexanol to 1-methyl- 
cyclohexene. How could you use infrared spectroscopy to determine when the reaction 

was complete? 

Assume that you are carrying out the base-induced dehydrobromination of 3-bromo- 
3-methylpentane (Section 11.11). How could you use IR spectroscopy to tell which 
of two possible elimination products was formed? 

At what approximate positions might these compounds show IR absorptions? 

| 
(a) CH;CH,CCHs (b) (CH3)yCHCH,C=CH 
(c) (CH3)eCHCH,CH=CHe (d) CH3;CH,CH2,COOCH3 

O 

(e) ( \-c—on, 

Which kind of C=O bond is stronger, that in an ester (1735 cm!) or that in a 
saturated ketone (1715 cm™!)? Explain your answer. 

Carvone is an unsaturated ketone responsible for the odor of spearmint. If carvone 
has Mt’ = 150 in its mass spectrum, what molecular formulas are likely? If carvone 
has three double bonds and one ring, what molecular formula is correct? 

t 
Carvone (Problem 12.39) has an intense infrared absorption at 1690 cm~!. What 
kind of ketone does carvone contain? 

Shown are the mass spectrum (a) and the infrared spectrum (b) of an unknown 
hydrocarbon. Analyze the data and propose as many reasonable structures as you 
can. 
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Wave number (cm! ) 
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12.42 Shown are the mass spectrum (a) and the infrared spectrum (b) of another unknown 
hydrocarbon. Analyze the data and propose as many reasonable structures as you 
can. 
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Structure 
Determination: 
Nuclear Magnetic 
Resonance 
Spectroscopy 

Nuclear magnetic resonance spectroscopy (NMR) is the most valuable spec- 
troscopic technique available to organic chemists. It’s the method of struc- 
ture determination that organic chemists first turn to for information. 

We saw in Chapter 12 that mass spectroscopy provides information 
about the molecular weight and formula of a molecule and that infrared 
spectroscopy provides information about a molecule’s functional groups. 
Nuclear magnetic resonance spectroscopy doesn’t replace or duplicate either 
of these techniques; rather, it complements them by providing a “map” of 
the carbon—hydrogen framework of an organic molecule. Taken together, 
NMR, IR, and mass spectroscopy often make it possible to obtain complete 
solutions for the structures of complex unknowns. 

Mass spectroscopy Molecular size and formula 

Infrared spectroscopy Functional groups present 

NMR spectroscopy Map of carbon—hydrogen ‘framework 

13.1 Nuclear Magnetic Resonance 
Spectroscopy 

Many kinds of nuclei behave as if they were spinning about an axis. Since 
they’re positively charged, these spinning nuclei act like tiny magnets and 
therefore interact with an externally applied magnetic field (denoted Ho). 

442 
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Not all nuclei act this way, but fortunately for organic chemists, both the 
proton (1H) and the 18C nucleus do have spins. Let’s see what the conse- 
quences of nuclear spin are and how we can use the results. 

In the absence of a strong external magnetic field, the nuclear spins of 
magnetic nuclei are oriented randomly. When a sample containing these 
nuclei is placed between the poles of a strong magnet, however, the nuclei 
adopt specific orientations, much as a compass needle orients itself in the 
earth’s magnetic field. A spinning 1H or 1°C nucleus can orient so that its 
own tiny magnetic field is aligned either with (parallel to) or against (anti- 
parallel to) the external field. The two orientations don’t have the same 
energy and therefore aren’t present in equal amounts. The parallel orien- 
tation is slightly lower in energy, making this spin state slightly favored 
over the antiparallel orientation (Figure 13.1). 

p 

Bo th p 
Ho 

(a) (b) 

Io i b ° 

a fn $ 

Figure 13.1 Nuclear spins are oriented randomly in the absence 

of a strong external magnetic field (a), but have a specific 

orientation in the presence of an external field, Hp (b). Note that 

some of the spins (red) are aligned parallel to the external field 
while others (blue) are antiparallel. The parallel spin state is lower 

in energy. 

If the oriented nuclei are now irradiated with electromagnetic radiation 
of the proper frequency, energy absorption occurs, and the lower energy 
state “spin-flips” to the higher energy state. When this spin-flip occurs, the 
nuclei are said to be in resonance with the applied radiation, hence the 
name, nuclear magnetic resonance. 

The exact amount of radio-frequency (rf) energy necessary for resonance 
depends both on the strength of the external magnetic field and on the 
identity of the nuclei being irradiated. If a very strong magnetic field is 
applied, the energy difference between the two spin states is large, and 
higher-frequency (higher-energy) radiation is required for a spin flip. If a 
_weaker magnetic field is applied, less energy is required to effect the tran- 
sition between nuclear spin states (Figure 13.2). 
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Figure 13.2 The variation of energy difference between nuclear 

spin states as a function of applied magnetic field strength. 

Absorption of rf energy of frequency v converts a nucleus from a 
lower spin state to a higher spin state. Spin states (a) have equal 

energies in the absence of an applied magnetic field but (b) have 

unequal energies in the presence of a magnetic field. At 

v = 60 MHz, AE = 5.7 X 107° kcal/mol. (c) The energy difference 
between spin states is greater at larger applied fields. At 

v = 100 MHz, AE = 9.5 Xx 107 kcal/mol. 

PROBLEM. . 

In practice, superconducting magnets that produce enormously powerful 
fields up to 140,000 gauss are sometimes used, but a field strength of 14,100 
gauss is more common. At this magnetic field strength, rf energy in the 60 
MHz range (1 MHz = 1 megahertz = 1 million cycles per second) is required 
to bring a 'H nucleus into resonance, and rf energy of 15 MHz.,is required 
to bring a /°C nucleus into resonance. These energy levels needed for NMR 
are much smaller than those required for infrared spectroscopy (1.1—11 kcal/ 
mol); 60 MHz rf energy corresponds to only 5.7 x 107-6 kcal/mol (2.4 x 1075 
kJ/mol). 

The 1H and !°C nuclei are not unique in their ability to exhibit the 
nuclear magnetic resonance phenomenon. All nuclei with odd-numbered 
masses, such as 'H, !8C, 19F, and °!P, show magnetic properties. Similarly, 
all nuclei with even-numbered masses but odd atomic numbers show mag- 
netic properties (7H and !4N, for example). Nuclei having both even masses 
and even atomic numbers (!2C, 16) do not give rise to magnetic phenomena 
(Table 13.1). 

TORR eee EEE EHH ERE HEHEHE HEHEHE HERERO EEE EEE 

The exact amount of energy required to spin-flip a magnetic nucleus depends not 
only on the strength of the external magnetic field but also on the intrinsic properties 
of the specific isotope. We saw earlier that, at a field strength of 14,100 gauss, rf 
energy of 60 MHz is required to bring a 'H nucleus into resonance. At the same 
field strength, rf energy of 56 MHz will bring a !9F nucleus into resonance. Use the 
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TABLE 13.1 The NMR Behavior of Some Common Nuclei 
a SR SE ES ee pe eg 

Magnetic nuclei Nonmagnetic nuclei 

1H 120 

13C¢ 169 No NMR observed 
2H 32g 
4N NMR observed 

19p 

31p 

equation given in Problem 12.10 on page 427 to calculate the amount of energy 
required to spin-flip a !F nucleus. Is this amount greater or less than that required 
to spin-flip a 1H nucleus? 

ROBE EIN ras erecta sto c t Jate =5) 5 S Onoh 50 syn noms Bi sco, onl Roce coh ia a featuiolere ve. 

13.2 Calculate the amount of energy required to spin-flip a proton in a spectrometer 
operating at 100 MHz. Does increasing the spectrometer frequency from 60 MHz to 
100 MHz increase or decrease the amount of energy necessary for resonance? 

See Rew meee eee ees e Hes es eee eee ee eres seeeeeseseseseseseseseeSseeeeesee 

13.2 The Nature of NMR Absorptions 
SSS ee SS a 

From the description given thus far, you might expect all protons in a 

molecule to absorb rf energy at the same frequency and all !°C nuclei to 
absorb at the same frequency. If this were true, we would observe only a 
single NMR absorption band in the 1H or !°8C spectrum of an unknown, a 
situation that would be of little use for structure determination. In fact, the 
absorption frequency is not the same for all nuclei. 

All nuclei in molecules are surrounded by electron clouds. When a 

uniform external magnetic field is applied to a sample molecule, the cir- 
culating electron clouds set up tiny local magnetic fields of their own. These 
local magnetic fields act in opposition to the applied field so that the effective 
field actually felt by the nucleus is a bit smaller than the applied field. 

TT eiective oe applied ~ Ne bisa 

In describing this effect, we say that nuclei are shielded from the 
applied field by the circulating electron clouds that surround them. Since 
each kind of nucleus in a molecule is in a slightly different electronic envi- 
ronment, each nucleus is shielded to a slightly different extent, and the 
effective magnetic field actually felt is not the same for each nucleus. If the 
NMR instrument is sensitive enough, the tiny differences in the effective 

_ magnetic fields experienced by different nuclei can be observed, and we can 
see different NMR signals for each different kind of nucleus. Thus, the NMR 
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spectrum of an organic compound provides us with a map of the carbon— 
hydrogen framework. With practice, it’s possible to read the map and 
thereby derive structural information about an unknown molecule. 

Figure 13.3 shows both the !H and the 1°8C NMR spectra of methyl 
acetate, CH3;CO,CH3. The horizontal axis shows the difference in effective 
field strength felt by the nuclei, and the vertical axis indicates intensity of 

Intensity 
Reference 
peak (TMS) 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

(a) 

& 
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Z 
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200 180 160 140 120 100 80 60 40 20 0 ppm 

Chemical shift (6) 

(b) 

eee a eS EE 

Figure 13.3 (a) The 'H NMR spectrum and (b) the '3C NMR ~ 

spectrum of methyl! acetate, CH3CO,CH3. 
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absorption of radio-frequency energy. Each peak in the NMR spectrum cor- 
responds to a different kind of nucleus in a molecule. Note, though, that !H 
and 18C spectra can’t both be observed at the same time on the same spec- 
trometer because different amounts of energy are required to spin-flip the 
different kinds of nuclei. The two kinds of spectra must be recorded 
separately. 

The 18C spectrum of methyl acetate in Figure 13.3 shows three peaks, 
one for each of the three different carbon atoms in the molecule. The 1H 
NMR spectrum shows only two peaks, however, even though methyl acetate 
has six protons. One peak is due to the CH;CO protons, and the other to 
the OCHs protons. Since the three protons of each methyl group have the 
same chemical (and magnetic) environment, they are shielded to the same 
extent, are said to be equivalent, and show a single absorption. The two 
methyl groups thenrselves, however, are not equivalent; they therefore 
absorb at different positions. 

The operation of an NMR spectrometer is illustrated schematically in 
Figure 13.4. An organic sample is dissolved in a suitable solvent and placed 
in a thin glass tube between the poles of a magnet. The strong magnetic 
field causes the 1H and !8C nuclei in the molecule to align in one of the two 
possible orientations, and the sample is irradiated with rf energy. The exact 
amount of energy required depends both on the strength of the magnetic 
field and on the kind of nucleus we intend to observe. As noted before, the 

two most commonly observed nuclei, 1H and 1°C, absorb in quite different 
rf ranges and can’t both be observed at the same time. 

If the frequency of rf irradiation is held constant and the strength of 
the applied magnetic field is changed, each nucleus comes into resonance 
at a slightly different field strength. A sensitive detector monitors the 
absorption of rf energy, and the electronic signal is then amplified and 
displayed as a peak on a recorder chart. 

Recorder chart 

_ = ee ed 

Figure 13.4 Schematic operation of an NMR spectrometer. 
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PROBLEM... 

Nuclear magnetic resonance spectroscopy differs from infrared spec- 
troscopy (Sections 12.9—12.12) in that the time scales of the two techniques 
are quite different. The absorption of infrared energy by a molecule giving 
rise to a change in vibrational states is an essentially instantaneous process 
(about 107-15 sec). The NMR process, however, requires much more time 
(about 10~? sec). 

The difference in time scales between IR and NMR spectroscopy can be 
compared to the difference between a camera operating at a very fast shutter 
speed and a camera operating at a very slow shutter speed. The fast camera 
(infrared) takes an instantaneous picture and “freezes” the action. If two 

rapidly interconverting species are present in a sample, infrared will record 
the spectrum of each. The slow camera (NMR), however, takes a blurred, 

“time-averaged” picture. If two species interconverting faster than 10° times 
per second are present in a sample, NMR will record only a single, averaged 
spectrum, rather than separate spectra of the two discrete species. 

Because of this “blurring” effect, NMR spectroscopy can sometimes be 
used to measure the rate of very fast processes such as conformational 
changes. The NMR spectrum of the molecule undergoing the fast process is 
recorded at varying temperatures until the point is found where blurring 
of peaks occurs. By then using the known frequency of radiation, it’s possible 
to calculate the rate of the process under investigation. 

Be eee eee Bec ee ee eee ee te se eee eee esses esse esesereseesesesese 

How many signals would you expect each of the following molecules to have in its 
1H and 1!8C spectra? 

(a) (CHg),C=C(CHs)o. (b) Cyclohexane © 

g | | 
(c) CH;CCH ' (@) (CH,)sCCOCH ~ : 

(e) no—C_\ cr, (f) 1,1-Dimethylcyclopropane 
1 LD 

Cee ee mee ee eee ee eee eee Oe eo ee eee EEE OEE EEE EERE EEE EEE EG 

How can you explain the fact that 2-chloropropene shows signals for three kinds of 
protons in its 1H NMR spectrum? 

Coe e eee eseerseseseseseresererseeseseserseseeeseeseesssseses 

13.3. Chemical Shifts 

NMR spectra are displayed on charts that show the applied field strength 
increasing from left to right (Figure 13.5): Thus, the left part of the chart 
is the low-field (or downfield) side, and the right part is the high-field (or 
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Downfield : Upfield 
(deshielded ) (shielded) 

Calibration peak 
(TMS) 

Intensity of absorption 
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Low field 
High field -———~ 

Direction of field sweep 

EEE ee eee 

Figure 13.5 The NMR chart. The low-field side is on the left, and 

the high-field side is on the right. 

upfield) side. In order to define the position of an absorption, the NMR chart 
is calibrated and a reference point is used. In practice, a small amount of 
tetramethylsilane [TMS, (CH3),Si] is added to the sample so that a standard 
reference absorption line is produced when the spectrum is run. Tetramethyl- 
silane is used as reference for both 1H and !°C measurements because it 
gives rise in both kinds of spectra to a single peak that occurs upfield (farther 
right on the chart) of other absorptions normally found in organic com- 
pounds. The !H and !°C spectra of methyl acetate in Figure 13.3 have the 
TMS reference peak indicated. 

The exact place on the chart at which a nucleus absorbs is called its 
chemical shift. By convention, the chemical shift of TMS is arbitrarily set 
as the zero point, and other absorptions normally occur downfield (to the 
left on the chart). For historical reasons, NMR charts are calibrated in 

frequency units using an arbitrary scale called the delta scale. One delta 
unit (5) is equal to 1 part per million (ppm) of the spectrometer operating 
frequency. For example, if we were measuring the 1H NMR spectrum of a 
sample using an instrument operating at 60 MHz, 1 6 would be 1 ppm of 
60,000,000 Hz, or 60 Hz. Similarly, if we were measuring the spectrum using 
a 100 MHz instrument, then 1 6 = 100 Hz. The following equation can be 
used for any absorption: 

Observed chemical shift (number of Hz away from TMS) 
6 = ; 

Spectrometer frequency in MHz 

Although this method of calibrating NMR charts may seem needlessly 
complex, there’s a good reason for it. As we saw earlier, the chemical shift 



450 CHAPTER 13 Structure Determination: Nuclear Magnetic Resonance Spectroscopy 

PROBLEM... 

PROBLEM... 

eee eee eee ee 

of an NMR peak depends on magnetic field strength, which in turn depends 
on the spectrometer frequency. Since many different kinds of spectrometers 
operating at many different magnetic field strengths and rf frequencies are 
available, chemical shifts given in Hz vary greatly from one instrument to 
another. By using a system of measurement in which NMR absorptions are 
expressed in relative terms (ppm of spectrometer frequency) rather than in 
absolute terms (Hz), comparisons of spectra obtained on different instru- 
ments are possible. The chemical shift of an NMR absorption given in ppm 
or 6 units is constant, regardless of the operating frequency of the spectrometer. 
A 1H nucleus that absorbs at 2.0 5 on a 60 MHz instrument (2.0 ppm X 
60 MHz = 120 Hz downfield from TMS) also absorbs at 2.0 6 on a 300 MHz 
instrument (2.0 ppm x 300 MHz = 600 Hz downfield from TMS). 

The range in which most NMR absorptions occur is quite narrow. Almost 
all ‘H NMR absorptions occur 0-10 6 downfield from the proton absorption 
of TMS, and almost all 1°C absorptions occur 1-250 6 downfield from the 
carbon absorption of TMS. Thus, there is a considerable likelihood that 
accidental overlap of nonequivalent signals will occur. The advantage of 
using an instrument with high field strength (say, 300 MHz) rather than 
low field strength (60 MHz) is that different NMR absorptions are more 
widely separated at high field strength. The chances that two signals will 
accidentally overlap are also lessened, and interpretation of spectra becomes 
easier. For example, two signals that are only 6 Hz apart at 60 MHz (0.1 
ppm) are 30 Hz apart at 300 MHz (still 0.1 ppm). 

Let’s now look more closely at the interpretation of NMR spectra to see 
how this tool can be used in organic structure determination. We’ll begin 
by looking at °C NMR. For technical reasons, !°C spectra are more difficult 
to obtain than 1H spectra, but they’re also much easier to interpret. Although 
the complexities of spectrometer operation differ, the principles behind !°C 
and +H NMR are the same. What we learn now about interpreting 13C 
spectra will simplify the subsequent discussion of 1H spectra. { 

ee ee ary 

When the 'H NMR spectrum of acetone, CH3;COCHs, is recorded on an instrument 
operating at 60 MHz, a single sharp resonance line at 2.1 6 is observed. 

(a) How many hertz downfield from TMS does the acetone resonance line correspond 
to? 

(b) If the 'H NMR spectrum of acetone were recorded at 100 MHz, what would be 
the position of the absorption in 6 units? 

(c) How many hertz downfield from TMS does this 100 MHz spectrum correspond 
to? 

FRCRUCUAOOVE SKS O TSH KMOCERORO SC SKE COC Re POU CEPMRCT SCH OAS 6 4 ae 

The following 'H NMR resonances were recorded on a spectrometer operating at 60 
MHz. Convert each into 6 units. 

(a) CHCl; 436 Hz (b) CH3Cl; 183 Hz 
(c) CH30H; 208 Hz (d) CH,Cl,; 318 Hz 
Cee eee rem e eset e Heese etree ereseeeeeeeeeeeeeeEeeeeesesee 
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13.4 '3C NMR Spectroscopy 

In some ways, it’s surprising that carbon NMR is even possible. After all, 
12C, the most abundant carbon isotope, has no nuclear spin and isn’t observ- 
able by NMR. !°C is the only naturally occurring carbon isotope with a spin, 
but its natural abundance is only about 1.1%. Thus, only about 1 of every 
100 carbons in organic molecules is observable by NMR. Fortunately, the 
technical problems caused by this low abundance of !2C have been overcome 
through the use of improved electronics and computer techniques, and 12C 
NMR is now a routine structural tool. A }23C NMR spectrum can often be 
obtained on 10 mg of sample in a few hours. 

At its simplest, !3C NMR makes it possible to count the different kinds 
of carbons in a molecule of unknown structure. In addition, we can get 
information about the chemical (magnetic) environment of each kind of 

carbon by observing its chemical shift. 

Several different modes of operation are possible with 18C NMR instru- 
ments. In the normal mode, called the proton noise-decoupled mode, a 
single sharp resonance line is observed for each nonequivalent kind of carbon 
atom in a molecule, as illustrated by the spectrum of methyl acetate in 
Figure 13.3. There are three carbon atoms in methy] acetate and three peaks 
in its ’C NMR spectrum. 

Most 18C resonances are between 0 and 220 ppm downfield from the 
TMS reference line, with the exact chemical shift of each 18°C resonance 
dependent on that carbon’s environment within the molecule. Table 13.2 
and Figure 13.6 show how environment and chemical shift are correlated. 

TABLE 13.2 Carbon-13 NMR Chemical Shift Correlations 

Type of carbon Chemical shift (6) Type of carbon Chemical shift (6) 

C—I 0-40 =C 100—150 

C=—Br 25-65 C—O 40-80 

G—Cl 35-80 C=O 170-210 

—CH; 8-30 110-160 

—CH,— 15-55 CN 30-65 

ms 
—CH 20—60 
fe 

=C 65-85 

Although the factors that determine chemical shifts are complex, it’s 

-possible to make some generalizations from the information in Table 13.2 

and Figure 13.6. One clear trend is that a carbon’s chemical shift is affected 
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Intensity 
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Chemical shift (5) 

Figure 13.6 Chemical shift correlations for '7C NMR. 

by the electronegativity of the atoms it’s bonded to. Carbons bonded to 
electronegative atoms like oxygen, nitrogen, or halogen absorb downfield 
(to the left) of normal alkane carbons. This trend is easy to explain if you 
think for a moment about the causes of chemical shifts. Since electronegative 
atoms attract electrons, they pull electrons away from neighboring carbons, 
causing the carbons to be deshielded and to come into resonance at a lower 
field than alkane carbons. 

Another, less easily explained trend is that sp°-hybridized carbons gen- 
erally absorb in the 0-90 6 range and sp? carbons absorb in the 100-210 6 
range. Carbonyl carbons (C=O) are particularly distinct in ®C NMR and 
are easily observed at the extreme low-field end of the spectrum in the range 
170-210 6. Figure 13.7 shows the !2C NMR spectra of 2-butanone and para- 
bromoacetophenone, and indicates the peak assignments. Note that the car- 
bonyl carbons are at the left edge of the spectrum in each case. 

The 18C NMR spectrum of para-bromoacetophenone is interesting in 
several ways. Note particularly that only six carbon absorptions are observed 
even though the molecule contains eight carbons. para-Bromoacetophenone 
has a symmetry plane that makes ring carbons 4 and 4’, and carbons 5 and 
5’, equivalent. Thus, the six ring carbons show only four absorptions in the 
range 128-137 6. 

Another interesting feature of both spectra is that the peaks aren’t 
uniform in size. Some peaks are larger than others even though all are one- 
carbon resonances (except for the 2 two-carbon peaks of para-bromoaceto- 
phenone). This difference in peak size is caused by complex factors that we 
won’t go into and is only indirectly related to the structure of the sample. 
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z 
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Chemical shift (6) 

(b) 

ae ee eee) 

Figure 13.7 Carbon-13 NMR spectra of (a) 2-butanone and 

(b) para-bromoacetophenone. 

PROBLEM. «oc coc ce secs cect ccc r nse cer cere sessrecceescseeserssasers 

13.7 Assign the resonances in the following 13C NMR spectrum of methyl propanoate, 

CH;CH,CO2CHs3. 
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Intensity 

1 
CH,CH,COCH3 
4 3 Bae 

200 

13.8 

PROBLEM... 

ee 

180 160 140 120 100 80 60 40 20 0 ppm 

Chemical shift (5) 

Ce eee eee reer erereeereneeeeeneseoreesereeereneeseseseseses 

Predict the number of carbon resonance lines you would expect to observe in the 
13C NMR spectra of these compounds: 
(a) Methylcyclopentane (b) 1-Methylcyclohexene 
(c) 1,2-Dimethylbenzene (d) 2-Methyl-2-butene 

Beem eee eee eee eee eee ee eeeereseeeeseeeesereeseeeeeseeesene 

Propose structures for compounds that fit these descriptions: 
(a) A hydrocarbon with seven lines in its 3C NMR spectrum 
(b) A six-carbon compound with only five lines in its *C NMR eee 
(c) A four-carbon compound with three lines in its *C NMR spectrum 

Ce mem m ee eee ee eee eee eee EEE HEE HEHEHE EE HEE EE HEHEHE HEHEHE REED 

13.5 Measurement of NMR Peak Areas: 
Integration 

The relative sizes of the different peaks observed in a 3C NMR spectrum 
depend to a considerable extent on the mode of spectrometer operation. When 
the spectrometer is operated in the normal mode, different single-carbon 
peaks often have different areas. When the NMR spectrometer is operated 
in the integrating mode (called the gated-decoupled mode), however, all 
single-carbon resonances have the same peak areas. By electronically mea- 
suring, or integrating, the area under each peak, it’s possible to tell the 
relative number of carbon atoms each peak represents. 

Integrated peak areas are presented on the chart in a stair-step manner, 
with the height of each step proportional to the number of carbons causing 
that peak. To compare one peak size against another, you simply take out 
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a ruler and measure the heights of the various steps. Figure 13.8 shows the 
integrated 13C NMR spectra of 2-butanone and para-bromoacetophenone. 
Note that all four peaks in the 2-butanone spectrum have the same inte- 
grated peak area, while the para-bromoacetophenone spectrum shows 4 
equal one-carbon resonance lines and 2 two-carbon resonance lines. 

C2 O 

| 
CH3CCH.CH; 
1 23 4 

Intensity 

200 180 160 140 120 100 80 60 40 20 0 ppm 

Chemical shift (5) 

(a) 

B\ce 
5 
& 

200 180 160 140 120 100 80 60 40 20 0 ppm 

Chemical shift (6) 

(b) 

=p ee ee ee eS 

Figure 13.8 Integrated '*C NMR spectra of (a) 2-butanone and 

(b) para-bromoacetophenone. 
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PROBLEM... 

13.10 

Integrated spectra give more information than normal spectra do, but 

this information comes at a price. The NMR spectrometer is two or three 

times less sensitive in the integrating mode than in the normal mode so 

that more sample and more time are required to obtain the spectrum. Since 

this price is not worth paying unless a particular ambiguity exists about 

the number of carbon atoms in a sample, integrated !°C spectra are not 
often obtained in practice. The concept of NMR spectra integration is a 
useful one, though, and we’ll soon see that peak integration is critically 
important in interpreting 'H NMR spectra. 

CORO RETRO SETH H EHH HOCH HREHHE CHOBE RERO EHO CHE OOH ECE SS 

How many lines would you expect to see in the 8C NMR spectrum of para-dimethyl- 
benzene? What peak areas would you expect to find on integration of the spectrum? 
Refer to Table 13.2 for approximate values of chemical shifts, and then sketch what 

the integrated spectrum might look like. 

no _\ cn, 

para-Dimethylbenzene 

13.6 Spin—Spin Splitting of NMR Signals 

For most purposes, the normal 8C NMR spectrum is fully satisfactory. 
Obtaining the spectrum in this mode provides a carbon count of the sample 
molecule and gives information about the environment of each carbon. Occa- 
sionally, however, more detailed information is needed, and yet a third mode 

of spectrometer operation is employed. When the spectrometer is operated 
in the spin-coupled mode (called the off-resonance mode), single-carbon 
resonance lines can split into multiple lines. What is this signal splitting 
due to, and what use can we make of this phenomenon? 

Look carefully at both the normal spectrum and the spin-coupled spec- 
trum of dichloroacetic acid shown in Figure 13.9. When the two spectra are 
displayed on the same chart, it becomes clear that the carbonyl-carbon 
resonance at 170 6 remains a singlet, but the methine-carbon resonance 
(R3C—H) at 64 6 splits into two peaks (a doublet). This phenomenon, known 
as spin-spin splitting, is due to the fact that the nuclear spin of one atom 
interacts, or couples, with the nuclear spin of a nearby atom. In other 
words, the tiny magnetic field of one nucleus affects the magnetic field felt 
by a neighboring nucleus. 

How does spin-spin splitting arise? Let’s review briefly. We’ve seen that, 
when a magnetic nucleus such as 1°C is placed in a strong magnetic field, 
the nucleus adopts one of two spin states. The 13C spin lines up either with 
or against the applied magnetic field. In addition to orienting the nuclear 
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Figure 13.9 Normal spectrum (lower scan) and spin-coupled 

spectrum (upper scan) of dichloroacetic acid, CHCIZCOOH. 

spins, the applied magnetic field also causes electrons in the molecule to 
shield the nucleus by setting up tiny local magnetic fields that act in oppo- 
sition to the applied field. Because of this shielding, the effective field actu- 

ally felt by the nucleus is slightly less than the applied field. Differences in 
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the extent of shielding at each nucleus account for the differences in chemical 
shifts between nuclei that we observe in }2C NMR spectra. 

In addition to being affected by electron shielding, the magnetic field 
felt by a nucleus is also affected by neighboring magnetic nuclei. For exam- 
ple, the C=O carbon of dichloroacetic acid is bonded only to nonmagnetic 
neighbor atoms, but the -CHClz, carbon is bonded to another magnetic 
nucleus—a proton, 1H. (Remember that the natural abundance of !8C is 
only about 1.1%, and the likelihood of two 18C atoms being adjacent in a 
molecule is therefore small. Thus, we don’t observe 12C—13C magnetic 
interactions.) 

When placed in a strong external magnetic field, the spin of the neigh- 
boring 'H nucleus aligns either with or against the applied field. If the 
neighboring spin is aligned with the applied field, the total effective field 
at the neighboring carbon is slightly larger than it would otherwise be. 
Consequently, the applied field necessary to cause resonance is slightly 
reduced. Conversely, if the neighboring spin is aligned against the applied 
field, the effective field at the neighboring carbon is slightly smaller than 
it would otherwise be. Thus, the applied field needed to bring the carbon 
into resonance is slightly increased. Figure 13.10 shows schematically how 
spin-spin splitting arises. 

Position of signal 
without effect of 

proton spin 

H, applied 

H, proton SS or ae} 

H, applied at Ey proton 

| 
| 

H applied H proton 

+O- 
; | 

iel| hee Hah 

| 

Doublet signal due to 

coupling with proton spin 

aa ee eee 

Figure 13.10 Origin of spin—spin splitting. If the neighboring 

proton has its spin aligned with the applied field, then a lower field 

value is required for resonance. If the neighboring proton has its 

spin against the applied field, then a higher value is required. 

Resonance therefore occurs at two different values of the applied 

field, and a doublet absorption is observed. 

The consequence of the coupling of adjacent nuclear spins is that the 
carbon comes into resonance at two slightly different values of the applied 
field. One resonance is a little above where it would be without coupling, 
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and the other resonance is a little below where it would be without coupling. 

We therefore observe a doublet in the !23C NMR spectrum of dichloroacetic 
acid. 

It’s important to realize that the signal from an individual carbon atom 
in an individual molecule is not a doublet. An individual carbon atom 
absorbs at either one position or the other depending on the orientation of 
its own adjacent hydrogen. We see a doublet in the NMR spectrum only 
because we are observing the summation of signals from a great many 
molecules. 

If a carbon atom is bonded to more than one proton, more complex spin— 
spin splitting is observed. For example, Figure 13.11 shows both the normal 
spectrum and the spin-coupled spectrum of 2-butanone. The carbonyl-carbon 
(C2) resonance of 2-butanone remains a singlet in the spin-coupled spectrum 
at 208 65 because it’s not bonded to any protons. The —CH>- resonance at 
36.8 6 splits into a triplet, however, and the two —CHg3 resonances at 6.6 6 
and at 28.8 6 become quartets. According to the n + 1 rule, a carbon bonded 
to n protons shows n + 1 peaks in its spin-coupled 1°C spectrum. How does 
this rule arise? 

1 
CH,CCH,CH; 

3 4 1 2 

180 160 140 120 100 80 60 40 20 0 ppm 
Chemical shift (6) 

cS ree ee 

Figure 13.11 Normal spectrum (lower scan) and spin-coupled 

spectrum (upper scan) of 2-butanone. 

A methylene carbon (-CH,-) is bonded to two other magnetic nuclei 

(protons), and the spins of these two protons can orient in three different 

combinations. Both proton spins can.orient against the applied field; one 

can orient against and one with the applied field (two possibilities); or both 
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eee ewww eee 

can orient with the applied field. This leads to three peaks of relative inten- 
sity 1:2:1 in the spin-coupled spectrum of a -CH»2- carbon (Figure 13.12). 

A similar analysis for a -CH3 carbon predicts that spin—spin splitting 
should lead to the observation of a quartet of 1:3:3:1 intensity in the spin- 
coupled !3C NMR spectrum. This is, in fact, observed (Figure 13.12). To 
repeat: A carbon bonded to n protons gives a signal that is split into 
n + 1 peaks in the spin-coupled spectrum. 

— CH»y— carbon — CHg carbon 

Happlied | 

proton Aproton —_ 

| 
| 
| 
| —_— + 

| 
| 
| 
! 

| 

Triplet due to coupling with two protons Quartet due to coupling with three protons 

Sa ee ee a ee ee 

Figure 13.12 Spin—spin splitting of a methylene carbon (-CH,-) 

and a methyl carbon (—CH3). The signal of a carbon bonded to n { 

hydrogens splits into n + 1 peaks (the n + 1 rule). 

HOO rere weer ee esse eee eee ee Hee eH eHeeeeeeeeeeeeeeeresere 

Sketch what the normal °C NMR spectrum of propene might look like. 
(a) How many carbon resonances are there? 
(b) Into how many peaks does each carbon resonance split in the spin-coupled 

spectrum? 

er ary 

Sketch what the normal °C NMR spectrum of cyclopentene might look like. 
(a) How many carbon resonances are there? 

(b) What further information would the integrated spectrum give you? Make a 

sketch of what the spin-coupled spectrum of cyclopentene might look like. 

CCPL ee MORO HER HOSE LARS H SHH OOH Ee HHO HHL FCS See eeTe RM ES ESE S 
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13.7. Summary of '*C NMR Spectroscopy 
SI SS TEE RT RD POET ET A 

The information derived from °C NMR spectroscopy is extraordinarily use- 
ful for structure determination. Not only can we count the number of dif- 
ferent kinds of carbon atoms and deduce information about their chemical 
environments, we can also find how many protons are bonded to each carbon. 
This allows us to answer many structural questions that can’t be easily 
handled by infrared spectroscopy or mass spectroscopy. 

Let’s take an example. How might we prove that E2 elimination of an 
alkyl halide gives the more highly substituted alkene (Zaitsev’s rule, Section 
11.10)? Does reaction of 1-chloro-1-methylcyclohexane with strong base lead 
predominantly to 1-methylcyclohexene or to methylenecyclohexane? 

H.C Cl CH, Gi 

KOH 
—_ or 9 

Ethanol 

1-Chloro-1- 1-Methylcyclohexene Methylenecyclohexane 

methylcyclohexane 

1-Methylcyclohexene should have five sp*-carbon resonances in the 
range 20-50 6 and two sp?-carbon resonances in the range 100-150 6. 
Methylenecyclohexane, however, because of its symmetry, would be expected 
to have only three sp*-carbon resonance peaks and two sp?-carbon peaks. 
The spectrum of the actual reaction product shown in Figure 13.13 clearly 
identifies 1-methylcyclohexene as the substance formed in this E2 reaction. 

A summary of the operating modes of !8C NMR spectrometers and of 
the kinds of information obtainable in each mode is given in Table 13.3. 

TABLE 13.3. Summary of !8C NMR and the Modes of Spectrometer Operation 
Sa a a Oe ED EES EY 

Spectrometer operating mode Structural information obtained 

Normal mode _ Gives one resonance line for each kind of non- 
(proton noise-decoupled) equivalent carbon atom, making it possible to 

count the number of kinds of carbons and deduce 
° their environments from chemical shifts. 

Integrating mode All resonances are of equal peak area, making it 

(gated-decoupled) _ possible to integrate the area under each peak 
and determine the relative number of carbons. 

each represents. 

Spin-coupled mode Spin—spin splitting causes carbon resonances to 

(off-resonance) split into multiplets, making it possible to deter- 

mine how many protons are bonded to each car- 

bon (the n + 1 rule). 

ere eee 
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Figure 13.13 Normal '?C NMR spectrum of the elimination 

product from 1-chloro-1-methyicyclohexane. 

13.13 We saw in Section 7.6 that addition of HBr to alkenes under radical conditions leads 
to the non-Markovnikov product with the bromine bonding to the less highly sub- 
stituted carbon. How could you use 18C NMR to identify the product of radical 
addition of HBr to 2-methylpropene? 

Ce eC ee ee er 

13.8 'H NMR Spectroscopy 

We have seen four general features of NMR spectra in the previous pages: 

1. Number of NMR absorptions Each nonequivalent !°C or 1H 
nucleus can give rise to a separate absorption peak. 

2. Chemical shifts The exact position of an NMR absorption tells the 
chemical (magnetic) environment of a given nucleus. 

3. Integration of NMR absorptions Electronic integration of the area 
under a peak tells how many nuclei cause that specific resonance 
peak. 

4. Spin—spin splitting The splitting of resonance lines into multiplets 
by coupling of nuclear spins provides information about neighboring 
magnetic nuclei. : 
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All four of these features are just as applicable to \H NMR spectra as 
they are to °C NMR spectra. In fact, they’re even easier to observe for 1H 
spectra because normal spectrometer operating conditions enable signal 
integration and spin-spin splitting. Proton NMR spectra are so easy to 
obtain that it usually takes only a few minutes and several milligrams of 
sample. Let’s look at each of the four features in more detail. 

13.9 Number of NMR Absorptions: 
Proton Equivalence 

SSS a ED 

In 18C NMR, each unique kind of carbon atom normally gives rise to a 
distinct peak in the spectrum. Exactly the same is true in 1H NMR. Each 
unique kind of proton gives rise to its own absorption peak, and we can use 
this information to determine how many different kinds of protons are pres- 
ent. For example, Figure 13.14 shows the 1H NMR spectrum of methyl 
chloroacetate, CICH,COOCH3. There are two kinds of protons present, 
Cl-CHp,- protons and —CH3 protons, each of which has its own signal. 

O 
! 
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Figure 13.14 The 'H NMR spectrum of methyl chloroacetate, 

CICH,COOCH3. 

Simple visual inspection of a structure is usually enough to decide how 
many kinds of nonequivalent protons are present. If doubt exists, however, 
the equivalence or nonequivalence of protons can be determined by asking 
whether the same structure or different structures would be formed by men- 
tally substituting an X group for one of the protons. If the protons are 
-chemically equivalent, the same product would be formed no matter which 
proton was substituted for. If they’re not chemically equivalent, different 
products would be formed on substitution. 
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For example, all 12 protons in 2,3-dimethyl-2-butene are equivalent. 

No matter which proton we mentally replace by an X group, we get the 

same structure. The 12 protons thus give rise to a single, sharp 1H NMR 

peak (Figure 13.15). 

H3C jis oe ee 
Mental 

substitution Uh us 

H3C CHs3 H3C CH3 

All four methyl groups Only one substitution 
are equivalent. product is possible. 

Intensity ———— 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

: t 
re ee ee a ee eae 

Figure 13.15 The 'H NMR spectrum of 2,3-dimethyl-2-butene. 

In contrast, the 10 protons of 2-methyl-2-butene are not all equivalent. 
There are three different kinds of methyl-group protons and one vinylic 
proton, leading to four different signals. 

_— | ea 

(a) H3C H (d) 

\ fh 
C=C 
/ BY 

(b) H,C CH3 (ce) 
A ms 

OS ne 

XCH, H H.C H H5C H HC X 
* i i Ni \ 
C=C C=C C=C C=C 
Z \ \ ff z 

H3C CHs XCH» CH3 H3C CH)X H3C CH; 

(a) (b) Sl) (d) 

Four different substitution products 
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13.14 How many nonequivalent kinds of protons are present in these compounds? 
(a) CH;CH,Br (b) CHz;0CH,CH(CHs3)2 
(c) CHsCH,CH,NO, (d) Methylbenzene 
(e) 2-Methyl-1-butene (f) cis-3-Hexene 

SHHSSHH HEHEHE OCH H CHES H RE OREH EHH TRAE EHR EHO OE Re Mees aeenreseweeerese 

13.10 Chemical Shifts in 'H NMR 
Spectroscopy 

We saw in looking at '3C NMR spectroscopy that differences in chemical 
shift are caused by the small local magnetic fields of the electrons that 
surround the various nuclei. Nuclei that are strongly shielded by electrons 
require a higher applied field to bring them into resonance (to the right on 
the NMR chart), and nuclei that are not strongly shielded need a lower 
applied field for resonance to occur (to the left on the NMR chart). Everything 
we've said about !°C chemical shifts is also applicable to 1H shifts. Proton 
chemical shifts tell a great deal about the chemical (magnetic) environments 
within a molecule. 

Proton chemical shifts are expressed in 6 units (1 6 = 1 ppm of spec- 
trometer frequency), just as for 1°C shifts. In contrast to 18C shifts, however, 
proton chemical shifts fall within the rather narrow range of 0-10 6. The 
exact spot within this range is highly characteristic of environment, as 
shown in Table 13.4 (page 466) and Figure 13.16. 

od a ies > - aa 
| | | 

| | 
: : =C—H | Sahe [=C—¢—H 

| | - | | Unsaturated 
| Aromatic Vinylic | X=O,N, or halide | ee ; Saturated C—H 

seal =i. See (ee eel i 
8 7 6 5 4 3 2 1 0 

Chemical shift (5) 

[Eee a ee 

Figure 13.16. Chemical shifts for different kinds of protons. 

The majority of 1H NMR absorptions occur from 0 to 8 6, a range that 

can be conveniently divided into five regions, as shown in Table 13.5 (page 

467). By memorizing the positions of these five regions, it’s often possible 

to tell at a glance what general kinds of protons a molecule contains. 
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TABLE 13.4 Correlation of 1H Chemical Shift with 

Environment 
SP EE EE SE EE a oI TI a Sa 

Type of proton Formula Chemical shift (6) 

Reference peak (CH3)4Si 0 

Saturated primary —CH3 0.7-1.3 

Saturated secondary —CH,— 1.2-1.4 

x 
Saturated tertiary 3 C—H 1.4—1.7 

peo AS 
Allylic primary Je = 1 —CH3 1.6-1.9 

1 
Methyl! ketones —C—CH3; 2.1-2.4 

Aromatic methyl Ar—CH3 2.5-2.7 

2X 
Alkyl chloride Cl—C—H 3.0—4.0 

i 

x 
Alkyl bromide Br ay C—H 2.5—4.0 

~ 
Alkyl iodide I—C—H 2.0—4.0 

i 
\ { 

Alcohol, ether —O—C—H 3.3—4.0 
e 

Alkynyl —C=C—H 2.5—2.7 

dibs NY 
Vinylic C=C—H 5.0-6.5 

phat We | 

Aromatic Ar—H 6.5—8.0 

1 
Aldehyde —C—H 9.7-10.0 

1 
Carboxylic acid —C—O—H 11.0-12.0 

Alcohol af C—O—H Extremely variable 

(2.5—5.0) 
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TABLE 13.5 Regions of the 1H NMR Spectrum 
I EN FT IE TET 

Region (8) Proton type Comments 

0-1.5 | | Protons on carbon next to saturated centers 
—C—C—H absorb in this region. Thus, the alkane 

portions of most organic molecules show 
complex absorption here. 

1.5-2.5 | Protons on carbon next to unsaturated 
centers (allylic, benzylic, next to carbonyl) 

show characteristic absorptions in this region, 
just downfield from other alkane resonance. 

Protons on carbon next to electronegative 
atoms (halogen, O, N) are deshielded because 

| of the electron-withdrawing ability of these 

atoms. Thus, the protons absorb in this 
midfield region. 

2.5—4.5 | 

Protons on double-bond carbons (vinylic 
protons) are strongly deshielded by the 
neighboring pi bond and therefore absorb in 
this characteristic downfield region. 

4.5-6.5 H 

C=C. 
- eee 

S 

Protons on aromatic rings (aryl protons) are 
strongly deshielded by the pi orbitals of the 
ring and absorb in this characteristic low- 
field range. 

6.5-8.0 

cieiuD gw Miele ieliata lo ele@ leas wie © 66s 2 2 6 6:6 6 0 6s) 8:06 6 6160 0.0 6'6 4 6 Cie we 0» 060 

Each of the following compounds exhibits a single 1H NMR peak. Approximately 
where would you expect each compound to absorb? 

(a) Cyclohexane (b) CH3;COCH3 (c) Benzene 

O 
| | 

(d) Glyoxal H—C—C—H (e) CHCl, (f) (CH3)3N 

Ce ws Oe OHSS OCOD CLOG ESOC THRACE OOK O Hee THES OC OC CC eFC aS 

Identify the different kinds of protons in the following molecule, and tell where you 
would expect each to absorb. 

aS rib © Saw) wile Solel 6/¢) ed e/d w 14) 6) 86, oo uA 6166 08 a 00.018 € 0.4 6 0 0/06 6 6 0/8 6:0 80 
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13.11 Integration of 'H NMR 
Absorptions: Proton Counting 

Electronic integration of 'H NMR peak areas tells the relative numbers of 
protons responsible for those peaks. The idea of peak integration was intro- 
duced during the discussion of !8C NMR, but we remarked at that time that 
13C integration is not normally needed because each peak is usually due to 
a single carbon. Integration of 'H NMR spectra, by contrast, is extremely 
useful because these spectra often show complicated patterns that are dif- 
ficult to sort out. 

An integrated !H spectrum is displayed in a stair-step manner, with 
the height of each step proportional to the number of protons represented 
by that peak. For example, the integrated spectrum of methyl] 2,2-dimethy]l- 
propanoate given in Figure 13.17 shows that the areas of the two absorptions 
have a ratio of 1:3. This is just what we would expect, since the three -OCH3 
protons are equivalent and the nine (CH3)3C— protons are equivalent. 

CH O 

spouts 

CH3 

ig 

5 
5 

‘ 

ed! 
10 8 6 4 2 0 ppm 

Chemical shift (6) 

SS a a Se ee 

Figure 13.17 The integrated 'H NMR spectrum of methyl 2,2- 

dimethylpropanoate. The two peaks have a ratio of 3:9, or 1:3. 

13.12 Spin—Spin Splitting in 'H NMR 
Spectra 

I EI TY ALGO I IE TICE ITE IIE 

Spin-spin splitting of single absorption peaks into multiplets is due to the 
coupling of neighboring nuclear spins. For example, we’ve seen that a 3C 
nucleus can couple with one or more nearby protons, leading to signal split- 
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ting when the !°C off-resonance NMR spectrum is recorded. Spin-spin split- 
ting is also observed in 1H NMR. 

Just as the spin of a '8C nucleus can couple with the spins of neighboring 
protons, so the spin of one proton can couple with the spins of neighboring 
protons. (Because of the low natural abundance of 13C, the coupling of a 
proton’s spin to a !8C nucleus is of too low an intensity to be observed.) The 
resultant splitting patterns can be complex, but they can also provide much 
information. For example, the 1H NMR spectrum of chloroethane in Figure 
13.18 shows that the -CH,Cl protons appear as four peaks (a quartet) at 
3.6 6, and that the —CHs protons appear as a triplet at 1.5 5. 

CH.CH,Cl 

2 
é 

TMS 

10 8 6 4 oe 0 ppm 

Chemical shift (6) 

Figure 13.18 The 'H NMR spectrum of chloroethane, CH3CH,Cl. 

The two —CH,Cl protons at 3.6 6 are chemically equivalent and don’t 
split each other’s signals. Their signals are, however, split by the three 
protons on the neighboring carbon. Since each of the three neighboring 
protons can have its own spin aligned either with or against the applied 
field, there are four possible coupling combinations (remember the n + 1 

rule). 
Similarly, the -CH3 protons of chloroethane are equivalent and don’t 

split each other’s signals. The -CHs signals are split by the two neighboring 
—CH,Cl protons, however, leading to the triplet observed in the 1H NMR 
spectrum. Figure 13.19 shows how the quartet and triplet patterns arise. 

The distance between individual peaks in a multiplet is called the cou- 
pling constant, denoted J. Coupling constants are measured in hertz and 
fall in the range 0-18 Hz. The exact value of the coupling constant between 
two groups of protons depends on several factors, such as geometric con- 
‘straints on the molecule, but a typical value for an open-chain alkyl system 
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Quartet due to coupling with -CH, Triplet due to coupling with -CH,Cl 

Figure 13.19 Spin—spin splitting in chloroethane. 

is 6—8 Hz. Note that a coupling constant is shared by both groups of coupled 
nuclei and is independent of spectrometer field strength. In chloroethane, 
for example, the CICH,- proton spins are coupled with the —CH3 proton 
spins and appear as a quartet with J = 7 Hz. The —CH3 protons appear as 
a triplet with exactly the same coupling constant, J = 7 Hz. 

Since coupling is a reciprocal interaction between the spins of two adja- 
cent groups of protons, we can sometimes use this fact to tell which mul- 
tiplets in a complex spectrum are related to each other. It often happens 
that an NMR spectrum contains many multiplets, and it’s sometimes dif- 
ficult to tell what is coupled with what. If two multiplets have exactly the 
same coupling constant, however, they are probably related, and the protons 
causing those multiplets are therefore adjacent in the molecule. 

The chloroethane spectrum in Figure 13.18 illustrates three important 
rules about spin-spin splitting in 'H NMR: 

1. Chemically equivalent protons do not exhibit spin—spin splitting. The 
equivalent protons may be on the same carbon or on different car- 
bons, but their signals don’t split. 

H H H 
. \ fe 

QC =H ClaaGseC- Cl 
‘ / : 
H H H 

Three C-H protons are Four C-H protons are 

chemically equivalent; ' chemically equivalent; 
no splitting occurs. no splitting occurs. 
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2. The signal of a proton that has n equivalent neighboring protons is 
split into a multiplet of n + 1 peaks with coupling constant J. Protons 
that are farther than two carbon atoms apart don’t usually couple, 
although they sometimes show small coupling when they are sep- 
arated by a pi bond. 

H H H H 
x y a wall otZ 
—C—C— —C—C—C— 
/ \ | \ 

Splitting observed Splitting not usually observed 

The most commonly observed coupling patterns are listed in Table 
13.6, along with the relative intensities of the multiplet signals. 

3. Two groups of protons coupled to each other must have the same 
coupling constant, J. 

TABLE 13.6 Some Common Spin Multiplicities 
SS a a a eR OS ES ET 

Number of equivalent Type of Ratio of 
adjacent protons multiplet observed intensities 

0 Singlet i! 

1 Doublet 121 

2 Triplet 1224 

3 Quartet owas: 

4 Quintet 1:4:6:4:1 

5 Sextet 1:5:10:10:5:1 

6 Septet 1:6:15°20315:6:1 

The 'H NMR spectra of 2-bromopropane and para-methoxypropiophe- 
none in Figure 13.20 further illustrate the preceding three rules. 

The 2-bromopropane spectrum shows two groups of signals split into a 
doublet at 1.71 6 and a septet at 4.32 6. The downfield septet is due to 
splitting of the -CHBr- proton signal by six equivalent neighboring protons 
on the two methyl groups.(n = 6 leads to 6 + 1 = 7 peaks). The upfield 
doublet is due to signal splitting of the six equivalent methyl protons by 
the single -CHBr- proton (n = 1 leads to 2 peaks). Both multiplets have 
the same coupling constant, J = 7 Hz, and integration confirms the expected 
6:1 ratio. 

The para-methoxypropiophenone spectrum is more complex but can 
nevertheless be interpreted in a straightforward way. The downfield absorp- 

tions at 6.98 and 8.0 6 are due to the four aromatic ring protons. There are 
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Figure 13.20 The 'H NMR spectra of (a) 2-bromopropane and 
(b) para-methoxypropiophenone. 

two kinds of protons, each of which gives a signal that is split into a doublet 
by its neighbor. Thus we see two doublets. The -OCHs signal is unsplit and 
appears as a sharp singlet at 3.90 6. The -CH2- protons next to the carbonyl 
group appear at 2.95 6 in the region expected for protons on carbon next to 
an unsaturated center, and their signal is split into a quartet due to coupling 
with the neighboring methyl group. The methyl protons appear as a triplet 
at 1.2 6 in the usual upfield region. 
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Predict the splitting patterns you would expect for each proton in these molecules. 
(a) CHBr,CH3 (b) CHz0CH,CH,Br (c) ClICH,CH,CH,Cl 

| 
(d) CH3;CH,OCCHCH; 

SF Si SSNS Re Re Ree et hare Ie eerie ae Yee ibe 6@'e'-WNN (6. w. © 6.0 )4 6 Sel bvece. Bwie B © ers 

Draw structures for compounds that meet these descriptions: 
(a) CpH¢O; one singlet (b) C3H7Cl; one doublet and one septet 
(c) C4HgCl.0; two triplets (d) C4HgO.; one singlet, one triplet, and one quartet 

2 ae) Sea 2 6/8 AP MON we) a wpa auNe 6B oS 0) wl al wo wirel a Mel whale int b\e\'e: gee wl wie ele ele 

The integrated 1H NMR spectrum of a compound of formula C4Hj90 is shown. 
Propose a structure consistent with the data. 
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More Complex Spin—Spin Splitting 
Patterns 

In all the NMR spectra we’ve seen so far, the chemical shifts of different 
protons have been quite distinct, and the spin—spin splitting patterns have 
been relatively simple. It often happens, however, that different kinds of 
protons have overlapping signals. The spectrum of toluene (methylbenzene) 
in Figure 13.21, for example, shows that all five aromatic ring protons give 
a single overlapping absorption, even though they aren’t all equivalent. 
This kind of accidental overlap of signals is something we must be aware 
of to avoid drawing false conclusions from spectra. 
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Figure 13.21 The 'H NMR spectrum of toluene, showing the 

accidental overlap of the nonequivalent aromatic ring protons. 

Yet another complication in 'H NMR spectroscopy arises when a signal 
is split by two or more nonequivalent kinds of protons, as in the case of 
trans-cinnamaldehyde isolated from oil of cinnamon (Figure 13.22). 
Although the n + 1 rule can be used to predict splitting due to equivalent 
protons, splittings due to nonequivalent protons are more complex. 

i | 

| 1 | E 
Five overlapping | CH =CH —C—H 
aromatic protons | 3 2 1 

| | 
| 
| 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (6) 
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Figure 13.22 The 'H NMR spectrum of trans-cinnamaldehyde. 
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The 1H NMR spectrum of trans-cinnamaldehyde can be understood if 
the different parts are isolated and each kind of proton is looked at 
individually: 

iL The five aromatic proton signals overlap into a single broad reso- 
nance line at 7.45 6. 

The aldehyde proton signal at Cl appears in the normal downfield 
position at 9.67 6 and is split into a doublet with J = 7 Hz by the 
adjacent proton at C2. 

The vinylic proton at C3 is next to the aromatic ring and is therefore 
shifted downfield from the normal vinylic region. This C3 proton 
signal appears at 7.42 6 and nearly overlaps the aromatic proton 
signals. Since it has one neighbor proton at C2, its signal is split 
into a doublet with J = 15 Hz. 

The C2 vinylic proton signal appears at 6.66 6 and shows an inter- 
esting absorption pattern. It is coupled to the two nonequivalent 
protons at Cl and C3 with two different coupling constants: J1_9 = 
7 Hz and Jo_3 = 15 Hz. 

The best way to see the effect of multiple coupling is to draw a tree 
diagram like that shown in Figure 13.23. Tree diagrams show the indi- 
vidual effects of each coupling constant on the overall pattern. 

Aromatic 

ring protons 

Proton on C3 

Proton on C2 

Jo-3 = 15 Hz 

Jj-2 =7 Hz 

6.66 6 

_ Figure 13.23 A tree diagram for the C2 proton of trans- 

cinnamaldehyde. 
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te eee econ 

The signal for the C2 proton in trans-cinnamaldehyde is split into a 
doublet by 15 Hz coupling with the C3 proton. The 7 Hz coupling with the 
aldehyde proton further splits each leg of the doublet into new doublets, 
and we therefore observe a four-line spectrum for the C2 proton. Multiple 
coupling can look complex but is usually amenable to simplification using 
tree diagrams, which consider each coupling separately. 

One further point you might have noticed about the cinnamaldehyde 
spectrum is that the four peaks of the C2 proton resonance are not all the 
same size; the left-hand peaks are slightly larger. This size difference is due 
to the fact that the coupled nuclei have very similar chemical shifts. When- 
ever the chemical shifts of coupled nuclei are similar, there is a skewing of 
the multiplet, with the legs nearer the signal of the coupled partner becom- 
ing larger and the legs farther from the signal of the coupled partner becom- 
ing smaller. Thus, the legs of the C2 multiplet closer to the C3 absorption 

are larger than the legs farther away. This skewing effect on multiplets can 
sometimes be useful since it tells where to look in the spectrum to find the 
coupled partner: toward the direction of skewing. 

See eee eres see eases eee eee ee eee eee eHeeeee eee eeeeeeeeesesees 

3-Bromo-1-phenyl-1-propene shows a complex NMR spectrum in which the vinylic 
proton at C2 is coupled with both the C1 vinylic proton (J = 16 Hz) and the C3 
methylene protons (J = 8 Hz). Draw a tree diagram for the C2 proton signal, and 
account for the fact that a five-line multiplet is observed. 

1 3 | 
Cx 2 CHBr 

o H 

3-Bromo-1-phenyl-1-propene ‘ 
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13.14 NMR Spectra of Larger Molecules 
SS a ae a IS TEI 

Digitoxigenin, the steroid responsible for the heart stimulant properties of 
digitalis preparations, has the formula C22H3904. Can a molecule this com- 
plex possibly give an interpretable NMR spectrum? 

The answer is that we often can’t fully interpret the spectrum of such 
a molecule but that NMR is useful nonetheless. The 'H NMR spectrum of 
digitoxigenin taken on a 300 MHz instrument is shown in Figure 13.24. 
Even though we can’t easily interpret the saturated alkane region between 
1.5 and 2.0 6, we can still recognize many structural features that provide 
a great deal of information. For example, we can readily spot two methyl- 
group singlets on saturated carbon at 0.84:and 0.92 6. We can also see one 
vinylic proton singlet at 5.85 6, a pattern at 4.85 5 due to two protons on 
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carbon next to oxygen, and a further broad absorption at 4.1 5, due to one 
proton on carbon next to oxygen. Even in complex cases, NMR is an inval- 
uable structural tool. 

Intensity 

8 6 4 2 

Chemical shift (6) 

SSS eee 

Figure 13.24 The 'H NMR spectrum of digitoxigenin taken at 

300 MHz. 

13.15 Uses of 'H NMR Spectra 

NMR can be used to help identify the product of nearly every reaction run 
in the laboratory. For example, we said in Chapter 7 that addition of HC] 
to alkenes occurs with Markovnikov regiochemistry; that is, the more highly 
substituted alkyl chloride is formed. With the help of NMR, we can now 
prove this statement. 

Does addition of HC] to 1-methylcyclohexene yield 1-chloro-1-methyl- 
cyclohexane or 1-chloro-2-methylcyclohexane? 

CH | oe T oH 3 3 

Cy + HCl — rai or Cr 
Cl 

H 

1-Methylcyclohexene 1-Chloro-1-methyl- 1-Chloro-2-methyl- 
cyclohexane cyclohexane 
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13.16 

The !'H NMR spectrum of the reaction product is shown in Figure 13.25. 

The spectrum shows a large singlet absorption in the alkane methyl region 

at 1.5 5, indicating that the product has a methyl group bonded to a qua- 
ternary carbon, R;C—CHsg, rather than to a tertiary carbon, RgCH-CHs3. 
Furthermore, the spectrum shows no absorptions in the range 4—5 6, where 
we would expect the signal of an RgCHCI proton to occur. Thus, it’s clear 
that 1-chloro-1-methylcyclohexane is the reaction product. 

Intensity 

TMS 

8 6 4 2 0 ppm 

Chemical shift (5) 

aa eee 

Figure 13.25 The 'H NMR spectrum of the reaction product from 

HCI and 1-methylcyclohexene. 

a ary 

How could you use 'H NMR to help you determine the regiochemistry of alkene 
hydroboration? Does hydroboration—oxidation of propene yield 1-propanol or 2- 
propanol? — 

SOO mmm e ewww meee ee were eee eee eee ser eee eee ee eeee eee ee Hee H EES 

Summary and Key Words 

When 'H and 1!°C nuclei are placed in strong magnetic fields, their spins 
orient either with or against the applied field. On irradiation with radio 
frequency (rf) waves, energy is absorbed and the nuclei “spin-flip” from the 
lower energy state to the higher energy state. This absorption of rf energy 
is detected, amplified, and displayed as a nuclear magnetic resonance 
(NMR) spectrum. 
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The NMR spectrum is obtained by irradiating a sample with a constant- 
frequency rf energy and slowly changing the value of the applied magnetic 
field. Different kinds of 1H and 18C nuclei come into resonance at slightly 
different applied fields, and we therefore see a different absorption line for 
each different kind of 1H and 18°C. The NMR chart is calibrated in delta (8) 
units, where 1 5 = 1 part per million (ppm) of spectrometer frequency. 
Tetramethylsilane (TMS) is used as a reference point to which other peaks 
are compared because it shows both 1H and !8C absorptions at unusually 
high values of the applied magnetic field. The TMS absorption occurs at the 
right-hand (upfield) edge of the chart and is arbitrarily assigned a value 
of 0 6. 

Both 1H and !8C NMR spectra display four general features: 

1. Number of resonance lines Each different kind of 1H or 1°C nucleus 
in a molecule can give rise to a different resonance line. 

2. Chemical shift The exact position of each peak is its chemical 
shift. Chemical shifts are due to the effects of electrons setting up 
tiny local magnetic fields that shield a nearby nucleus from the 
applied field and therefore cause different nuclei to come to reso- 
nance at different places. By correlating chemical shifts with envi- 
ronment, we can learn about the chemical nature of each nucleus. 

3. Integration The area under each NMR absorption peak can be 
electronically integrated to determine the relative number of 
nuclei (1H or !8C) responsible for each peak. 

4. Spin-—spin splitting Neighboring nuclear spins can couple, split- 
ting NMR peaks into multiplets. The NMR signal of a !°C nucleus 
bonded to n protons splits into n + 1 peaks (the n + 1 rule). Sim- 
ilarly, the NMR signal of a 'H nucleus neighbored by n equivalent 
adjacent protons splits into n + 1 peaks. 

Most !8C spectra are run in an operating mode that provides maximum 
sensitivity and gives a spectrum in which each nonequivalent carbon shows 
a single unsplit resonance line. Operating in the integrating mode causes 
a loss of sensitivity but provides a spectrum that can be electronically inte- 
grated to measure the number of carbon nuclei responsible for each peak. 
Operating in the spin-coupled mode also causes a loss of sensitivity but 
provides a spectrum in which spin-spin splitting is observed. Each carbon 
resonance is split into a multiplet depending on the number of protons to 
which it is bonded: Quaternary carbon resonances remain as singlets, ter- 

tiary carbons (R3CH) appear as doublets, secondary carbons (RgCH2) appear 
as triplets, and primary carbons (RCHs3) appear as quartets. 

Proton NMR spectra are even more useful than !8C spectra. The sen- 
sitivity of 1H instruments is high, and normal spectrometer operating con- 
ditions provide spectra that show spin-spin splitting and can be integrated. 
Proton resonances usually fall into the range 0-10 6 downfield from the 

TMS reference point. 
Specific 'H resonance peaks are often split into multiplets due to spin— 

spin splitting with the spins of protons on adjacent carbons. Equivalent 
protons don’t split each other, but a proton with n equivalent neighboring 
-protons gives a signal that is split into n + 1 peaks with coupling constant 

J. 
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ADDITIONAL PROBLEMS .....................:c0 cece ee ees 

13.22 

13.23 

13.24 

13.25 

13.26 

13.27 

13.28 

13.29 

13.30 

The following 'H NMR absorptions were determined on a spectrometer operating 
at 60 MHz and are given in hertz downfield from the TMS standard. Convert the 

absorptions to 6 units. 

(a) 131 Hz (b) 287 Hz (c) 451 Hz (d) 543 Hz 

The following 'H NMR absorptions given in 6 units were obtained on a spectrometer 
operating at 80 MHz. Convert the chemical shifts from 6 units into hertz downfield 
from TMS. 

(a) 2.1 (b) 3.45 (c) 6.30 (d) 7.70 

When measured on a spectrometer operating at 60 MHz, chloroform (CHCl3) shows 
a single sharp absorption at 7.3 6. 
(a) How many parts per million downfield from TMS does chloroform absorb? 

(b) How many hertz downfield from TMS would chloroform absorb if the measure- 
ment were carried out on a spectrometer operating at 360 MHz? 

(c) What would be the position of the chloroform absorption in 6 units when mea- 
sured on a 360 MHz spectrometer? 

How many absorptions would you expect to observe in the normal !3C NMR spectra 
of these compounds? 

(a) 1,1-Dimethylcyclohexane (b) CH3CH,O0CH3 

(c) tert-Butylcyclohexane (d) 3-Methyl-1-pentyne 

(e) cis-1,2-Dimethylcyclohexane (f) Gr 

Indicate the spin multiplicities you would expect to see for each carbon atom in the 
spin-coupled '*C NMR spectra of the molecules shown in Problem 13.25. 

Why do you suppose accidental overlap of signals is much more common in 'H NMR 
than in 8C NMR? 

Tell what is meant by each of these terms: 

(a) Chemical shift (b) Spin—spin splitting 
(c) Applied magnetic field (d) Spectrometer apenetang frequency 
(e) Coupling constant (f) Upfield/downfield 

How many types of nonequivalent protons are there in each of the following 
molecules? 

(a) H3C CH3 (b) CH3CH,CH,0CH3 (c) 

Naphthalene 

(d) i (e) a 

C H C 
or ory seh ~CO.CH,CH, 

H 

Styrene Ethyl acrylate 

The following compounds all show a single line in their 'H NMR spectra. List them 
in expected order of increasing chemical shift. 

CH, CH,Cl, Cyclohexane CH3;COCH3 H,C—CH, Benzene 
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13.32 

13.33 

13.34 

13.35 

13.36 

13.37 

13.38 
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Predict the splitting pattern for each kind of hydrogen and each kind of carbon in 
these molecules: 

(a) (CHs)s;CH (b) CH3;CH,COOCHS (c) trans-2-Butene 

Predict the splitting pattern for each kind of hydrogen and each kind of carbon in 
isopropyl propanoate, CH3;CH,COOCH(CHs)o. 

The acid-catalyzed dehydration of 1-methylcyclohexanol yields a mixture of two 
alkenes as product. After you separated them by chromatography, how would you 
use 1H NMR to help you decide which was which? 

CH; 
ae CH, CH; 

How would you use 'H NMR to distinguish between these pairs of isomers? 

CH, 
food, 

(a) CH;CH—CHCH,CH3; and H.C a, CH CH.,CH; 

(b) CH3;CH,OCH,CH3 and CH;0CH2CH2CH3 

O O 
| | 

(c) CH;COCH,CH; and CH3CH,CCHs3 

O 

(d) ence and Ga cneentae 

Propose structures for compounds with the following formulas that show only one 
peak in their 'H NMR spectra. 
(a) CsHi2 (b) C5Hio (c) C4HgO2 

Assume that you have a compound with formula C3H,O. 
(a) How many double bonds and/or rings does your material contain? 
(b) Propose as many structures as you can that fit the molecular formula. 
(c) If your compound shows an infrared absorption peak at 1715 cm“, what infer- 

ences can you draw? 
(d) If your compound shows a single 'H NMR absorption peak at 2.1 5, what is its 

structure? : 

How would you use !H and !°C NMR to help you distinguish among the following 
isomeric compounds of formula C4,H,? 

CH,— CH 

| | 
CH2—CH, H,C—CHCH,CH3 CH;CH=CHCH3; (CH3)gC—CHo 

How could you use !H and °C NMR to help you distinguish between these structures? 

O 

O 

3-Methyl-2-cyclohexenone 4-Cyclopentenyl methyl ketone 
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13.39 How could you use IR spectroscopy to help you distinguish between the two com- 

pounds shown in Problem 13.38? 

13.40 The compound whose 1H NMR spectrum is shown here has the molecular formula 

C3HgBrz. Propose a plausible structure. 

Intensity 

TMS 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

13.41 Propose structures for compounds that fit the following 'H NMR data: 
(a) C;H,,0 (b) C3H;Br 

6 H doublet at 0.95 6, J = 7 Hz 3 H singlet at 2.32 6 
3 H singlet at 2.10 6 1 H broad singlet at 5.35 6 
1H multiplet at 2.43 6 1 H broad singlet at 5.54 6 

13.42 The compound whose 'H NMR spectrum is shown has the molecular formula 
C,H,O0,Cl and shows an infrared absorption peak at 1740 cm™!. Propose a plausible 
structure. 

| Hl 

ie 
a 
3 
x] 

TMS 

L iJ 
10 8 6 4 2 0 ppm 

Chemical shift (5) 

13.43 Propose structures for compounds that fit the following 1H NMR data: 
(a) C,H,Cl, (b) (CioHi4 

3 H singlet at 2.18 6 9 H singlet at 1.30 6 
2 H doublet at 4.16 6, J = 7 Hz 5 H singlet at 7.30 5 
1 H triplet at 5.71 6, J = 7 Hz 
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(c) C4,H;BrO (d) CoH,,Br 

3 H singlet at 2.11 5 2 H quintet at 2.15 6, J = 7 Hz 
2 H triplet at 3.52 6, J = 6 Hz 2 H triplet at 2.75 6, J = 7 Hz 
2 H triplet at 4.40 5, J = 6 Hz 2 H triplet at 3.38 6, J = 7 Hz 

5 H singlet at 7.22 6 

13.44 How might you use NMR (either !H or 13C) to differentiate between the following 
two isomeric structures? 

(You might want to build molecular models to help you examine the two structures 
more closely.) 

13.45 Propose plausible structures for the two compounds whose 1H NMR spectra are 
shown. 

(a) C aHgBr 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

(b) C4HgCle 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

13.46 We saw earlier that long-range coupling between protons more than two carbon 
atoms apart is sometimes observed when pi bonds intervene. One example of long- 
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13.47 

Intensity 

range coupling is found in 1-methoxy-1-buten-3-yne, whose 1H NMR spectrum is 

shown. 

CH30, 
CH. 

H,—c=c th 
‘ "ag x 

H, 

Not only does the acetylenic proton, H,, couple with the vinylic proton H,, it also 
couples with the vinylic proton H, (four carbon atoms away). The following coupling 

constants are observed: 

Jab = 3 Hz Jaze = 1 Hz dh = 7 Hz 

Construct tree diagrams that account for the observed splitting patterns of H,, H,, 
and H,. 

Intensity 

10 8 6 4 2 0 ay 

Chemical shift (6) 

Assign as many of the resonances as you can to specific carbon atoms in the 8C 
NMR spectrum of ethyl benzoate shown here. 

| ) 1 
COCH,CH; 

200 180 160 140 120 100 80 60 40 20 0 ppm 

Chemical shift (6) 
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13.48 The 'H and SC NMR spectra of compound A, CgHgBr, are shown. Propose a possible 
structure for A, and assign peaks in the spectra to your structure. 

- 

> 
# 

\ 

S Y 
Ss TMS 

| 

10 8 6 4 2, 0 ppm 

Chemical shift (5) 

Set ea 

is 

z 

TMS 

| 
200 180 160 140 120 100 80 60 40 20 0 ppm 

Chemical shift (6) 

13.49 Propose plausible structures for the three compounds whose 1H NMR spectra are 

shown. 

(a) C4H 002 

Intensity ———— 

Chemical shift (5) 

0 ppm 
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_ (b) C;H,Br 

2 
g 
5 

10 8 6 ; 4 2 0 ppm 

Chemical shift (5) 

(c) CgHgBr 

ia 

= 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

13.50 The mass spectrum and !8C NMR spectrum of a hydrocarbon are shown. Propose a 
suitable structure for this hydrocarbon, and explain the spectral data. 

Relative abundance (%) 

20 40 60 80 100 120 140 

m/z ——> 



Intensity ———— 

Additional Problems 

a 
200 180 160 140 120 100 80 60 40 20 

Chemical shift (5) 

487 

0 ppm 



Chapter 14 

Conjugated 
» Dienes and 
Ultraviolet 
Spectroscopy 

Double bonds that alternate with single bonds are said to be conjugated. 
Thus, 1,3-butadiene is a conjugated diene, whereas 1,4-pentadiene is a 

nonconjugated diene with isolated double bonds. 

H,C=CH— CH= CH, H,C—CH— CH,— CH= CH, 

1,3-Butadiene 1,4-Pentadiene ‘ 

(conjugated; alternating (nonconjugated; nonalternating 
double and single bonds) double and single bonds) 

There are other types of conjugated systems besides dienes, many of 
which play important roles in nature and biology. For example, the pigments 
responsible for the brilliant reds and yellows of fruits and flowers are con- 
jugated polyenes (poly = “many”). Lycopene, the red pigment in tomatoes, 
is one such molecule. Conjugated enones (alkene + ketone) are common 
structural features of important molecules such as progesterone, the so- 
called pregnancy hormone. Conjugated cyclic molecules such as benzene are 
a major field of study in themselves and will be considered in detail in the 
next chapter. 

Lycopene 

488 
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Progesterone 

i ee a 

14.1 Which of the following molecules contain conjugated systems? Circle the conjugated 
portion. 

(a) (b) se (c) H,C=CH—C=N 

O H.C 

(d) CO.CH; (e) a (f) H 

al: ere cr 

ee ee eT 

14.1. Preparation of Conjugated Dienes 

Conjugated dienes are generally prepared by the methods previously dis- 
cussed for alkene synthesis. For example, the base-induced elimination of 
HX from an allylic halide produces a conjugated diene. 

H H Br 

NBS *K ~OC(CHs)3 ee) 
— rs 
CCl, HOC(CHs3)3 

Cyclohexene 3-Bromocyclohexene 1,3-Cyclohexadiene (76%) 

1,3-Butadiene itself is prepared industrially for use in polymer synthe- 
sis. One industrial method involves thermal cracking of butane over a spe- 
cial chromium oxide—aluminum oxide catalyst, but this procedure is of no 

use in the laboratory. 

CH,CH,CH,CH, —““- H,C=CHCH=CH, + 2H, 
Catalyst 

Butane 1,3-Butadiene 
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Other simple conjugated dienes that have important uses in polymer 

synthesis include isoprene (2-methyl-1,3-butadiene) and chloroprene (2- 

chloro-1,3-butadiene). Isoprene has been prepared industrially by a number 

of methods, including the dehydration of 2-methy]-3-buten-2-ol and the dou- 

ble dehydration of 3-methyl-1,3-butanediol over an alumina catalyst, but 

these methods are rarely used in the laboratory. 

2 

ee eH AlLOs 

CH; 

3-Methyl-1,3- CH; 
butanediol 

H,C—=C—CH+=CH, 

Isoprene 

OH (2-methyl-1,3-butadiene) 

| 
es =CH, 

CHs 

2-Methy]1-3- 
buten-2-ol 

14.2 Stability of Conjugated Dienes 

Conjugated dienes are similar to isolated alkenes in much of their chemistry. 
There are, however, some important differences such as stability. Conjugated 
dienes are somewhat more stable than nonconjugated dienes. 

Evidence for the extra stability of conjugated dienes comes from mea- 
surements of heats of hydrogenation (Table 14.1). We saw earlier in the 
discussion of alkene stabilities (Section 6.7) that alkenes of similar substi- 
tution pattern have remarkably similar AH*,ydrog values. Monosubstituted 
alkenes such as 1-butene have values for AH°pyarog near 30 kcal/mol (125 
kJ/mol), whereas disubstituted alkenes such as 2-methyl-1-butene show 
AH hydrog Values approximately 3 kcal/mol lower. We concluded from these 
data that highly substituted alkenes are more stable than less highly sub- 
stituted ones. That is, substituted alkenes release less heat on hydrogenation 
because they contain less energy to start with. A similar conclusion can be 
drawn for conjugated dienes. 

Since a monosubstituted alkene such as 1-butene has AH “hydrog = 30.3 
kcal/mol (127 kJ/mol), we might predict that a compound with two mono- 
substituted double bonds should have a AH*),arog approximately twice this 
value, or 60.6 kcal/mol. This prediction is met by nonconjugated dienes such 
as 1,4-pentadiene (AH*hydrog = 60.8 kcal/mol) but is not met by the conju- 
gated diene 1,3-butadiene (AH°hydrog = 57.1 kcal/mol). 1,3-Butadiene is 
approximately 3.7 kcal/mol (15 kJ/mol) more stable than predicted. 
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TABLE 14.1 Heats of Hydrogenation for Some Alkenes and Dienes 
a 

Alkene 

CH;CH,CH=CH, ye 

1-Butene 

Ta 
CH;CH,C—CH, ee. 

2-Methyl-1-butene 

H,C—CHCH=CH, da 

1,3-Butadiene 

H,C—CHCH=CH, ea 

1,3-Butadiene 

CH3 

to3—-olet 2H, 
H.C =CHC= CH, oat ts 

2-Methyl-1,3-butadiene 

2H, 
H,C =CHCH,CH=CH, =. 

1,4-Pentadiene 

H,C=CHCH,CH,CH=CH, —> 

1,5-Hexadiene 

Product 

CH3;CH2,CH,CH3; 

i. 
CH;3CH2CHCH3 

CH3;CH,CH= CH, 

CH3CH,CH,2CH3; 

es 
CH3;CH,CHCH3; 

CH;CH,CH,CH2CH3 

CH3;CH,CH,CH,CH2CH3 

id ardnaee 

(kcal/mol) (kJ/mol) 

30.3 PAG 

26.9 113 

26.7 112 

Dee 239 

53.4 223 

60.8 254 

60.5 253 

Confirmation of this unexpected stability comes from data on the partial 
hydrogenation of 1,3-butadiene. If 1,3-butadiene is partially hydrogenated 
to yield 1-butene, 26.7 kcal/mol (112 kJ/mol) energy is released, a value 3.6 

kcal/mol less than we would expect for a normal isolated monosubstituted 
double bond. The same is true of other conjugated dienes. 

HC =CHCH,CH= CH2 

1,4-Pentadiene 

H.C =CHCH=CHy, 

1,3-Butadiene 

CH3 

H,C = dies —=CHe, 

2-Methy1-1,3-butadiene 

AP hyarog (kcal/mol) 

30.3 + 30.3 

30.3 + 26.9 

30.3 + 30.3 = 60.6 Expected 

60.8 Observed 

—0.2 Difference 

60.6 Expected 

57.1 Observed 

3.5 Difference 

57.2 Expected 

53.4 Observed 

3.8 Difference 
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PROBLEM 

CHAPTER 14 Conjugated Dienes and Ultraviolet Spectroscopy 

Ce meme emer emer estes eres eeeseseseserereseeeeeesereseeesHese 

14.2 Use the data in Table 14.1 to calculate an expected heat of hydrogenation for allene, 
H,C=C=CHy,. The measured value is 71.3 kcal/mol (298 kJ/mol). How stable is 
allene? Rank a conjugated diene, a nonconjugated diene, and an allene in order of 
stability. 

ee 

14.3 Molecular Orbital Description of 
1,3-Butadiene 

Why are conjugated dienes unusually stable? Two different explanations 
have been advanced. One explanation says that 1,3-butadiene really does 
not have “unusual” stability; the problem is with what we call “usual,” not 
with the diene. According to this view, our expectations are wrong because 
a nonconjugated diene such as 1,4-pentadiene is a poor choice for comparison 
with 1,3-butadiene. 

In nonconjugated dienes, the carbon—carbon single bonds result from 
sigma overlap of an sp? orbital from one carbon with an sp? orbital from 
the neighboring carbon. In conjugated dienes, however, the carbon—carbon 
single bonds result from sigma overlap of sp? orbitals on both carbons. Since 
sp” orbitals have more s character than sp? orbitals do, they form somewhat 
shorter, stronger bonds. Thus, the “extra” stability of a conjugated diene 
has more to do with the hybridization of the orbitals forming the carbon— 
carbon single bond than with the double bonds themselves. 

H,C =CH—CH,—CH=CH, H,C=CH=CH=CH, 

{ 
Bonds formed by overlap of Bond formed by overlap of 

C,,2 and C,,3 orbitals C,,2 and C,,2 orbitals 

The second explanation for the stability of conjugated dienes focuses on 

the interaction between pi orbitals of the conjugated diene system. To see 
how this interaction of pi orbitals arises, let’s briefly review molecular 
orbital theory (Section 1.7). When a covalent bond is formed by overlap of 
two atomic orbitals, the orbitals that result are the property of the molecule, 
not of the individual atoms. The electrons in those orbitals are shared 
between atoms, rather than localized on one atom. For example, when two 

p atomic orbitals overlap in a sideways manner to form a pi bond, the bonding 
electrons occupy a pi molecular orbital, rather than p atomic orbitals. 

Since two p atomic orbitals are involved in forming a pi bond, two pi 
molecular orbitals are formed. One is lower in energy than the starting p 
orbitals and is therefore a bonding molecular orbital; the other is higher in 
energy and is an antibonding orbital. When we assign electrons to the 
orbitals, both electrons go into the low-energy bonding orbital, resulting in 
formation of a stable bond (Figure 14.1). ° 

The pictorial representation of molecular orbital formation in Figure 
14.1 shows how bonding arises. We saw earlier that p orbitals are dumbbell 



14.3 Molecular Orbital Description of 1,3-Butadiene 493 

Node 

| 

, | 

*) 7 
‘\ | ‘ 

Higher-energy antibonding MO 

Ne 
+ + 7 | 
) 4 we | 

i < 

’ S 
4 3 \ ie 

SN 4 + + : 

Two isolated \ yv™ 
P orbitals ————— Lower-energy bonding MO 

5 — — 

Figure 14.1 Two isolated p orbitals combine to form two pi 

molecular orbitals. W/hen these orbitals are filled, both electrons 

occupy the low-energy bonding orbital, leading to a net lowering 

of energy and formation of a stable bond. 

shaped and that the two lobes have different mathematical signs. When two 
p orbitals approach each other for overlap, they can orient in either of two 
ways. Overlap of lobes with identical signs is additive and corresponds to 
the low-energy bonding molecular orbital, whereas overlap of lobes with 
different signs is subtractive and corresponds to the high-energy antibonding 
orbital. 

The change of sign between adjacent lobes in the antibonding orbital 
means that, if there were electrons in this orbital, they would not be shared 
between nuclei and there would be no bonding. Thus, there is a node, or 
region of zero electron density between the two nuclei. The bonding molec- 
ular orbital has no node between the nuclei. (There is also a node between 
the plus and minus lobes of each individual pi orbital, but only the nodes 
between nuclei affect bonding.) 

Now let’s bring four p atomic orbitals together and allow two pi bonds 
to form, as occurs in a conjugated diene. In so doing, we generate a set of 
four pi molecular orbitals (Figure 14.2). 

The lowest-energy molecular orbital (denoted 4, Greek psi) is a fully 
additive combination that has no nodes between the nuclei. It is therefore 
a bonding orbital and holds two electrons. The molecular orbital of next 
lowest energy, W2, has one node between nuclei, is also a bonding orbital, 
and holds the remaining two electrons. Above yy and ws in energy are the 
two antibonding molecular orbitals, #3* and W4*. Of these, w3* has two nodes, 

and y4*, the highest-energy molecular orbital, has three nodes between 
nuclei. Note that the number of nodes increases as the energy level of the 
orbital increases. 

Quantum mechanical calculations show that the sum of energy levels 
of the two bonding butadiene molecular orbitals is slightly lower than the 
sum of two isolated alkene molecular orbitals. In other words, placing the 
four electrons in the two bonding molecular orbitals results in a more stable 
arrangement than placing them in two isolated alkene orbitals (Figure 14.3). 
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| x99 
v4 : ; Antibonding MO (three nodes) 

/ 
/ a 
_— v3 7 7 LF antibonding MO (two nodes) 

jos? - 
; ha +2 +3 

fe | + ppd 
| 

Four isolated _ — 
p orbitals \ 2 + +) i “> 

: “arent We : 3 r Bonding MO (one node) 

" {— =, + 4) 

Bonding MO (no nodes) 

aes ee ee at 

Figure 14.2 Pi molecular orbitals in 1,3-butadiene. The asterisk on 

w3* and wW,* indicates antibonding orbitals. 

- Hp oe 

—— = CH 

ci % 

AY we — ys = Gia NOT ag = a 

’ 
Partial double-bond 

character 

Figure 14.3 An orbital view of 1,3-butadiene, showing the 
favorable pi bonding interaction between C2 and C3. 
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This “extra” stability is a consequence of a favorable bonding interaction 
across the C2—C3 bond of 1,3-butadiene present in yj. 

In describing the 1,3-butadiene molecular orbitals, we say that the pi 
electrons are delocalized over the entire pi framework rather than localized 
between two specific nuclei. Electron delocalization always leads to lower- 
energy orbitals and greater stability of the molecule. 

14.4 Bond Lengths in 1,3-Butadiene 
SS a EE TE 

Further evidence for the special nature of conjugated dienes comes from 
data on bond lengths. Measurements show that the C2—C3 single bond in 
1,3-butadiene has a length of 1.48 A and that the two equivalent carbon— 
carbon double bonds have lengths of 1.34 A (Table 14.2). 

TABLE 14.2 Some Carbon—Carbon Bond Lengths 

Bond Bond length (A) Bond hybridization 

CH;— CH; 1.54 Cy-C5: 

H{C—CH, 1,33 CeO 

H,C=CH— CH, 1.49 Ce-C 

H,C=CH— CH=CH, 1.48 CeO 

H,C= CHCH= CH, 1.34 Ce-C. 

If we compare the length of the carbon—carbon single bond of 1,3-buta- 
diene (1.48 A) with that of ethane (1.54 A), we find that the 1,3-butadiene 
single bond is shorter by 0.06 A. Two explanations have been advanced to 
account for this bond shortening. One explanation ascribes the shortening 
of the 1,3-butadiene single bond to the delocalization of pi electrons in the 
bonding molecular orbitals. According to this view, pi orbital overlap across 
the C2—C3 bond results in partial double-bond character (Figure 14.3) and 
consequent bond shortening to a value midway between a pure single bond 
(1.54 A) and a pure double bond (1.33 A). The partial double-bond character 
of the C2—C3 bond is sufficient to stabilize the molecule but not to prevent 
bond rotation from occurring. 

Alternatively, it can be argued that the shortened 1,3-butadiene single 
bond is a natural consequence of the orbital hybridization involved. The 
C2-C3 bond results from sigma overlap of two carbon sp? orbitals, whereas 
a normal alkane bond results from overlap of two carbon sp? orbitals. Since 
overlap of sp? orbitals results in a single bond that has more s character 
than usual, the 1,3-butadiene single bond is a bit shorter and stronger than 
-usual. Both explanations are valid, and both effects contribute to the bond 
shortening observed for 1,3-butadiene. 
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14.5 Electrophilic Additions to 
Conjugated Dienes: Allylic 
Carbocations 

One of the most striking differences between the chemistry of conjugated 
dienes and that of isolated alkenes is in their electrophilic addition reactions. 

As we’ve seen, the addition of electrophilic reagents to carbon—carbon 
double bonds is an important and general reaction (Section 6.8). Markov- 
nikov regiochemistry is observed for these reactions because the more highly 
substituted, more stable, carbocation is involved as an intermediate. Thus, 
addition of HC] to 2-methylpropene yields 2-chloro-2-methylpropane rather 
than 1-chloro-2-methylpropane, and addition of 2 mol equiv of HCl to the 
nonconjugated diene 1,4-pentadiene yields 2,4-dichloropentane. 

1! 

ee ae 

CH * ci 
| : CH,CCH; 

CT eC ee | 2-Chloro-2-methylpropane 
3 2 Ether CH; 

2-Methylpropene Tertiary ad 

carbocation CH,CHCH,C1 

1-Chloro-2-methylpropane 
(not formed) 

Cl Cl 

ay ee HCl | ro 
H,C—CHCH,CH=CH, Ether CH3;CHCH,CHCH; 

1,4-Pentadiene 2,4-Dichloropentane 
(nonconjugated) 

Conjugated dienes also undergo electrophilic addition reactions readily, 
but mixtures of products are usually obtained. For example, addition of HBr 
to 1,3-butadiene yields a mixture of two products: 

H: ..H.ABr 
| We 

an sibs is Patt a 3-Bromo-1-butene 

| | ~H (71%; 1,2 addition) 

ae 
MEER + HBr 

| | H H 
H H Br | | 

C C H 1-Bromo-2-butene 

1,3-Butadiene Tp ere Bed (29%; 1,4 addition) 
(a conjugated diene) | | rH 

H H 
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3-Bromo-1-butene is the normal Markovnikov product of 1,2-addition, but 
1-bromo-2-butene appears unusual. The double bond in this product has 
moved to a position between carbons 2 and 3, and HBr has added to carbons 
1 and 4 (1,4-addition). 

Many other electrophiles besides HBr add to conjugated dienes, and 
mixtures of products are formed in most cases. For example, Br, adds to 
1,3-butadiene to give a mixture of 1,4-dibromo-2-butene and 3,4-dibromo- 
1-butene. 

Bro 
H,C=CHCH=CH, er BrCH,CH=CHCH2Br 1,4 addition 

1,3-Butadiene 1,4-Dibromo-2-butene (45%) 

+ 

Br 
| 

BrCH,CHCH=CH, _1,2 addition 

3,4-Dibromo-1-butene (55%) 

How can we account for the formation of the 1,4-addition products? The 
answer is that allylic carbocations are involved as intermediates in the 
reactions. When the electron-rich pi bond of 1,3-butadiene is protonated, 

two carbocation intermediates are possible: a primary carbocation and a 
secondary allylic cation (recall that allylic means “next to a double bond”). 
Since an allylic cation is stabilized by resonance (Section 11.9), it forms in 

preference to the less stable primary carbocation. 

H 

Vand ig 
Hite Ct OG appre 

| | ork 
H H 

H 

| Secondary, allylic 

Cs C Ie) gp JEUBYr carbocation 
Hz ne AG 

1,3-Butadiene C ve ieee 

Primary carbocation 

(not formed) 

There are two alternative ways to account for the stability of allylic 
carbocations. Resonance theory (Section 10.7) offers a pictorial represen- 
tation of the situation through the use of different resonance forms and says 
that the more resonance forms that are possible, the more stable the com- 

_pound is. Thus, an allylic cation has two resonance forms and is more stable 
than a nonallylic cation. Neither of the two resonance forms is correct by 
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itself, of course; the true structure of the allylic cation is a combination, or 

resonance hybrid, of the two Kekulé structures. 

Two resonance forms 

of an allylic carbocation 

When the allylic cation reacts with bromide ion to complete the elec- 

trophilic addition reaction, attack can occur either at carbon 1 or at carbon 

3. Since both carbons share the positive charge, attack at both carbons occurs 

and a mixture of 1,2- and 1,4-addition products results. 

| i 
H C CH, <~ H Cor. eH nce St 3 eS a 3 

H H H Fal 

a 
oo a 

1 
~~ 

1 | 
pe ee CH; + He a CH; 

oa 
Br | | | LaN 

H H H H Br 

1,4 addition 1,2 addition 

(29%) (71%) 

An alternative way to account for the stability of allylic carbocations 

is to construct a molecular orbital description. When we allow three p orbi- 
tals to interact, three molecular orbitals are formed (Figure 14.4). One low- 

energy bonding orbital, one nonbonding orbital, and one high-energy anti- 
bonding orbital result. The two available pi electrons occupy the low-energy 
bonding orbital, indicating that a partial bond exists between carbons 2 and 
3. Thus, the allylic cation is a conjugated system stabilized by electron 
delocalization in much the same way that 1,3-butadiene is stabilized by 
electron delocalization. 
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Figure 14.4 Molecular orbitals of an allylic carbocation. The two 

available electrons occupy the low-energy bonding orbital, leading 

to a net stabilization. 

It’s important to realize that the two approaches just taken for describ- 
ing allylic carbocations—the resonance approach and the molecular orbital 
approach—don’t “compete” with each other. It’s not that one approach is 
more “right” than the other; both are really just alternative ways of saying 
the same thing: Both are pictorial ways of visualizing a phenomenon that 
is best handled mathematically with wave functions. Sometimes one 
approach is more convenient, and sometimes the other is more convenient. 
We'll use both at various times. 

ee ee ee 

Give the structures of the likely products from reaction of one equivalent of HCl 
with 1,3-pentadiene. Show both 1,2 and 1,4 adducts. 

Pe Pe 

Look at the possible carbocation intermediates produced during addition of HCl to 
1,3-pentadiene (Problem 14.3), and predict which of the 1,2 adducts predominates. 

Which 1,4 adduct predominates? 

nl wis a tg diule 6)@e 6.6) S16 19 0) 60 60/6 16:66 6 60 6.00 06 ¢ 6/5, 6/8 6,6 « ais 6) 560 cee e >a, 2 

Electrophilic addition of Br2 to isoprene yields the following product mixture: 



500 CHAPTER 14 Conjugated Dienes and Ultraviolet Spectroscopy 

iia rn ies 

H,C=CCH=CH, —23 H,C=CCHBrCH,Br + BrCH,CBrCH=CH, CHs 

(3%) (21%) + BrCH,C—CHCH2Br 

; | (76%) 

Of the 1,2-addition products, explain why 3,4-dibromo-3-methyl-1-butene (21%) pre- 

dominates over 3,4-dibromo-2-methyl]-1-butene (3%). 

PROBLEM oc txtces cored oh mete ds Loe tend eee ke seed oe ee ak te 

14.6 The molecular orbital diagram for an allylic radical, HXC=CH-CHsz: is similar to 
that for an allylic carbocation. Indicate which orbitals the three pi electrons occupy. 

14.6 Kinetic versus Thermodynamic 
Control of Reactions 

\ Addition of electrophiles to conjugated dienes at or below room temperature 
normally leads to a mixture of products in which the 1,2 adduct predominates 
over the 1,4 adduct. When the same reaction is carried out at higher tem- 

’ peratures, however, the. product ratio often changes and the 1,4 adduct 
predominates. For example, addition of HBr to 1,3-butadiene at 0°C yields 
a 71:29 mixture of 1,2 and 1,4 adducts, but the same reaction carried out 

at 40°C yields a 15:85 mixture. Furthermore, when the product mixture 
formed at 0°C is heated to 40°C in the presence of more HBr, the ratio of 
adducts slowly changes from 71:29 to 15:85. How can we explain these 
observations? 

Br 

| 
H,C =CHCH =CH, + HBr —> H,C—CHCHCH; + CH3CH—CHCH, Br ° 

1,2 adduct 1,4 adduct 

at 0°C: 71% 29% 

at 40°C: 15% 85% 

To understand the reasons for the effect of reaction temperature on 
electrophilic addition reactions of conjugated dienes, it’s necessary to review 
what we’ve said previously about reactions and transition states. In prin- 
ciple, all reactions are reversible. In practice, however, it’s sometimes dif- 
ficult or impossible to reach equilibrium, and a nonequilibrium product 
distribution results. For example, imagine a reaction that can give either 
or both of two products, Band C: | : 

A>-— B+#+C 
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Let’s assume that B forms faster than C (in other words, that AGp* < 
AGc*) but that C is a more stable product than B (in other words, that 
AG? > AG’). A reaction energy diagram for the two processes might look 
like that shown in Figure 14.5. 

Kinetic control 

Thermodynamic control 

Reaction progress 

Se ee Se ee) 

Figure 14.5 A reaction energy diagram showing two competing 

reactions. The more stable product forms more slowly than the less 

Stable product. 

Let’s first carry out the reaction under vigorous, high-temperature con- 
ditions so that both processes are reversible and an equilibrium is reached. 
Since C is more stable than B, C is the major product formed under the 
equilibrium reaction conditions. It doesn’t matter that C forms more slowly 
than B, because the reaction conditions have been chosen such that B and 
C are formed reversibly, and therefore interconvert rapidly. All that matters 
in a reversible reaction is the thermodynamic stability of the products at 
equilibrium. Such reactions are said to be under thermodynamic control, 
or equilibrium control. 

ie eke a8) Thermodynamic tontrol 

(vigorous conditions; reversible) 

Now let’s carry out the same reaction under milder, low-temperature 
conditions so that both processes are irreversible and no equilibrium is 
reached. In other words, there’s enough energy present for the reactant A 
molecules to climb the energy barrier separating A from B, but not enough 
energy for product B and C molecules to climb the hill in the reverse direction 

_and go back to reactant A. Since B forms faster than C, B is the major 
product. It doesn’t matter.that C is more stable than B, because the reaction 

g 
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conditions have been chosen so that B and C are formed irreversibly and 
don’t interconvert. All that matters in an irreversible process is the reaction 
rate. Such reactions are said to be under kinetic control. 

Rh” Cea ae Kinetic control 
(mild conditions; irreversible) 

We can now explain the effect of temperature on electrophilic addition 
reactions of conjugated dienes. Under mild, low-temperature conditions 
(0°C), HBr adds to 1,3-butadiene under kinetic control to give a 71:29 mix- 

ture of products with the 1,2 adduct predominating. Since these mild con- 
ditions don’t allow the reaction to reach equilibrium, the product that forms 
faster predominates. Under more vigorous, high-temperature conditions 
(40°C), however, the reaction occurs reversibly under thermodynamic control 
to give a 15:85 mixture of products, with the more stable 1,4 adduct pre- 
dominating. The higher temperature makes the second step of the addition 
process—reaction of the allylic carbocation intermediate with bromide ion— 
reversible, and an equilibrium mixture of products therefore results. Figure 
14.6 shows the situation on a reaction energy diagram. 

H,C—CHCHCH, 
Br- 

H,C=CHCH=CH, 
+ HBr Br 

| 
H,C=CHCHCH, BrCH,CH=CHCH3 

(1,2 adduct) (1,4 adduct) 

Reaction progress 

SSS ee 

Figure 14.6 Reaction energy diagram for the electrophilic 

addition of HBr to 1,3-butadiene. The 1,2 adduct is the kinetic 

product, and the 1,4 adduct is the thermodynamic product. 

The electrophilic addition of HBr to 1,3-butadiene is an excellent exam- 
ple of how a change in experimental conditions can cause a change in the 
product of a reaction. The concept of thermodynamic control versus kinetic 
control is a valuable one that we can often use to advantage in the laboratory. 
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SREP eee eee eee seesernenerereereeeerernesesee 

ct and the 1,4 adduct of HBr with 1,3-butadiene are in equilibrium at 
opose a mechanism by which the interconversion of 3-bromo-1-butene and 

1-bromo-2-butene takes place. (See Section 11.6.) 

PROBLEM 

14.8 Why do you suppose 1,4 adducts of 1,3-butadiene are generally more stable than 1,2 
adducts? 

SERTAIAO OS AL A) 8 OO!) See Sew Bee Dee 8 Ww ee) Oe S00. oo e) wl eels @e) 8) -4).6) 66.6) 8c 06.016. 6.658) wee 

14.7 The Diels—Alder Cycloaddition 
Reaction 

a a a eS Eee 

A second striking difference in the behavior of conjugated and nonconjugated 
dienes is that conjugated dienes undergo an addition reaction with isolated 
alkenes to yield substituted cyclohexene products. For example, 1,3-buta- 
diene and 3-buten-2-one give 3-cyclohexenyl methyl ketone in high yield: 

O O 
| Tl 

H Cc ee a es C 
; H a T CH; Benzene ie: ~CH, 

A 
ex HH Zo 

H 1 H H 

H 

1,3-Butadiene 3-Buten-2-one 3-Cyclohexeny] methyl ketone 

(96%) 

This process, named the Diels—Alder cycloaddition reaction after its two 
discoverers,)? is extremely useful in organic synthesis because it forms two 

carbon—carbon bonds in a single step and is one of the few methods available 
for forming cyclic molecules. (As you might expect, a cycloaddition reaction 
is one is which two reactants add together to give a cyclic product.) The 
1950 Nobel Prize in chemistry was awarded to Diels and Alder in recognition 
of the importance of their discovery. 

The mechanism of the Diels—Alder cycloaddition is different from the 
other reactions we’ve studied. It is neither a polar reaction nor a radical 
reaction; rather, it’s a pericyclic process. Pericyclic reactions, which we'll 
discuss in more detail in Chapter 30, take place in a single step without 
intermediates and involve a cyclic redistribution of bonding electrons. The 

10tto Diels (1876-1954); b. Hamburg; Ph.D. Berlin (E. Fischer); professor, University of 
Berlin (1906-1916), Kiel (1916-1948); Nobel Prize (1950). 

2Kurt Alder (1902-1958); b. Kénigshiitte; Ph.D. Kiel (Diels); professor, University of Cologne 
(1940-1958); Nobel Prize (1950). 
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two reactants simply add together through a cyclic transition state in which 

both of the new carbon-carbon bonds form at the same time. 

We can picture a Diels—Alder addition as occurring by head-on (sigma) 

overlap of the two isolated-alkene p orbitals with the two p orbitals on 

carbons 1 and 4 of the diene (Figure 14.7). This is, of course, a cyclic ori- 

entation of the reactants. 

Figure 14.7. Mechanism of the Diels—Alder cycloaddition reaction. 

The reaction occurs in a single step through a cyclic transition state 

in which the two new carbon—carbon bonds begin to form at the 

same time. 

In the Diels—Alder transition state, the alkene carbons and carbons 1 

and 4 of the diene rehybridize from sp? to sp? to form the two new single 
bonds. Carbons 2 and 3 of the diene remain sp” hybridized to form the new 
double bond in the cyclohexene product. We'll study this mechanism at 
greater length in Chapter 30 but will concentrate for the present on learning 
more about the chemistry of the Diels—Alder reaction. 

14.8 Characteristics of the Diels—Alder 
Reaction 

THE DIENOPHILE 

The Diels—Alder cycloaddition reaction takes place most rapidly and in 
highest yield if the alkene component, or dienophile (“diene lover”), is 
substituted by an electron-withdrawing group. Thus, ethylene itself is slug- 
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gish in the Diels—Alder reaction, but propenal, ethyl propenoate, maleic 
anhydride, benzoquinone, propenenitrile, and others are highly reactive 
(Figure 14.8). Note also that alkynes such as methyl propynoate can act as 
Diels—Alder dienophiles. In all of these cases, the dienophile multiple bond 
is next to the positively polarized carbon of a substituent that withdraws 
electrons. 

1 1 | 
H H H C H C—Q Re . oH No* re CH,CHs 

| 
C C C 

Hit wail bie aati He tapi 

Ethylene: Propenal Ethyl propenoate 
unreactive (acrolein) (ethyl acrylate) 

O 
7 | CO,CH, 

HW G20. He. go eH AH. g2C=N 4| 

| O | | | I 
Cx” er ee a a ein aye H 6 H H H | 

| | H 

Maleic anhydride Benzoquinone Propenenitrile Methyl 

(acrylonitrile) propynoate 

7a Sr es a ea) 

Figure 14.8 Some Diels—Alder dienophiles. All contain electron- 

withdrawing substituents on the multiple bond. 

One of the most important features of the Diels—Alder reaction is that 
it is stereospecific: The stereochemistry of the starting dienophile is main- 
tained during the reaction, and a single product stereoisomer results. If we 
carry out the cycloaddition with a cis alkene such as methy] cis-2-butenoate, 
only the cis-substituted cyclohexene product is formed. Conversely, Diels— 
Alder reaction with methyl] trans-2-butenoate yields only the trans-substi- 
tuted cyclohexene product. _ 

H 
Fs sce | -CO2CH3 

ee SNe ar 

He GH Me CH, ACH 

1,3-Butadiene Methyl (Z)-2-butenoate Cis product 
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H HA CH: HA SCOTCH | COsCH, 

[rt on pence Bas yay ey 
H CH, . H3C H H3C 

1,3-Butadiene Methyl (£)-2-butenoate Trans product 

A second important stereochemical feature of the Diels—Alder reaction 
is that the diene and dienophile partners line up in such a way that the 
endo product rather than the alternative exo product is formed. The words 
endo and exo are used to indicate relative stereochemistry when referring 
to bicyclic structures like substituted norbornanes. A substituent on one 
bridge is said to be exo if it is syn (cis) to the smaller of the other two bridges 
and is said to be endo if it is anti (trans) to the smaller of the other two 
bridges. By analogy, a Diels—Alder reaction is said to have endo stereo- 
chemistry if the electron-withdrawing substituent on the dienophile ends 
up syn to the two-carbon unsaturated bridge in the product. 

A one-carbon bridge >. 

A two-carbon bridge oN Exo substituent 

(syn to smaller bridge) 
R 

Endo substituent 

R+————_ (anti to smaller bridge) 

When diene and dienophile approach each other in a Diels—Alder reac- 
tion, the best orbital overlap is achieved when the reactants lie directly on 
top of one another, a geometry that leads to endo rather than exo product. 
In the reaction of 1,3-cyclopentadiene with maleic anhydride, for example, 
the following result is obtained: 

alt \ O 

Caan ie TT \ 
|Z . [f O (J O Vi 

‘oO; —— we ate O 

O ff O O 

O 0 Exo product 
O (not formed) 

O Endo product 

Maleic anhydride 

THE DIENE 

A diene must be able to adopt an s-cis conformation (a “cis-like” conformation 
about the single bond) in order to undergo the Diels—Alder reaction. Only 
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in the s-cis conformation are carbons 1 and 4 of the diene close enough to 
react through a cyclic transition state to give a new ring. In the alternative 
s-trans conformation, the ends of the diene partner are too far apart to 
overlap the dienophile p orbitals successfully. 

4 

do C2—C3 do 

av ww Bond rotation 2D CG 

me CH; Hoc’, oH 

s-Cis conformation s-Trans conformation 

a8 H 

a oe CH, = CH, 

\: at Saray 
C C 
\ \ 

Successful reaction No reaction (ends too far apart) 

Examples of some dienes that can’t adopt s-cis conformation and there- 
fore don’t undergo Diels—Alder reaction are shown in Figure 14.9. In the 
case of the bicyclic diene, the double bonds are rigidly fixed in the s-trans 
arrangement by geometric constraints of the rings. In the case of (2Z,4Z)- 
hexadiene, severe steric strain between the two methyl groups prevents the 
molecule from adopting s-cis geometry. 

In contrast to the unreactive s-trans dienes, certain other dienes are 

rigidly fixed in the correct s-cis geometry and are therefore highly reactive 
in the Diels—Alder cycloaddition reaction. Such, for example, is the case 

with cyclopentadiene. Cyclopentadiene is so reactive, in fact, that it reacts 
with itself! At room temperature, cyclopentadiene dimerizes: one molecule 
acts as diene and another acts as dienophile in a self Diels—Alder reaction. 

eee rey oe 
1,3-Cyclopentadiene Bicyclopentadiene 

(s-cis) 
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A bicyclic diene 
(rigid s-trans diene) 

1 i | 
H C H C 7 07 = cH,) = on ‘cH, 

| — ee) mb H oak ¢ eA ~N ° oN H 

H H 

Severe steric strain (2Z,4Z)-Hexadiene 
in s-cis form (s-trans, more stable) 

Figure 14.9 Two s-trans dienes that can’t undergo Diels—Alder 

reactions. 

PROBLEM COR eee Heme meee ewer rere enema ereeeeeeereeeesesreeeeereeeeeses 

14.9 Which of these alkenes would you expect to be good Diels—Alder dienophiles? 

1 1 
(a) H}C—CHCCl (b) HxC—CHCH,CH,COCH3 (c) 

O O 

{ 

(d) (e) 

Peewee eer ee eer e ese sess eseeesreseeeeeereeeseeeeessersesresesenses PROBLEM 

14.10 Which of the following dienes have an s-cis conformation and which an s-trans 
conformation? Of the s-trans dienes, which can readily rotate to s-cis? 

(a) (b) (c) 

ee 
CC eee seer esesereseseserseseneasaeseeseseeeeeeeeesensesessesese 

14.11 Although cyclopentadiene is highly reactive toward Diels—Alder cycloaddition reac- 
tions, 1,3-cyclohexadiene is less reactive, and 1,3-cycloheptadiene is nearly inert. 
Can you suggest a reason for this reactivity order? (Building molecular models should 
be helpful.) 

ee ee i er ad 
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14.9 Other Conjugated Systems 

A conjugated system was defined earlier in this chapter as one that consists 
of alternating double and single bonds. After considering a molecular orbital 
description of 1,3-butadiene, however, we might now more accurately 
describe a conjugated system as one that consists of an extended series of 
overlapping p orbitals (Figure 14.10). Thus, a 1,3-diene and an allylic cation 
are both examples of conjugated systems, but there are other kinds as well. 

a a a (Peery 
: : 

a fs CH H0—= CH — CH 

1,3-Butadiene Allylic cation 
(four overlapping p orbitals) (three overlapping p orbitals) 

Exe ee SS SS eee eee 

Figure 14.10 Conjugated systems such as 1,3-butadiene and 

allylic cations contain an extended series of overlapping p orbitals. 

Some of the most important kinds of conjugated systems result from 
overlap of double-bond p orbitals with a p orbital on a neighboring atom 
such as oxygen, nitrogen, or halogen. The system can be either negatively 
charged or neutral (Figure 14.11). 

These conjugated systems will be examined in more detail in later 
chapters. For the present, it’s sufficient to note that the electronic nature 
of the alkene pi bond is greatly affected by conjugation with a filled neigh- 
boring orbital. As the resonance forms shown in Figure 14.11 indicate, 
conjugation of the double bond with a filled neighboring orbital greatly 
increases the electron density of the carbon—carbon double bond. Thus, enol 
ethers, enamines, and enolate ions are all much more strongly nucleophilic 
than normal isolated alkenes. 

(Y Y 
\ i ee 4 
C=C Gas=5 C—C 
a x / \ 

This resonance form puts extra 

electron density on carbon, making the carbon 

atom nucleophilic 
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Figure 14.11 Some conjugated systems resulting from overlap of 
double-bond p orbitals with filled p orbitals on neighboring atoms. 

14.10 Structure Determination of 
Conjugated Systems: Ultraviolet 
Spectroscopy 

Infrared, nuclear magnetic resonance, and mass spectroscopy all help in the 
structure determination of conjugated systems. In addition to these three 
generally useful spectroscopic techniques, there’s a fourth—ultraviolet 
(UV) spectroscopy—that is applicable solely to conjugated systems. 

1. Infrared spectroscopy 

2. Mass spectroscopy 

3. Nuclear magnetic resonance 
spectroscopy 

4. Ultraviolet spectroscopy 

Functional groups present 

Molecular size and formula 

Carbon—hydrogen framework 

Nature of conjugated 
pi electron system 



14.10 Structure Determination of Conjugated Systems: Ultraviolet Spectroscopy 511 

Ultraviolet spectroscopy is less commonly used than the other three spec- 
troscopic techniques because of the rather specialized information it gives. 
We'll therefore study it only briefly. 

The ultraviolet region of the electromagnetic spectrum extends from 
the low wavelength end of the visible region (4 x 10-5 cm) down to 1076 
cm, but the narrow range from 2 x 10-4 cm to 4 x 10-4 cm is the portion 
of greatest interest to organic chemists. Absorptions in this region are usu- 
ally measured in nanometers, nm (1 nm = 10-9 m = 107-7 cm). Thus, the 
ultraviolet range of interest is from 200 to 400 nm (Figure 14.12). 

Ultraviolet 

Vacuum Near 

ultraviolet : Satrared Infrared 

r 1Ome LOme 10-5 10-* 10-3 
(cm) 

A=2X10-5 em X=4X 10-5em 
= 200 nm = 400 nm 

¥=5X10* cm? = 2.5 X 104 cm? 

Figure 14.12 The ultraviolet (UV) region of the electromagnetic 

spectrum. 

We saw in our discussion of infrared spectroscopy (Section 12.9) that 
when an organic molecule is irradiated with electromagnetic energy, the 
radiation either is absorbed by the compound or passes through, depending 
on the radiation’s exact energy. When infrared radiation is used, the energy 
absorbed corresponds to the amount necessary to increase molecular bending 
and stretching vibrations in functional groups. When ultraviolet radiation 
is used, the energy absorbed by a molecule corresponds to the amount nec- 
essary to excite electrons from one molecular orbital to another. Let’s see 
what this means by looking first at 1,3-butadiene. 

Cee ee ee eee ee eee eee eee eee HHH EEE RHEE EEE EEE EEE EEE EE EE OED 

Calculate the energy range of electromagnetic radiation in the ultraviolet region of 
the spectrum from 200 to 400 nm wavelength. Recall 

Nhe _ 2.86 X 10-3 kcal/mol 

an Xr A (cm) 
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PROBLEM 

CHAPTER 14 Conjugated Dienes and Ultraviolet Spectroscopy 

Seem ewe meee ree eens rere see eeeeeesesesesseeeseseeeesesesseese 

14.13 How does the energy you calculated (Problem 14.12) for ultraviolet radiation compare 

14.11 

with the values calculated previously for infrared spectroscopy and nuclear magnetic 

resonance spectroscopy? 

eee meme eee reer ere sewers erseseseeeeseseseesessssseeeeeoe 

Ultraviolet Spectrum of 
1,3-Butadiene 

1,3-Butadiene has four pi molecular orbitals. The two lower-energy bonding 
molecular orbitals are fully occupied in the ground state, and the two higher- 
energy antibonding molecular orbitals are unoccupied, as illustrated in Fig- 
ure 14.13. 

* ee) 

ee ee 

oe hv Pia ie hg 2 SS 
(UV irradiation) 

Four p atomic ane 

orbitals aes W 2 HOMO ——_}—_ « 
\ 
\ 
Ni ay Hv “= 

Ground-state Excited-state 
electronic electronic 
configuration configuration 

SSS ee ee ee 

Figure 14.13 Ultraviolet excitation of 1,3-butadiene results in the 

promotion of an electron from a bonding orbital (yw) to an 
antibonding orbital (W*). 

On irradiation with ultraviolet light (hv), 1,3-butadiene absorbs energy, 
and a pi electron is promoted from wz, the highest occupied molecular orbital 
(HOMO), to w3*, the lowest unoccupied molecular orbital (LUMO). Since 
the electron is promoted from a bonding 7 molecular orbital to an anti- 
bonding 7* molecular orbital, we call this a 7— 7* excitation (read as “pi 
to pi star”). The energy gap between the HOMO and the LUMO of 1,3- 
butadiene is such that ultraviolet light of 217 nm wavelength is required 
to accomplish the 7 — 7* electronic transition. 

In practice, an ultraviolet spectrum is recorded by irradiating the sam- 
ple with ultraviolet light of continuously changing wavelength. When the 
wavelength of light corresponds to the energy level required to excite an 
electron to a higher level, energy is absorbed. This absorption is detected 
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and displayed on a chart that plots wavelength versus percent radiation 
absorbed (Figure 14.14). Note that UV spectra differ from IR spectra in the 
way they are recorded. IR spectra are usually displayed so that the “baseline” 
corresponding to zero absorption runs across the top of the chart and a valley 
indicates an absorption. UV spectra are displayed with the baseline at the 
bottom of the chart so that a peak indicates an absorption. 

220 240 260 280 300 320 340 360 380 400 

Wavelength (nm) ———> 

8 

Figure 14.14 The ultraviolet spectrum of 1,3-butadiene, 

Amax = 217 nm. 

The exact amount of UV light absorbed is expressed as the sample’s 
molar absorptivity, or extinction coefficient, <, defined by the equation 

; $ ad [EA 
Molar absorptivity « = Cx 

where A = Absorbance, expressed as log(*?) where I is the intensity 

of the incident light and J is the intensity of the light 
transmitted through the sample 

C = Concentration in mol/L 

1 = Sample path length in cm 

Molar absorptivity is a physical constant, characteristic of the particular 

substance being observed and thus characteristic of the particular pi electron 

system present in the sample. Typical values for conjugated dienes are in 
the range ¢ = 10,000—25,000. 

Unlike infrared spectra and nuclear magnetic resonance spectra, which 

show many absorption lines for a given molecule, ultraviolet spectra are 

usually quite simple—often only a single peak is seen. The peak is usually 

broad, however, and we identify its position by noting the wavelength ()) 

at the very top of the peak (Apax; read as “lambda max”). 
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PROBLEM 
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See ee ee eee ee meee eee eee ee eee reser eeneeeeeeeeeEsEeeEeseseee 

14.14 Knowledge of molar absorptivities is particularly important in biochemistry where 

seen ee eee 

14.12 

UV spectroscopy can provide an extremely sensitive method of analysis. For example, 
imagine that you wanted to determine the concentration of vitamin A in a sample. 

If pure vitamin A has A;ax = 325 (e = 50,100) in a cell with a path length of 1.00 
cm, what is the vitamin A concentration in a sample whose absorbance at 325 nm 

is A = 0.735? 

SER ee eee EEE EEE EEE HEHEHE EH EEE HEE eee EEE EEE EE 

Interpreting Ultraviolet Spectra: 
The Effect of Conjugation 

The exact wavelength of radiation necessary to effect the 7— 7* transition 
in a conjugated molecule depends on the energy gap between molecular 
orbitals (HOMO and LUMO), which in turn depends on the exact nature of 
the conjugated system. Thus, by measuring the ultraviolet spectrum of an 
unknown, we can derive structural information about the nature of any 
conjugated pi electron system present in a sample. 

One of the most important factors affecting the wavelength of ultraviolet 
absorption by a given molecule is the extent of conjugation. Molecular orbital 
calculations show that the energy difference between HOMO and LUMO 
decreases as the extent of conjugation increases; thus, 1,3-butadiene shows 

an absorption at Amax = 217 nm, 1,3,5-hexatriene absorbs at Amax = 258 nm, 
and 1,3,5,7-octatetraene has Apa, = 290 nm. [Remember: Longer wavelength 
means lower energy. ] 

Other kinds of conjugated systems besides dienes and polyenes also 
show ultraviolet absorptions. For example, conjugated enones and aromatic 
rings exhibit characteristic ultraviolet absorptions that aid in structure 
determination. More will be said about such compounds later when the 
specific functional groups are discussed in detail. The ultraviolet absorption 
maxima of some representative conjugated molecules are given in Table 
14.3. 

In addition to the 7 — 7z* absorptions just discussed, other electronic 

transitions are also observed in ultraviolet spectroscopy. Compounds with 
nonbonding electrons, such as the lone-pair electrons on oxygen, nitrogen, 

and halogen, also show weak ultraviolet absorption. In these cases, a non- 
bonding electron (n) is promoted to an antibonding orbital (7*). In acetone, 
for example, a nonbonding lone-pair electron on oxygen is excited by ultra- 
violet irradiation into the carbonyl antibonding 7* orbital. The resultant 

n— m* transition shows an absorption peak at Amax = 272 nm but is quite 
weak compared to the usual 7— 7* absorption seen in conjugated systems. 

Nonbonding 
CH; yf electron CH; as Electron in 7* orbital 

ae ee e ° 

/ 
CH; CH, 
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TABLE 14.3 Ultraviolet Absorption Maxima of Some Conjugated Molecules 

Name Structure Amax (nm) 

Ethylene H,C—CH, 171. 

Cyclohexene C) 182 

a 
2-Methy]-1,3-butadiene H,C—C—CH—CH, 220 

1,3-Cyclohexadiene i. 256 

1,3,5-Hexatriene H.C —CH—CH =CH—CH=CH, 258 

1,3,5,7-Octatetraene H,C —=CH—CH=CH—CH=CH—CH=CH, 290 

2,4-Cholestadiene aie 

ies 
3-Buten-2-one H.C —CH—C—O 219 

Benzene O 254 

Naphthalene 275 

PROBLEMS co taa2 2 eae Soe LOR Send sends soa ee eee bees 

14.15 Which of the following compounds would you expect to show ultraviolet absorptions 
in the 200-400 nm range? 

(a) 1,4-Cyclohexadiene (b) 1,3-Cyclohexadiene 

(c) H.C=CH—C=N (d) feiteanes 

OCOCH; 

Aspirin 
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(e) CH; (f) 

| 
eae N Indole 

O 
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14.13 Colored Organic Compounds and 
the Chemistry of Vision 

Why are some organic compounds colored but others aren’t? Why is f- 
carotene (from carrots) orange but benzene is colorless? The answers have 
to do both with the structures of colored molecules and with the way we 
perceive light. 

The visible region of the electromagnetic spectrum is adjacent to the 
ultraviolet region, extending from approximately 400 to 800 nm. Colored 
compounds like £-carotene have such extended systems of conjugation that 

Absorbance 

0 
200 300 400 500 600 

Wavelength (nm) ———> 

B-Carotene 

SE ee eee 

Figure 14.15 Ultraviolet spectrum of B-carotene. 
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their “UV” absorptions actually extend out into the visible region. B-Caro- 
tene, for example, has 11 double bonds in conjugation, and its absorption 

occurs at Amax = 455 nm (Figure 14.15). 

Ordinary “white” light, from the sun or from a lamp, consists of all 
wavelengths in the visible region. When white light strikes B-carotene, the 
wavelengths from 400 to 500 nm (blue) are absorbed, while all other wave- 
lengths are transmitted and can reach our eyes. We therefore see the white 
light with the blue subtracted out, ‘and we perceive a yellow-orange color 
for B-carotene. (The yellow-orange coloration accounts for the use of B- 
carotene as a food- coloring agent in margarine.) | 

What is true for B-carotene is true for all other colored organic com- 
pounds: All have an extended system of pi electron conjugation that gives 
rise to an absorption in the visible region of the electromagnetic spectrum. 

THE CHEMISTRY OF VISION 

Not only are conjugated molecules colored, they also make up the light- 
sensitive substances on which the visual systems of all living things are 

based. 11-cis-Retinal, synthesized in the liver from dietary vitamin A, is 

the key substance. 

Se ee ee Se ea eS 

B-Carotene 

Seis! A enon 
Liver enzymes 

2s 

Vitamin A 11-cis-Retinal 

There are two types of light-sensitive receptor cells in the eye, rod cells 

and cone cells. Rod cells are primarily responsible for seeing in dim light, 

whereas cone cells are responsible for seeing in bright light and for the 

perception of bright colors. In the rod cells of the eye, 11-cis-retinal is con- 

verted into rhodopsin, a light-sensitive substance formed from the protein 

opsin and 11-cis-retinal. When light strikes the rod cell, isomerization of 

the C11-—C12 double bond occurs and trans-rhodopsin, called metarhodopsin 

II, is produced. This cis—trans isomerization of rhodopsin is accompanied by 

a change in molecular geometry, which in turn causes a nerve impulse to 

be sent to the brain where it is perceived as vision. 
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Trans 

Sl a OS a ns 
Light 
—_— 

ot 

SS Metarhodopsin II 
N—Opsin 

Opsin 

Rhodopsin 

Metarhodopsin II is then recycled back into rhodopsin by a multistep 

sequence involving cleavage into all-trans-retinal, conversion to vitamin A, 

cis—trans isomerization to 11-cis-vitamin A, and conversion back to 11-cis- 

retinal (Figure 14.16). 

B-Carotene 

Vitamin A —> 11-cis-Vitamin A —— 11-cis-Retinal 

| Metarhodopsin II | 

Light 
trans-Retinal <— + Rhodopsin 

Nerve impulse 

aS eee ee Se ee ee 

Figure 14.16 The visual cycle. The actual series of events is more 
complicated than the diagram indicates, involving several ; 
intermediate steps in the light-induced conversion of rhodopsin into { 

metarhodopsin II. 

14.14 Summary and Key Words 

A conjugated diene is one that contains alternating double and single 
bonds. Thus, 1,3-butadiene is conjugated, whereas 1,4-pentadiene is non- 
conjugated. 

One important difference between conjugated and nonconjugated dienes 
is that conjugated dienes are somewhat more stable than we might expect. 
This unexpected stability can be explained by a molecular orbital description 
in which four p atomic orbitals overlap to form four molecular orbitals, 
denoted 1, eo, #3*, and y4*. Two of the molecular orbitals are bonding 
and two are antibonding. When four electrons are added, only the two 
bonding orbitals, y, and wf, are filled. The two antibonding orbitals are 
unoccupied. 

Calculations show that the sum of the energy levels of the two bonding 
1,3-butadiene molecular orbitals is lower (that is, the system is more stable) 



Additional Problems 519 

than the sum of the energy levels of two isolated double bonds. The reason 
for this extra stability is a bonding interaction between carbons 2 and 3, 
which introduces some partial double-bond character. 

Conjugated dienes undergo two reactions not observed for nonconju- 
gated dienes. The first of these is 1,4 addition of electrophiles. When 1,3- 

butadiene is treated with an electrophile like HCl, 1,2 and 1,4 adducts are 

formed. Both products are formed from the same resonance-stabilized allylic 
carbocation intermediate and are produced in varying ratios depending on 
the reaction conditions. The 1,2 adduct is usually formed faster and pre- 
dominates at low temperature (kinetic control), whereas the 1,4 adduct 

usually predominates when equilibrium is achieved at higher temperatures 
(thermodynamic control). 

The second reaction unique to conjugated dienes is Diels—Alder 
cycloaddition. Conjugated dienes react with electron-poor alkenes (dieno- 
philes) in a single step through a cyclic transition state to yield a cyclohexene 
product. This is an example of the general class of processes called pericyclic 
reactions, which have neither polar nor radical mechanisms. Diels—Alder 
reactions can occur only if the diene is able to adopt an s-cis conformation. 

Ultraviolet (UV) spectroscopy is a method of structure determination 
applicable only to conjugated systems. When a conjugated molecule is irra- 
diated with ultraviolet light, energy absorption occurs and a pi electron is 
promoted from the highest occupied molecular orbital (HOMO) to the lowest 
unoccupied molecular orbital (LUMO). For 1,3-butadiene, radiation of 
Amax = 217 nm is required. As a general rule, the greater the extent of 
conjugation, the less the energy needed (longer wavelength radiation). 

ADDITIONAL PROBLEMS 25.6206... .50c0 506. cosines ene aatioe 

14.16 Provide IUPAC names for the following alkenes: 

i 
(a) CH;CH—CCH=CHCH3 (b) HJC—=CHCH=CHCH=CHCH3 

CH,CH.2CH3 

(c) CH;CH=C—CHCH=CHCHs (d) CH;CH=CCH=CHp 

14.17 Circle any conjugated portions of these molecules: 

(a) CH;CH=C—CHCH=CHCHs3 (bs TO 

OCHs3 

(c) OL (d) O 

OCH; 

Carvone 
(oil of spearmint) 
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14.18 

14.19 

14.20 

14.21 

14.22 

14.23 

14.24 

14.25 

14.26 

CH30 

What product(s) would you expect to obtain from reaction of 1,3-cyclohexadiene with 
each of the following? 
(a) 1 mol Brg in CCl, (b) Og followed by Zn 
(c) 1 mol HCl in ether (d) 1 mol DCI in ether 
(e) 3-Buten-2-one (HzC =CHCOCHs) (f) Excess OsOx4, followed by NaHSO3 

Draw and name the six possible diene isomers of formula C;Hg. Which of the six 

are conjugated dienes? 

Treatment of 3,4-dibromohexane with strong base leads to loss of two equivalents 
of HBr and formation of a product with formula CgH;9. Three products are possible. 
Name each of the three, and tell how you would use !H and 13C NMR spectroscopy 
to help you identify the product. How would you use ultraviolet spectroscopy? 

Would you expect allene, H}C=C=CHp, to show a UV absorption in the 200-400 nm 
range? Explain. 

Predict the products of these Diels—Alder reactions: 

O 
CHO 

o> 4 [ ees we) + [> — 

O 

O CHs3 COsCHs 

oS C 
(c) ai —- (d) + | aay 

S 7 
O CH; CO.CH, 

How do you account for the fact that cis-1,3-pentadiene is much less reactive than 
trans-1,3-pentadiene in the Diels—Alder reaction? 

Which of the following compounds would you expect to have 7 — 7* ultraviolet 
absorptions in the 200—400 nm range? 

Dm °c ee 
N 

Pyridine 

(©) (CH;),C—C=0 
A ketene 

Would you expect a conjugated diyne such as 1,3-butadiyne to undergo Diels—Alder 
reaction with a dienophile? Explain. 

Propose a structure for a conjugated diene that gives the same product from both 
1,2 and 1,4 addition of HBr. 
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14.28 

14.29 

14.30 

14.31 

14.32 
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Draw the products resulting from addition of 1 mol HCl to 1-phenyl]-1,3-butadiene. 
Which product or products would you expect to predominate, and why? 

- /CH=CH—CH=CH, 

1-Phenyl-1,3-butadiene 

Reaction of isoprene (2-methy]-1,3-butadiene) with ethyl propenoate gives a mixture 
of two Diels—Alder adducts. Show the structure of each, and explain why a mixture 
is formed. 

the i 
H,C—C—CH+=CH, + H,C—CHCOCH,CH; —— ? 

Rank the following dienophiles in order of their expected reactivity in the Diels— 
Alder reaction. Explain. 

H,C=CHCH3, H,C—=CHCHO, (N=C)2.C=C(C=N)e, (CH3)2C—=C(CHs3)2 

How would you use Diels—Alder reactions to prepare these products? Show the 
starting dienes and dienophiles in each case. 

(a) O (b) 

O 

(c) O (d) 

CO 
O 

Aldrin, a chlorinated insecticide now banned by the U.S. Environmental Protection 

Agency, can be made by Diels—Alder reaction of hexachloro-1,3-cyclopentadiene with 

norbornadiene. Formulate the reaction. 

Y Norbornadiene 

Norbornadiene (Problem 14.31) can be prepared by reaction of chloroethylene with 

cyclopentadiene, followed by treatment of the product with sodium ethoxide. For- 

mulate the overall scheme, and identify the two kinds of reactions. 
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14.33 

14.34 

14.35 

14.36 

14.37 

We’ve seen that the Diels—Alder cycloaddition reaction is a pericyclic process that 

occurs in a concerted manner through a cyclic transition state. Depending on the 

exact energy levels of products and reactants, the Diels—Alder reaction can some- 

times be made reversible. How can you account for the following reaction? 

Sere @ + H,C=CH, 
ff 

Propose a mechanism to explain the following reaction. [Hint: Consider the revers- 

ibility of the Diels—Alder reaction, Problem 14.33.] 

CO,CH; 

Za) C F CO.CH3 

+ —> CU 
SS C O CO.CH3 

a-Pyrone CO2CH3 

The following ultraviolet absorption maxima have been measured: 

Amax (nm) 

1,3-Butadiene Datel 
2-Methy]-1,3-butadiene 220 
1,3-Pentadiene 223 
2,3-Dimethy1-1,3-butadiene 226 

2,4-Hexadiene 227 
2,4-Dimethy]-1,3-pentadiene 232 
2,5-Dimethy]-2,4-hexadiene 240 

What conclusion can you draw from these data concerning the ae of alkyl sub- 
stitution on ultraviolet absorption maxima? Approximately what effect does each 
added alkyl group have? 

1,3,5-Hexatriene has A,,,x = 258 nm. In light of your answer to Problem 14.35, 
approximately where would you expect 2,3-dimethyl-1,3,5-hexatriene to absorb? 

Explain. 

B-Ocimene is a pleasant-smelling hydrocarbon found in the leaves of certain herbs. 
It has the molecular formula C,9H;¢. and exhibits an ultraviolet absorption maximum 
at 232 nm. On catalytic hydrogenation over palladium, 2,6-dimethyloctane is ob- 
tained. Ozonolysis of B-ocimene, followed by treatment with zinc and acetic acid, pro- 
duces four fragments: acetone, formaldehyde, pyruvaldehyde, and malonaldehyde. 

i i iT 1 
CH3CCH3 HCH CH;C—CH HCCH,CH 

Acetone Formaldehyde Pyruvaldehyde Malonaldehyde 

(a) How many double bonds does B-ocimene have? 
(b) Is B-ocimene conjugated or nonconjugated? 
(c) Propose a structure for B-ocimene consistent with the observed data. 
(d) Formulate all of the reactions, showing starting material and products. 
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14.40 

14.41 

14.42 
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Myrcene, C1 9Hj¢, is found in oil of bay leaves and is isomeric with B-ocimene (Prob- 
lem 14.37). It shows an ultraviolet absorption at 226 nm and can be catalytically 
hydrogenated to yield 2,6-dimethyloctane. On ozonolysis followed by zinc/acetic acid 
treatment, myrcene yields formaldehyde, acetone, and 2-oxopentanedial. 

ae 
HCCH,CH,C—CH 

2-Oxopentanedial 

Propose a structure for myrcene, and formulate all of the reactions, showing starting 
material and products. 

Addition of HCl to 1-methoxycyclohexene yields 1-chloro-1-methoxycyclohexane as 
the sole product. Why is none of the other regioisomer formed? 

Cl pen =O OCH, 

Benzene has an ultraviolet absorption at Ama, = 204 nm, and para-toluidine has 
Amax = 235 nm. How do you account for this difference? 

cts ea 
Benzene para-Toluidine 

QAmax = 204 nm) Qmax = 235 nm) 

When the ultraviolet spectrum of para-toluidine (Problem 14.40) is measured in the 
presence of a small amount of HCl, the 4,,,, decreases to 207 nm, nearly the same 
value as for benzene. How do you account for the effect of acid? 

Phenol is a weak acid with pK, = 10.0. In ethanol solution, phenol has an ultraviolet 

absorption at A,~2x = 210 nm. When dilute NaOH is added to this solution, the 
absorption increases to Aya, = 235 nm. How do you account for this shift? 

( \-on 
Phenol 

Hydrocarbon A, C39Hj4, has an ultraviolet absorption at Ama, = 236 nm and gives 
hydrocarbon B, C9Hjg, on catalytic hydrogenation. Ozonolysis of A followed by zinc/ 
acetic acid treatment yields the following diketo dialdehyde: 

O 
| | | | 

HCCH,CH,CH,C—CCH,CH,CH,CH 
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14.44 

14.45 

(a) Propose two possible structures for A. 
(b) Hydrocarbon A reacts with maleic anhydride to yield a Diels-Alder adduct. 

Which of your structures for A is correct? 
(c) Formulate all reactions showing starting material and products. 

Adiponitrile, a starting material used in the manufacture of nylon, can be prepared 
in three steps from 1,3-butadiene. How would you carry out this synthesis? 

H,C=CHCH=CH, “8 N=CCH,CH,CH,CH,C=N 

Adiponitrile 

Ergosterol, a precursor of vitamin D, has A,,,, = 282 nm and molar absorptivity 
€ = 11,900. What is the concentration of ergosterol in a solution whose absorbance 
A = 0.065 with a sample path length / = 1.00 cm? 

Ergosterol (Cy3H4,0) 



@ Benzene and 
6 Aromaticity 

In the early days of organic chemistry, the word aromatic was used to 
describe fragrant substances such as benzaldehyde (from cherries, peaches, 
and almonds), toluene (from Tolu balsam), and benzene (from coal distillate). 

It was soon realized, however, that substances grouped as aromatic behaved 
in a chemically different manner from most other organic compounds. 

Today, we use the term aromatic to refer to benzene and its structural 
relatives. We’ll see in this and the next chapter that aromatic substances 
show chemical behavior quite different from that of the aliphatic substances 
we've studied to this point. Thus, chemists of the early nineteenth century 
were correct when they realized that a chemical difference exists between 
aromatic compounds and others, but the association of aromaticity with 
fragrance has long been lost. 

Many compounds isolated from natural sources are aromatic in part. 
In addition to benzene, benzaldehyde, and toluene, complex compounds such 
as the female steroidal hormone, estrone, and the well-known analgesic, 
morphine, have aromatic rings. Many synthetic drugs used medicinally are 
also aromatic in part; the tranquilizer diazepam (Valium) is one of many 
examples. 

Benzene itself has been found to cause bone-marrow depression and 
consequent leukopenia (depressed white-blood-cell count) on prolonged expo- 
sure. Use of benzene as a laboratory solvent should therefore be avoided. 

O 

¢ cH 3 

Benzene Benzaldehyde Toluene 

525 
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oH: 
CH,O 

ee helen ‘ 
off & 7 

HO 
CH;0 

Estrone Morphine Diazepam (Valium) 

PROBLEM iepereo cte,ata,e eregapevl si Si)e 0 ays «lain a outer aieeia era aise, sae, oe aie fv mi minleLsiategece me 

15.1 Circle the aromatic portions of these molecules: 

(a) CH(OH)CH,NHCH3 (b) CH3 
CH HC Gra Ce 

(CH,CH,CH2CH)3CH3 

OH HO 

OH i: CH3 

Adrenaline (epinephrine) Vitamin E 

(c) 

pent —NH Bs 

ort CO.H 
Penicillin V 

eee meee wee ewe ewer rere reer e eee eeseeeeeeeeeeeeeeeeeeaeeeee eee EEE EES 

15.1 Sources of Aromatic Hydrocarbons 

Simple aromatic hydrocarbons used as starting materials for the preparation 
of more complex products come from two main sources, coal and petroleum. 
Coal is an enormously complex substance made up primarily of large arrays 
of unsaturated benzene-like rings linked together. When heated to 1000°C 
in the absence of air, thermal breakdown of coal molecules occurs and a 
mixture of volatile products, called coal tar, distills off. Further fractional 
distillation of coal tar yields benzene, toluene, xylene (dimethylbenzene), 
naphthalene, and a host of other aromatic compounds (Figure 15.1). 

Petroleum, unlike coal, consists largely of alkanes and contains few 
aromatic compounds. During petroleum refining (Section 3.6), however, aro- 
matic molecules are formed when alkanes are passed over a catalyst at 
about 500°C under high pressure. Heptane (C7Hg), for example, is converted 
into toluene (C7Hg) by dehydrogenation and cyclization. 
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CH; CH; 

pane or aad 
Benzene Toluene Xylene 
(bp 80°C) (bp 111°C) (bp: ortho, 144°C; 

meta, 139°C; para, 138°C) 

CD 
Indene Naphthalene Biphenyl 

(bp 182°C) (mp 80°C) (mp 71°C) 

Anthracene Fluorene Phenanthrene 

(mp 216°C) (mp 116°C) (mp 101°C) 

Figure 15.1 Some aromatic hydrocarbons found in coal tar. 

15.2 Nomenclature of Aromatic 
Compounds 

Aromatic substances, more than any other class of organic compounds, have 
acquired a large number of nonsystematic names. Although the use of such 
names is discouraged, IUPAC rules allow for some of the more widely used 
ones to be retained (Table 15.1). Thus, methylbenzene is known familiarly 
as toluene, hydroxybenzene as phenol, aminobenzene as aniline, and so on. 

Monosubstituted benzene derivatives are systematically named in the 

same manner as other hydrocarbons, with -benzene used as the parent 

name. Thus, CgHsBr is bromobenzene, CgH;NOz2 is nitrobenzene, and 
CgH;CH2CH2CHs3 is propylbenzene. 

Br NO. CH.CH.CH; 

Bromobenzene Nitrobenzene Propylbenzene 
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TABLE 15.1 Common Names of Some Aromatic Compounds 

Formula Name Formula Name 

oo Toluene ev Benzaldehyde 

(bp 110°C) (bp 178°C) 

OH COOH i 
Phenol Benzoic acid 

(mp 43°C) (mp 122°C) 

NH, CN 
Aniline Benzonitrile 

(bp 184°C) (bp 191°C) 

O 

I CH; 
~ CH, Acetophenone ortho-Xylene 

(mp 21°C) (bp 144°C) 
CH; 

ie 
CHCH; CH=CH, 

Cumene Styrene 
(bp 152°C) (bp 145 C) 

Alkyl-substituted benzenes, sometimes referred to as arenes, are 
named in two different ways depending on the size of the alkyl group. If the 
alkyl substituent has six or fewer carbons, the arene is named as an alky]l- 
substituted benzene. If the alkyl substituent is larger than the ring (more 
than six carbons), the compound is named as a phenyl-substituted alkane. 
The name phenyl, pronounced fen-nil and often abbreviated as -Ph or ® 
(Greek phi), is used for the -CgH; unit when the benzene ring is considered 
as a substituent group. The word is derived from the Greek pheno (“I bear 
light”), commemorating the fact that benzene was discovered by Michael 
Faraday! in 1825 from the oily residue left by the illuminating gas used in 
London street lamps. As mentioned previously, the CgH;CH2- alkyl group 
is called benzyl. 

1 CH; 

CHCH,CH,CH,CH,CH; CH, + 

A phenyl group 2-Phenylheptane A benzyl group 

1Michael Faraday (1791-1867); b. Newington Butts, Surrey, England; assistant to Sir Hum- 
phry Davy (1813); director, laboratory of the Royal Institution (1825); Fullerian Professor of 
Chemistry, Royal Institution (1833). 
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Disubstituted benzenes are named using one of the prefixes ortho-, 
meta-, or para-. An ortho- or o-disubstituted benzene has the two substituents 
in a 1,2 relationship on the ring; a meta or m-disubstituted benzene has its 
two substituents in a 1,3 relationship; and a para- or p-disubstituted benzene 
has its substituents in a 1,4 relationship. 

ren 2 
Cl H;C 3 1_-CH, 4 1 Ce 

1 H 
2 4 2 

Cl Cl 

ortho-Dichlorobenzene meta-Xylene para-Chlorobenzaldehyde 
1,2-Disubstituted 1,3-Disubstituted 1,4-Disubstituted 

The ortho, meta, para system of nomenclature is also valuable when 
discussing reactions. For example, we might describe the reaction of bromine 
with toluene by saying, “Reaction occurs in the para position”—in other 
words, at the position para to the methy] group already present on the ring. 

Xx CH3 CH3 

Ortho — <— Ortho Br, 
—> 

Meta —> <— Meta FeBrg 

Para ae 

Toluene p-Bromotoluene 

Benzenes with more than two substituents are named by numbering 
the position of each substituent on the ring. The numbering is carried out 
such that the lowest possible numbers are used, and the substituents are 
listed alphabetically when writing the name. 

CH, 
Be 4 ors NO, Ou nS or snes 

a4 iu 6 2 

1 a 5 3 

CH; O.N~ 4 : Cl 4 

NO, 

4-Bromo-1,2-dimethylbenzene 2-Chloro-1,4-dinitrobenzene 2,4,6-Trinitrotoluene (TNT) 

Note in the third example shown that -toluene, rather than -benzene, 
is used as the base name. Any of the monosubstituted aromatic compounds 
shown in Table 15.1 can serve as a base name. In such cases the principal 
substituent (-CH3 in toluene, for example) is assumed to be on Cl. The 
following two examples further illustrate this rule, with the base name 
italicized in each case. 
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OH Tl 

Br each Cl oe 
6 2 OH el; CI 

4 

2,6-Dibromophenol m-Chlorobenzoic acid 

PROBLEMS ois cic ccepisintis solos vieistinisiawise sings diaqe ee sise ae silts 8s 66\0 clalye'y 

15.2 Tell whether these compounds are ortho, meta, or para substituted: 

(a) ep (b) IF (c) cee 

Br OH 

PROBLEMG sc: se ete crete rake ole aloes Mtns aie aia ssi fe wiala oie a deisel ep als GlMte ate tele Te 

15.3 Provide correct IUPAC names for these compounds: 

CH, 
| 

Br (b) (ais es (a). Cl 

‘ 
CH; 

(e) flee (f) CH, 

ON NO, H;C CH; 

PROGLEM 2. row visit ant Sie tevis o> «Sint ass Ors ase eer secant s 

15.4 Draw structures corresponding to these IUPAC names: 
(a) p-Bromochlorobenzene (b) p-Bromotoluene 
(c) m-Chloroaniline (d) 1-Chloro-3,5-dimethylbenzene 

PROBLEMS o.oo store’ 0's, c0aveys le biulo'o. o¥e Wiciaie aiel es o[¥ibidla 8c it Ria) aisle ane, ete wieieiy aivisie « Syviale 

15.5 The following names are incorrect. Draw the structure represented by each, and 
provide correct IUPAC names. 
(a) 2-Bromo-3-chlorobenzene (b) 4,6-Dinitrotoluene 
(c) 4-Bromo-1-methylbenzene (d) 2-Chloro-p-xylene 

ee ee ey 
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15.3 Structure of Benzene: The Kekulé 
Proposal 

By the mid-1800s, benzene was known to have the molecular formula CgHg, 
and its chemistry was being actively explored. The results, though, were 
puzzling. Although benzene is clearly “unsaturated”—the formula CgHg 
requires a combination of four double bonds/rings—it nevertheless fails to 
undergo reactions characteristic of alkenes. For example, it reacts slowly 
with bromine in the presence of iron to give the substitution product CgH;Br, 
rather than the possible addition product CgHgBr2. Furthermore, only one 
monobromo substitution product was known; no isomers of CgH;Br had been 
prepared. 

Car agate s GU ar ir Hee C,H,Br, 

Benzene Bromobenzene (addition product) 
(substitution product) (not formed) 

On further reaction of bromobenzene with bromine, disubstitution prod- 
ucts are obtained, and three isomeric CgH,Br2 compounds had been pre- 
pared. On the basis of these and similar results, August Kekulé proposed 
in 1865 that benzene consists of a ring of carbon atoms and can be formulated 
as 1,3,5-cyclohexatriene. Kekulé reasoned that this structure would readily 

account for the isolation of only a single monobromo substitution product, 
since all six carbon atoms and all six hydrogens in 1,3,5-cyclohexatriene 

are equivalent. 

H Br 

H H o i. a 

H H Br 

H 

All six hydrogens Only one possible monobromo substitution product 

are equivalent 

The observation that only three isomeric dibromo substitution products 

were known was more difficult to explain, since four structures can be 

written: 

CY Br CY Br Br us Br cy Br 

Br Br Br 
‘i ee See 

Two 1,2-dibromocyclohexatrienes 1,3-Dibromo- 1,4-Dibromo- 

cyclohexatriene cyclohexatriene 

Although there is only one possible 1,3 derivative and one possible 1,4 

- derivative, there appear to be two possible 1,2-dibromo substitution prod- 

ucts, depending on the positions of the double bonds in the ring. One isomer 
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has a single bond between the bromine-bearing carbons, and the other iso- 
mer has a double bond. Kekulé accounted for the formation of only three 
isomers by proposing that the double bonds in benzene rapidly “oscillate” 
between two positions. Thus, the two “1,2-dibromocyclohexatrienes” can’t 
be separated, according to Kekulé, because they interconvert too rapidly. 

Br Br 

Br Br 

Kekulé’s proposed structure for benzene was widely criticized at the 
time. Although it satisfactorily accounts for the correct number of mono- 
and disubstituted benzene isomers, it fails to answer two critical questions: 
Why is benzene unreactive compared to other alkenes, and why does benzene 
give a substitution product rather than an addition product on reaction with 
bromine? 

ee ee 

How many tribromo benzene derivatives are possible according to Kekulé’s theory? 

Draw and name them. 

Ome m emer eee seer reese reer eeeeeeeeseeeeeeeeseeeneee 

The following structures with formula CgHg were at one time suggested for benzene. 
If we assume that bromine can be substituted for hydrogen in these structures, how 
many monobromo derivatives are possible for each? How many dibromo derivatives? 

r= if 
Ladenburg benzene Dewar benzene 

~~. 

15.4 Stability of Benzene 

The unusual stability of benzene was a great puzzle to early chemists. 
Although its formula, CgHg, indicates that several double bonds must be 
present, benzene shows none of the behavior characteristic of alkenes. For 
example, alkenes react readily with potassium permanganate to give cleav- 
age products, they react with aqueous acid to give alcohols, and they react 
with HCl to give saturated alkyl chlorides. Benzene does none of these things 
(Figure 15.2). Benzene does not undergo electrophilic addition reactions. 

We can get a quantitative idea of benzene’s unusual stability by looking 
at data on heats of hydrogenation (Table 15.2). Cyclohexene, an isolated 
alkene, has AH*yydrog = 28.6 kcal/mol (120 kJ/mol), and 1,3-cyclohexadiene, 
a conjugated diene, has AH*hyarog = 55.4 kcal/mol (232 kJ/mol). As expected, 
the value for 1,3-cyclohexadiene is a bit less than twice the cyclohexene 
value since conjugated dienes are unusually stable (Section 14.2). 
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KMnO, e: 

HO COOH 
/ od No reaction 

H30+* H30+ 

> No reaction 

OH \ 

HCl é 
Cyclohexene Benzene No reaction 

Ether 

l 
Ether 

SSS ee a) 

Figure 15.2 A comparison of the reactivity of cyclohexene and 

benzene. Benzene does not undergo electrophilic addition 
reactions. 

TABLE 15.2 Heats of Hydrogenation of Cyclic Alkenes 
SSS ee ES SE SE 

AH Tiwdese 

Reactant Product (kcal/mol) (kJ/mol) 

Cyclohexene Cyclohexane 28.6 120 
1,3-Cyclohexadiene Cyclohexane 55.4 232 

Benzene Cyclohexane 49.8 208 

Carrying the analogy one step further, we might predict that AH°pyarog 
for “cyclohexatriene” (benzene) should be about 86 kcal/mol, or three times 
the cyclohexene value. The actual value is 49.8 kcal/mol (208 kJ/mol), some 

36 kcal/mol less than expected. Since 36 kcal/mol less heat than expected 
is released during hydrogenation of benzene, benzene must have 36 kcal/ 
mol less energy than expected. In other words, benzene has 36 kcal/mol 
“extra” stability (Figure 15.3). 

Further evidence for the unusual nature of benzene comes from spec- 
troscopic studies showing that all carbon—carbon bonds in benzene have the 
same length, intermediate between a normal single and a normal double 
bond. Although most C-C single bonds are 1.54 A long and most C—C double 
bonds are 1.34 A long, the carbon-carbon bonds in benzene are 1.39 A long. 
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Hypothetical 
cyclohexatriene 

Difference = 36 kcal/mol stability 

Benzene 

Cyclohexane 

Reaction progress 

er ee ee) 

Figure 15.3 Reaction energy diagram for the hydrogenation of 
benzene in comparison with a hypothetical cyclohexatriene. 

15.5 Representations of Benzene: The 
Resonance Approach 

How can we account for benzene’s properties, and how can we best represent 
its structure? Resonance theory answers this question by saying that a single 
Kekulé structure is not satisfactory and that benzene can best be described 
as a resonance hybrid of two equivalent Kekulé structures in which each 
carbon—carbon bond averages out to be 1.5 bonds—midway between single 
and double. 

1.5 bonds on average 

| ioe ete) 
H C H H C H 

C 

Recall from Section 10.7 that resonance theory has four postulates: 

1. Resonance forms are imaginary, not real. The real structure of ben- 
zene is a single, unchanging hybrid structure that combines the 
characteristics of both resonance forms. 
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2. Resonance structures differ only in the positions of their electrons. 
Neither the position nor the hybridization of atoms changes from 
one resonance structure to another. In benzene, the six carbon nuclei 
form a regular hexagon while the pi electrons are shared equally 
between neighboring nuclei. Each carbon-carbon bond averages 1.5 
electrons, and all bonds are equivalent. 

3. Different resonance forms don’t have to be equivalent. The more 
nearly equivalent the forms are, however, the more stable the mol- 
ecule. Thus benzene, with two equivalent resonance forms, is highly 
stable. 

4. The more resonance structures there are, the more stable the 
molecule. 

The true benzene structure can’t be represented accurately by either 
single Kekulé structure and does not oscillate back and forth between the 
two. The true structure is somewhere in between the two extremes but is 
impossible to draw with our usual conventions. We might try to represent 
benzene by drawing it with either a full or a dotted circle to indicate the 
equivalence of all carbon—carbon bonds, but these representations have to 
be used very carefully since they don’t indicate the number of pi electrons 
in the ring—how many electrons does a circle represent? In this book, ben- 
zene and other arenes will be represented by a single Kekulé structure. 
We'll be able to keep count of all pi electrons this way, but we must keep 
aware of the limitations of the drawings. 

Some alternative representations 

of benzene. Such structures must 
be used carefully, since they don’t 
indicate the number of pi electrons. 

There’s a subtle yet important difference between Kekulé’s represen- 
tation of benzene and the resonance representation. Kekulé considered ben- 
zene as rapidly oscillating back and forth between two cyclohexatriene 
structures, whereas resonance theory considers benzene to be a single “res- 

onance hybrid” structure: 

— 

Kekulé benzene Modern benzene 

At any given instant, Kekulé’s oscillating structures don’t have all their 

carbon—carbon bonds the same length: Three bonds are short and three are 

long. This difference in bond length implies that the carbon atoms must 

change position in oscillating from one structure to another, and thus the 

two structures are not the same as resonance forms. 

The same resonance argument that explains benzene’s stability also 

_ explains why there’s only one ortho-dibromobenzene, rather than two. The 

two Kekulé structures of o-dibromobenzene are simply different resonance 
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forms of a single compound whose true structure is intermediate between 

the two. 

Br Br 

Two equivalent resonance forms of o-dibromobenzene 

ry 

15.8 In1932, A. A. Levine and A. G. Cole studied the ozonolysis of o-xylene. They isolated 

three products: glyoxal (QHC-CHO), butane-2,3-dione (CH3;COCOCHs3), and pyru- 
valdehyde (CH3;COCHO): 

CH; 
O O O O O 

eee i | I | I | 
arn H—C—C—H + CH;,—C—C—CH; + CH;—C—C—H 

n 

Glyoxal Butane-2,3-dione Pyruvaldehyde 

In what ratio would you expect these three products to be formed if o-xylene is a 
resonance hybrid of two Kekulé structures? The actual ratio found was 3 parts 
glyoxal, 2 parts pyruvaldehyde, and 1 part butane-2,3-dione. What conclusions can 
you draw about the structure of o-xylene? 

Somme ee mm mee meee ewe ee ne eee eee ese eee eee ee eeeeeeeeeeeeeeeeees 

15.6 Molecular Orbital Description of 
Benzene 

Having just seen a resonance description of benzene, let’s now see a molec- 
ular orbital description. MO theory describes benzene in a way that is, in 
many respects, superior to the simple resonance approach. 

The orbital view of benzene in Figure 15.4 emphasizes the cyclic con- 
jugation of the benzene molecule and the equivalence of the six carbon— 
carbon bonds. Benzene is a flat, symmetrical molecule with the shape of a 
regular hexagon. All C-C-—C bond angles are 120°, all six carbon atoms are 
sp” hybridized, and each carbon has a p orbital perpendicular to the plane 
of the six-membered ring. 

Since all six carbon atoms and all six p orbitals in benzene are equiv- 
alent, it’s impossible to define three localized alkene pi bonds in which a 
given p orbital overlaps only one neighboring p orbital. Rather, each p orbital 
overlaps equally well with both neighboring p orbitals, leading to a picture 
of benzene in which the six pi electrons are completely delocalized around 
the ring. Benzene therefore has two doughnut- shaped clouds of electrons, 
one above and one below the ring. 
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Figure 15.4 An orbital picture of benzene. 

We can construct molecular orbitals for benzene just as we did for 1,3- 
butadiene in the preceding chapter. If we allow six p atomic orbitals to 
combine in a cyclic manner, six benzene molecular orbitals result, as shown 
in Figure 15.5. The three low-energy molecular orbitals, denoted 4, W2, and 
W3, are lower in energy than the p atomic orbitals and are therefore bonding 
combinations. The three high-energy orbitals are antibonding. Note that 
two of the bonding orbitals, % and ws, have the same energy, as do the 
antibonding orbitals ¥4* and ;*. Such orbitals are said to be degenerate. 
The six p electrons of benzene occupy the three bonding molecular orbitals 
and are therefore delocalized over the entire conjugated system, leading to 
the observed 36 kcal/mol stabilization energy of benzene. 

pe Ve” Antibonding 
wa 

Zo 

A — Wa", Ws Antibonding 
“a 

f+t+4+44e<e 
= 

Six p atomic orbitals Y 
“ [ + Yo, v3 Bonding 
~ 
i 

> +E Wi Bonding 

Six benzene molecular orbitals 

Eee SS SSS 

Figure 15.5 The six molecular orbitals of benzene. 
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15.9 Pyridine is a flat, symmetrical molecule with bond angles of 120°. It undergoes 

_ electrophilic substitution rather than addition and generally behaves as an aromatic 
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substance. Draw an orbital picture of pyridine to explain its properties. Check your 

answer by looking ahead to Section 15.9. 

ee 

15.7. Aromaticity and the Huckel 4n + 2 
Rule 

Let’s review what we’ve learned thus far about benzene and, by extension, 

about other benzene-like (benzenoid) aromatic molecules: 

1: 

2. 

Benzene is a monocyclic conjugated molecule with formula CgHg. 

Benzene is unusually stable, having a heat of hydrogenation 36 
kcal/mol less than we might expect for a cyclic conjugated triene. 

Benzene is a symmetrical, planar, hexagonal molecule. All C-C—C 
bond angles are 120°, and all C—C bonds are 1.39 A in length. 

Benzene undergoes substitution reactions that retain the cyclic con- 
jugation, rather than electrophilic addition reactions that would 
destroy the conjugation. 

Benzene can be described in terms of resonance theory as a hybrid 
whose structure is intermediate between two Kekulé structures: 

% 

obiribey 
Taken together, these facts provide a description of benzene and of other 

aromatic molecules. But they aren’t sufficient. Something else is needed to 
complete a description of aromaticity. According to theoretical calculations 
carried out by the German physicist Erich Hiickel? in 1931, a molecule can 
be aromatic only if it has a planar, monocyclic system of conjugation with 
a p orbital on each atom and only if the p orbital system contains 4n + 2 pi 
electrons, where n is an integer (n = 0, 1, 2, 3, ...). In other words, only 
molecules with 2, 6, 10, 14, 18, ... pi electrons can be aromatic. Molecules 
with 4n pi electrons (4, 8, 12, 16, .. .) can’t be aromatic, even though they 
may be cyclic and conjugated. 

Erich Hickel (1896-1980); b. Charlottenburg, Germany; Ph.D. Géttingen (Debye); professor 
of physics at Stuttgart and Marburg. 
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Let’s look at some examples to see how the Hiickel 4n + 2 rule works. 

1. Cyclobutadiene has four pi electrons and is not aromatic: 

tee Two double bonds; 

four pi electrons 

Cyclobutadiene 

Cyclobutadiene is a highly reactive molecule that shows none of 
the properties associated with aromaticity. A long history of at- 
tempts to synthesize the compound culminated in 1965 when Row- 
land Pettit? of the University of Texas prepared cyclobutadiene at 
low temperature but was unable to isolate it. Even at —78°C, how- 
ever, cyclobutadiene dimerizes by Diels—Alder cycloaddition. One 
molecule behaves as a diene, and the other acts as dienophile: 

I babs ~78°C 
SS 

ease Diels—Alder 

2. Benzene has six pi electrons (4n + 2, where n = 1) and is, of course, 
a fully aromatic molecule: 

Three double bonds; 

six pi electrons 

Benzene 

3. Cyclooctatetraene has eight pi electrons and is not aromatic: 

Four double bonds; 

eight pi electrons 

Cyclooctatetraene 

In the early 1900s, chemists believed that the only requirement for 
aromaticity was the presence of a cyclic conjugated system. It was therefore 
expected that cyclooctatetraene, as a close analog of benzene, would also 
prove to be unusually stable. The facts proved otherwise. When cycloocta- 
tetraene was first prepared in 1911 by the German chemist Richard Will- 
statter,* it was found to resemble open-chain polyenes in its reactivity. 

3Rowland Pettit (1927-1981); b. Port Lincoln, Australia; Ph.D. University of Adelaide (1952) 
and University of London (Dewar, 1956); University of Texas (1957-1981). 

4Richard Willstatter (1872-1942); b. Karlsruhe, Germany; Technische Hochschule, Munich 
- (Hinhorn) (1895); professor, Ziirich, Dahlem, Munich; Nobel Prize (1915). 
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Cyclooctatetraene reacts readily with bromine, with potassium per- 
manganate, and with hydrogen chloride, just as other alkenes do. We now 
know, in fact, that cyclooctatetraene is not even conjugated. It is tub shaped, 
rather than planar, and has no cyclic conjugation because neighboring orbi- 
tals don’t have the proper geometry for overlap (Figure 15.6). The pi elec- 
trons are localized in four distinct carbon—carbon double bonds rather than 
delocalized as in benzene. X-ray studies show that the carbon-carbon single 
bonds are 1.47 A long, whereas the double bonds are 1.34 A long. In addition, 
the 'H NMR spectrum shows a single sharp resonance line at 5.7 6, char- 
acteristic of an alkene rather than an aromatic molecule (Section 15.12). 

Figure 15.6 An orbital view of cyclooctatetraene, a tub-shaped 

molecule that has no cyclic conjugation because its p orbitals are 

not aligned properly for overlap. 

‘ 
ae ear 

In order to be aromatic, a molecule must be flat, so that p-orbital overlap can occur, 
and must have 4n + 2 pi electrons. Cyclodecapentaene fulfills one of these criteria 
but not the other and is therefore nonaromatic. Explain. (Molecular models may be 
useful.) 

Cyclodecapentaene (not aromatic) 

ee ee er ry 

15.8 Aromatic lons 

Look back at the Hiickel criteria for aromaticity in the preceding section. 
In order to be aromatic, a molecule must have a p orbital on each atom and 
must have 4n + 2 pi electrons. There’s nothing in this definition that says 
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the number of p orbitals and the number of pi electrons have to be the same. 
In fact, they can be different. The 4n + 2 rule is broadly applicable to many 
kinds of molecules, not just to neutral hydrocarbons. For example, both the 
cyclopentadieny] anion and the cycloheptatrienyl cation are aromatic. 

H 

H | 
H fe H 

- I = SS co Cw C “a 
oS 

hae {ec Poe Em Sea 
H H / 

H H 

Cyclopentadieny] anion Cycloheptatrienyl cation 

Six pi electrons; aromatic ions 

Let’s look first at the cyclopentadienyl anion. Cyclopentadiene itself is 
not aromatic because it’s not a fully conjugated molecule: The -CH2- carbon 
in the ring is sp® hybridized, thus preventing complete cyclic p-orbital con- 
jugation. Imagine, though, that we remove one hydrogen from the saturated 
CHp group and let that carbon become sp” hybridized. The resultant species 
would have five p orbitals, one on each of the five carbons, and would be 
fully conjugated. 

There are three ways, shown in Figure 15.7, we might imagine removing 
the hydrogen: 

1. We could remove the hydrogen atom and both electrons from the 
C-H bond. Since the hydrogen removed must carry a negative 
charge, the cyclopentadienyl group that remains is positively 
charged. 

2. Wecould remove the hydrogen and one electron from the C—H bond, 
leaving a cyclopentadieny] radical. 

3. We could remove the hydrogen ion (H*) with no electrons, leaving 
a cyclopentadienyl anion. 

Resonance theory predicts that all three species should be stabilized, 
since it’s possible to draw five equivalent resonance structures for each. 
Hiickel theory, however, predicts that only the six-pi-electron anion should 
be aromatic. The four-pi-electron cyclopentadieny] carbocation and the five- 
pi-electron cyclopentadieny] radical are predicted not to be aromatic, even 
though they have cyclic conjugation. 

In practice, both the cyclopentadienyl! cation and the radical are highly 
reactive and difficult to prepare; neither species shows any sign of the un- 
usual stability expected of an aromatic system. The six-pi-electron cyclo- 
pentadieny!] anion, by contrast, is an easily prepared, remarkably stable 
carbanion (carbon anion). In fact, cyclopentadiene is one of the most acidic 
hydrocarbons known. Although most hydrocarbons have a pK, > 45, cyclo- 
pentadiene has a pK, of 16, a value comparable to that of water! Cyclopen- 
tadiene is acidic because the anion formed by ionization is so stable. It doesn’t 

_ matter that the cyclopentadienyl anion has only five p orbitals; all that 
matters is that there are six pi electrons, a Hiickel number (Figure 15.8). 
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Ho 

Cyclopentadiene 

|-1: -H" 

H H H 
“ i 

Cyclopentadienyl Cyclopentadienyl] Cyclopentadienyl 
cation: four pi electrons radical: five pi electrons anion: six pi electrons 
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Figure 15.7. Generating the cyclopentadienyl cation, radical, and 
anion by removing a hydrogen from cyclopentadiene. 

Similar arguments can be used to predict the stabilities of the cyclo- 
heptatrienyl cation, radical, and anion. Removal of a hydrogen from cyclo- 
heptatriene can generate the six-pi-electron cation, the seven-pi-electron 
radical, or the eight-pi-electron anion (Figure 15.9). Resonance theory once 
again predicts a high level of stability for all three species, since seven 
equivalent resonance forms can be drawn for each. Hiickel molecular orbital 
theory, however, predicts that only the six-pi-electron cycloheptatrieny] cat- 
ion should have aromatic stability. 

Both the seven-pi-electron cycloheptatrienyl radical and ‘the eight- 
pi-electron anion are highly reactive and difficult to prepare. The six-pi- 

Aromatic six-pi-electron 
cyclopentadienyl anion 

SSS en eee 

Figure 15.8 An orbital view of the aromatic cyclopentadienyl 

anion, showing the cyclic conjugation and six pi electrons in five 
p orbitals. 
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x8 
Cycloheptatriene 

[-# -H 

H H H 

? O 

Cycloheptatrienyl Cycloheptatrienyl Cycloheptatrieny]l 
cation: six pi electrons radical: seven pi electrons anion: eight pi electrons 

rE ee re ree 

Figure 15.9 Generation of the cycloheptatrienyl cation, radical, 
and anion. Only the six-pi-electron cation is aromatic. 

electron cation, however, is extraordinarily stable. In fact, the cyclohepta- 
trienyl cation was first prepared in 1891, although its structure was not 
recognized at the time. Later investigation showed that the salt-like mate- 
rial prepared by action of bromine on cycloheptatriene is cycloheptatrien- 
ylium bromide (Figure 15.10). 

HH H 
+ 

Blog HBr + Br 

Cycloheptatriene 

Cycloheptatrienylium bromide: 
six pi electrons 

Figure 15.10 Preparation of the aromatic cycloheptatrienyl cation 

by reaction of cycloheptatriene with bromine. 
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PROBLEM ...., 

15.11 

PROBLEM... 

15.12 

Se ey 

Ce 

Draw all possible resonance structures of the cyclopentadieny] anion. Are all carbon— 
carbon bonds equivalent? How many absorption lines would you expect to see in the 

1H NMR and !8C NMR spectra of the anion? 

Seem eee remem weer eres aeeereeee eres eeeeeeeeeeeeeeeeeeeeae 

Cyclooctatetraene readily accepts two electrons from potassium metal to form the 
cyclooctatetraene dianion, CgH,?-. Why do you suppose this reaction occurs? What 

geometry would you expect for the cyclooctatetraene dianion? 

2- 

ek 

er ary 

15.9 Pyridine and Pyrrole: Two Aromatic 
Heterocycles 

Look back once again at the definition of aromaticity: ... a molecule that 
has a cyclic system of conjugation with a p orbital on each atom and that 
contains 4n + 2 pi electrons. Nothing in this definition says that the atoms 
in the ring have to be carbon. In fact, heterocyclic compounds can also be 
aromatic. A heterocycle is a cyclic compound that has one or more atoms 
other than carbon in its ring. The heteroatom is often nitrogen {or oxygen, 
but sulfur, phosphorus, and other elements are also found. Pyridine, for 
example, is a six-membered heterocycle with a nitrogen atom in its ring. 

Pyridine is much like benzene in its pi electron structure. Each of the 
five sp?-hybridized carbons has a p orbital perpendicular to the plane of the 
ring, and each contains one pi electron. The nitrogen atom also is sp? hybrid- 
ized and has one electron in a p orbital, bringing the total to six pi electrons. 
The nitrogen lone-pair electrons are in an sp? orbital in the plane of the 
ring perpendicular to the pi system and are not involved with the aromatic 
pi system since they don’t have the correct geometry for overlap (Figure 
1.1) 

The five-membered heterocycle, pyrrole (two 7’s, one /), is another exam- 
ple of an aromatic six-pi-electron substance, with a pi electron system sim- 
ilar to that of the cyclopentadienyl anion. Each of the four sp?-hybridized 
carbons has a p orbital perpendicular to the ring, and each contributes one 
pi electron. The nitrogen atom is sp hybridized, with its lone pair of elec- 
trons also occupying a p orbital. Thus, there are a total of six pi electrons, 
making pyrrole an aromatic molecule. An orbital picture of pyrrole is shown 
in Figure 15.12. 

Note that the nitrogen atoms play different roles in pyridine and pyrrole 
even though both compounds are aromatic. The nitrogen atom in pyridine 
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Lone pair in 
sp” orbital 

Six pi electrons 

Figure 15.11 Pyridine, an aromatic heterocycle, has a pi electron 
arrangement much like that of benzene. 

Lone pair in p orbital / \ 

ee) N 

sp” hybridized 

Six pi electrons 

Figure 15.12 Pyrrole, a five-membered aromatic heterocycle, has 

a pi electron arrangement much like that of the cyclopentadienyl 

anion. 

is part of a double bond and therefore contributes only one pi electron to 
the aromatic sextet, just as a carbon atom in benzene does. The nitrogen 
atom in pyrrole, however, is not part of a double bond. Like one of the carbons 
in the cyclopentadienyl] anion, the pyrrole nitrogen atom contributes two pi 
electrons (the lone pair) to the aromatic sextet. 

Pyridine, pyrrole, and other aromatic heterocycles play an important 
role in many biochemical processes. Their chemistry will be discussed in 
more detail in Chapter 29. 

eee ee ee eee eee ee eee eee eee reese sete enseeeseeeeeseeeEeeeeses 

The aromatic five-membered heterocycle imidazole is of great importance in many 
biological processes. One of its nitrogen atoms is “pyridine-like” in that it contributes 

one pi electron to the aromatic system, and the other nitrogen is “pyrrole-like” in 
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that it contributes two pi electrons. Draw an orbital picture of imidazole to account 

for its aromaticity. How many pi electrons does each nitrogen contribute? 

Los 

IN N= Imidazole 

\—/ 

Cm eee mere sere reese eeeereenenensesseeeeeeseseseeesereseeeee 

15.14 Assume that the oxygen atom in furan is sp? hybridized, and draw an orbital picture 

eee e ee eene 

to show how this heterocycle can be aromatic. 

ee ee ee 

15.10 Why 4n + 2? 

What’s so special about 4n + 2 pi electrons? Why is it that having 2, 6, 10, 
14, and so on, pi electrons leads to aromatic stability, but having other 
numbers of electrons does not? The answer to this question has to do with 
the relative energy levels of the pi molecular orbitals. 

When the energy levels of molecular orbitals for cyclic conjugated mol- 
ecules are calculated, it turns out that there is always a single lowest-lying 
molecular orbital above which the molecular orbitals come in degenerate 
pairs. Thus, when electrons fill the various molecular orbitals, it takes two 
electrons (one pair) to fill the lowest-lying orbital and four electrons (two 
pairs) to fill each of n succeeding energy levels. The total is 4n + 2. 

This orbital filling is illustrated in Figure 15.13 for benzene, in which 
six atomic p orbitals combine to give six molecular orbitals with the energy 
levels shown. Note that the lowest-energy molecular orbital, , occurs singly 
and contains two electrons. The next two lowest-energy orbitals, Wo and ws, 
are degenerate, and it therefore takes four electrons to fill them. The result 
isa highly stabilized six-pi-electron aromatic molecule with filled bonding 
molecular orbitals. 

A similar line of reasoning carried out for the cyclopentadienyl cation, 
radical, and anion leads to the conclusions illustrated in Figure 15.14. Once 
again, the five atomic p orbitals combine to give five pi molecular orbitals 
in which there is a single lowest-energy orbital and higher-energy degen- 
erate pairs of orbitals. In the four-pi-electron cation, there are two electrons 
in y, but only one electron each in wy and ys. Thus, the cation has two 
orbitals that are only partially filled and is therefore reactive. In the five- 
pi-electron radical, y and yf are filled, but ws is still only half full. The 
radical is therefore reactive. Only in the six-pi-electron cyclopentadienyl 
anion are all of the bonding orbitals filled. Similar analyses can be carried 
out for all other aromatic species. 
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Figure 15.13 Energy levels of the six benzene pi molecular 

7 
orbitals. 
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molecular orbitals cation radical anion 

(four pi electrons) | (five pielectrons) | (six pi electrons) 

Figure 15.14 Energy levels of the five cyclopentadieny! molecular 
orbitals. Only the six-pi-electron cyclopentadieny! anion has a filled- 

shell configuration leading to aromatic stability. 

15.15 Show the relative positions of the seven pi molecular orbitals of the cycloheptatrienyl 
system. Indicate which of the seven orbitals are filled in the cation, radical, and 
anion, and account for the aromaticity of the cycloheptatrieny] cation. 

ey 

15.11 Naphthalene: A Polycyclic Aromatic 
Compound 

[eee ee ee 

- Although the Hiickel rule is strictly applicable only to monocyclic aromatic 
compounds, the general concept of aromaticity can be extended beyond sim- 
ple monocyclic compounds like benzene to include polycyclic aromatic 
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compounds. Naphthalene, with two benzene-like rings fused together, is 
the simplest polycyclic aromatic molecule, but more complex substances 
such as anthracene, 1,2-benzpyrene, and coronene are also well known (Fig- 
ure 15.15). Benzo[a]pyrene is particularly interesting because it’s one of the 
cancer-causing substances that has been isolated from tobacco smoke. 

at 
Ey aby 

Naphthalene Anthracene Benzo[al]lpyrene Coronene 

Figure 15.15 Some polycyclic aromatic hydrocarbons. 

All polycyclic aromatic hydrocarbons can be represented by a number 
of different Kekulé structures. Naphthalene, for instance, has three reso- 

nance forms: 

As was true for benzene with its two equivalent resonance forms, no single 
Kekulé structure is a true representation of naphthalene; the true structure 
of naphthalene lies somewhere in between the three resonance forms and 
is difficult to draw satisfactorily. 

Naphthalene and other polycyclic hydrocarbons show many of the chem- 
ical properties we associate with aromaticity. Thus, measurements of heats 
of hydrogenation show an aromatic stabilization energy approximately 60 
kcal/mol (250 kJ/mol) greater than might be expected if naphthalene had 
five isolated double bonds. Furthermore, naphthalene reacts slowly with 
electrophilic reagents such as bromine to give substitution products rather 
than double-bond addition products. 

Br 

1 F 

Naphthalene 1-Bromonaphthalene (75%) 

How can we explain the aromaticity of naphthalene? The orbital picture 
of naphthalene in Figure 15.16 shows a fully conjugated cyclic pi electron 
system, with p orbital overlap both around the 10-carbon periphery of the 
molecule and across the central bond. Since 10 pi electrons is a Hiickel 
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number, there is a high degree of pi electron delocalization and consequent 
aromaticity in naphthalene. 

Naphthalene 

Figure 15.16 An orbital picture of naphthalene, showing that the 

10 pi electrons are fully delocalized throughout both rings. 

15.16 Look at the three resonance structures of naphthalene, and then account for the fact 
that not all carbon—carbon bonds have the same length. The C1-C2 bond is 1.36 A 
long, whereas the C2—C3 bond is 1.39 A long. 

15.17 Naphthalene is sometimes represented with circles in each ring to represent 
aromaticity: 

The difficulty with this representation is that it’s not immediately apparent how 
many pi electrons are present. How many pi electrons are in each circle? 

Sle wisn ce cele ce CS PCR SETS SDE CTC CECT OTC MDERHCHCR ECR CCT HCE OSA AM e ee MOC CBC CoS ® 

15.12 Spectroscopy of Aromatic 
Compounds 

INFRARED SPECTROSCOPY 

Aromatic rings can be readily detected by infrared spectroscopy since they 
show a characteristic C-H stretching absorption at 3030 cm™! and a char- 

- acteristic series of peaks in the 1450-1600 cm! range. The aryl C—H band 
at 3030 cm! is generally of rather low intensity and occurs just to the left 
of a normal saturated C-—H band. As many as four aryl absorptions are 
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sometimes observed in the 1450-1600 cm! region owing to complex molec- 
ular motions of the ring itself. Two bands, one at 1500 cm7! and one at 1600 
cm™!, are usually the most intense. In addition, aromatic compounds show 
strong absorptions in the 690-900 cm™! range due to C—H out-of-plane 
bending. The exact position of these absorptions is diagnostic of the substi- 
tution pattern of the aromatic ring: 

Monosubstituted: 690-710 cm7! m-Disubstituted: 690-710 cm! 
730-770 cm} 810-850 cm7! 

o-Disubstituted: 735-770cm-! __p-Disubstituted: 810-840 cm™ 

The infrared spectrum of toluene in Figure 15.17 shows these characteristic 
absorptions. 

Wave number (cm ') 

5000 3000 2000 1500 1300 1100 1000 900 800 700 
100 

Transmittance (%) 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Wavelength (um) 

Figure 15.17 The infrared spectrum of toluene. i 

ULTRAVIOLET SPECTROSCOPY 

Aromatic rings are also detectable by ultraviolet spectroscopy because they 
contain a conjugated pi electron system. In general, aromatic compounds 
show a series of bands, with a fairly intense absorption near 205 nm and a 
less intense absorption in the 255-275 nm range. The presence of these 
bands in the ultraviolet spectrum of a molecule of unknown structure is a 
sure indication that an aromatic ring is present. 

NUCLEAR MAGNETIC RESONANCE 
SPECTROSCOPY 

Hydrogens directly bonded to an aromatic ring are easily identifiable in the 
1H NMR spectrum. These hydrogens are strongly deshielded by the aromatic 
ring and absorb between 6.5 and 8.0 ppm downfield from the TMS standard. 
The spins of nonequivalent aryl protons on substituted rings often couple 
with each other, giving rise to spin-spin splitting patterns that can give 
information about the substitution pattern of the ring. 
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Much of the difference in chemical shift between aryl protons (6.5—8.0 5) 
and vinylic protons (4.5—6.5 5) is due to a special property of aromatic rings 
called ring current. When an aromatic ring is oriented perpendicularly to 
a strong magnetic field, the pi electrons circulate around the ring and induce 
a tiny local magnetic field. This induced field opposes the applied field in 
the middle of the ring but reinforces the applied field outside the ring (Figure 
15.18). Aryl protons are therefore deshielded; they experience an effective 
magnetic field greater than the applied field and thus come into resonance 
at a lower applied field. 

Circulating pi 
electrons (ring current) 

Proton deshielded by 
induced field 

Induced magnetic 
field because of 

ring current 

Applied magnetic field 

Figure 15.18 The origin of aromatic ring current. Aryl protons are 

deshielded by the induced magnetic field caused by pi electrons 
circulating in the molecular orbitals of the aromatic ring. 

Note that the existence of an aromatic ring current predicts different 
effects inside and outside the ring. If an aromatic ring were large enough 
to have both “inside” and “outside” protons, those protons on the outside 
should be deshielded and absorb at a field lower than normal, but those 
protons on the inside should be shielded and absorb at a field higher than 
normal. This prediction has been strikingly borne out by studies on 
[18Jannulene, an 18-pi-electron cyclic conjugated polyene that contains a 
Hiickel number of electrons (4n + 2, where n = 4) and is large enough to 
have both inside and outside protons: 

[18]Annulene 
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The 'H NMR spectrum of [18]annulene is just as predicted: The 6 inside 
protons are strongly shielded by the aromatic ring current and absorb at 
3.0 ppm upfield from TMS, while the 12 outside protons are strongly de- 
shielded and absorb in the typical aryl region at 9.3 ppm downfield from 

TMS. 
The presence of a ring current is characteristic of all Hiickel aromatic 

molecules and serves as an excellent test of aromaticity. For example, ben- 
zene, a six-pi-electron aromatic molecule, absorbs at 7.37 6, but cycloocta- 

tetraene, an eight-pi-electron nonaromatic molecule, absorbs at 5.78 6. 

Protons on carbon next to aromatic rings also show distinctive absorp- 
tions in the NMR spectrum. Benzylic protons normally absorb downfield 
from other alkane protons in the region from 2.3 to 3.0 6. 

H 

H CH2R 

Aryl protons, ie Benzylic protons, 2.3-3.0 6 
6.5-8.0 6 

H H 

H 

The 'H NMR spectrum of p-bromotoluene shown in Figure 15.19 dis- 
plays some of the features just discussed. The ary] protons absorb in a quartet 
from 6.9 to 7.6 6, and the benzylic methyl protons absorb as a sharp singlet 
at 2.3 6. Integration of the spectrum reveals the expected 4:3 ratio of peak 
areas. 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

SS en en ee 

Figure 15.19 The 'H NMR spectrum of p-bromotoluene. 

Carbon atoms of an aromatic ring absorb in the range 110—160 6 in the 
'3C NMR spectrum, as indicated by the examples in Figure 15.20. These 
resonances are easily distinguished from those of alkane carbons but occur 
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in the same range as alkene carbons. Thus, the presence of 1°C absorptions 
at 110-160 6 does not in itself establish the presence of an aromatic ring. 
Confirming evidence from infrared, ultraviolet, or 1H NMR is needed. 

vee ede us : 
CH; Cl 

180.7 _— 133. 8 128. 1 

<— 128.4 Soe 20 lone ud 8 6 ee 0 

<a 2B —— 1284 

125.6 125.4 

Benzene Toluene Chlorobenzene Naphthalene 

Figure 15.20 Some '?C NMR absorptions of aromatic compounds 
(6 units). 

A summary of the kinds of information obtainable from different spec- 
troscopic techniques is given in Table 15.3. 

TABLE 15.3 Summary of Spectroscopic Information on Aromatic Compounds 

Kind of Absorption 
spectroscopy position Interpretation 

Infrared (cm~!) 3030 Aryl C-H stretch 
1500 and 1600 ‘Two intense absorptions due to ring motions 

690-900 Intense C—H out-of-plane bending 

Ultraviolet (nm) 205 Intense absorption 
260 Weak absorption 

1H NMR (6) 2.3—3.0 Benzylic protons 
6.5-8.0 Aryl] protons 

13C NMR (6) 110-160 Aromatic ring carbons 

15.13. Summary and Key Words 

The term aromatic is used for historical reasons to refer to the class of 

compounds related structurally to benzene. Many medicinally useful com- 

pounds contain aromatic, benzene-like parts. 
Aromatic compounds are systematically named according to IUPAC 

rules, but many common names are also used. Disubstituted benzenes are 

named as ortho (1,2-disubstituted), meta (1,3-disubstituted), or para (1,4- 

disubstituted) derivatives. The -CgH; unit itself is referred to as a phenyl 
group, and the -CH2C.H; unit is a benzyl group. 
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Benzene is described by resonance theory as a resonance hybrid of two 
equivalent Kekulé structures. Neither structure is correct by itself—the 
true structure of benzene is intermediate between the two: 

Benzene is described by molecular orbital theory as a cyclic conjugated 
molecule with six pi electrons. According to the Hickel rule, a cyclic con- 
jugated molecule must have 4n + 2 pi electrons, where n = 0, 1, 2, 3, and 

so on, in order to be aromatic. 
Benzene has five key characteristics: 

1. Benzene is a cyclic, planar, conjugated molecule. 

2. Benzene is unusually stable. Its heat of hydrogenation is approxi- 
mately 36 kcal/mol less than we might expect for a cyclic triene. 

3. Benzene reacts slowly with electrophiles to give substitution prod- 
ucts in which cyclic conjugation is retained, rather than alkene 
addition products in which conjugation is destroyed. 

4. Benzene is symmetrical. All carbon—carbon bonds are equivalent 
and have a length of 1.39 A, a value that is intermediate between 

normal single- and double-bond lengths. 

5. Benzene has a Hiickel number of pi electrons, 4n + 2, where n = 
1. The pi electrons are delocalized over all six carbons, and there 
is a doughnut-shaped ring of electron density above and below the 
plane of the ring. 

Other kinds of molecules besides benzenoid compounds can also be aro- 
matic according to the Hiickel 4n + 2 definition. For example, the cyclo- 
pentadienyl anion and the cycloheptatrienyl cation are both aromatic ions. 
Heterocyclic compounds, which have atoms other than carbon in the ring, 
can also be aromatic. Pyridine, a six-membered nitrogen-containing hetero- 
cycle, resembles benzene electronically, whereas pyrrole, a five-membered 
heterocycle, resembles the cyclopentadieny] anion. 

All of the spectroscopic techniques studied previously are applicable to 
the structure elucidation of aromatic compounds. Infrared, ultraviolet, and 

NMR spectroscopies all show characteristic aromatic absorption peaks. 

ADDITIONAL PROBLEMS. ......................c0cceeeeeees 

15.18 Provide IUPAC names for these compounds: 

(a) CH; ie (b) CO2H (c) Br 
| 
CHCH,CH,CHCH; 

CT Br H3C CHs 
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(d) Br (e) F (f) NH, 

CH,CH.CH3 NO, 

NO, Cl 

Draw structures corresponding to these names: 
(a) 3-Methyl-1,2-benzenediamine (b) 1,3,5-Benzenetriol 

(c) 3-Methyl-2-phenylhexane (d) o-Aminobenzoic acid 
(e) m-Bromophenol (f) 2,4,6-Trinitrophenol (picric acid) 
(g) p-lodonitrobenzene 

Draw and name all possible isomeric 
(a) Dinitrobenzenes (b) Bromodimethylbenzenes (c) Trinitrophenols 

Draw and name all possible aromatic compounds with the formula C7H,Cl. 

Draw and name all possible aromatic compounds with the formula CgHoBr. (There 
are 14.) 

Propose structures for aromatic hydrocarbons that meet these descriptions: 
(a) CgHj2; gives only one CgH,,Br product on aromatic substitution by bromine 

(b) CioH14; gives only one C,9H;3Cl product on aromatic substitution by chlorine 
(c) CgHjo; gives three CgHgBr products on aromatic substitution by bromine 
(d) Cy 9H 4; gives two C;9H,3Cl products on aromatic substitution by chlorine 

There are four resonance structures for anthracene, one of which is shown. Draw 

the other three. 

Anthracene 

There are five resonance structures of phenanthrene, one of which is shown. Draw 

the other four. 

Phenanthrene 

Look at the five resonance structures for phenanthrene (Problem 15.25), and then 

predict which of its carbon—carbon bonds is shortest. 

Define these terms in your own words: 
(a) Aromaticity : (b) Conjugated 
(c) Hiickel (4n + 2) rule (d) Resonance hybrid 

Table 15.2 gives data on heats of hydrogenation for benzene, 1,3-cyclohexadiene, 

and cyclohexene. On the basis of these data, calculate the heats of hydrogenation 

for the partial hydrogenation shown here. Is the reaction exothermic or endothermic? 

He ————_—_ 
Catalyst 
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15.29 

15.30 

15.31 

15.32 

15.33 

15.34 

15.35 

15.36 

15.37 

3-Chlorocyclopropene, on treatment with AgBF,4, gives a precipitate of AgCl and a 
stable solution of a species that shows only one absorption in the 1H NMR spectrum 
at 11.04 5. How do you explain this result? What is a likely structure for the product, 

and what is its relation to Hiickel’s rule? 

H Cl 

3-Chlorocyclopropene 

Draw an energy diagram for the three molecular orbitals of the cyclopropenyl system 
(Problem 15.29). How are these three molecular orbitals occupied in the cyclopro- 
penyl anion, cation, and radical? Which of these three is aromatic according to 
Hickel’s rule? 

If we were to use the “circle” notation for aromaticity, we would draw the cyclopro- 
penyl cation as shown here. How many pi electrons are represented by the circle in 
this instance? 

+ + 

ESCO 

Cyclopropanone is a highly reactive molecule because of the large amount of angle 
strain it contains. Methylcyclopropenone, although more strained than cyclopro- 
panone, is nevertheless quite stable and can even be distilled. How can you account 
for its stability? [Hint: Consider the polarity of the carbonyl group.] 

Ai aos 
Cyclopropanone Methylcyclopropenone 

Cycloheptatrienone is a perfectly stable compound, but cyelopentatiienttie is SO reac- 
tive that it can’t be isolated. What do you suppose accounts for the stability difference 
between the two? 

Cycloheptatrienone Cyclopentadienone 

Which would you expect to be most stable, cyclononatetraenyl radical, cation, or 
anion? 

How might you convert 1,3,5,7-cyclononatetraene to an aromatic substance? 

Compound A, CgHjo, yields three monobromo substitution products, CgHoBr, on 
reaction with bromine. Propose two possible structures. The 'H NMR spectrum of 
A shows a complex four-proton multiplet at 7.0 5 and a six-proton singlet at 2.30 6. 
What is the correct structure of A? 

Azulene, Cj Hg, is a beautiful blue hydrocarbon that is isomeric with naphthalene. 
Unlike naphthalene, however, azulene has a large dipole moment (u = 1.0 D). 
(a) Is azulene a Htickel aromatic compound? 
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(b) Draw an orbital picture of azulene. 
(c) How can you account for the observed dipole moment of azulene? 

Azulene (uw = 1.0 D) 

What is the structure of a hydrocarbon that shows a molecular ion at m/z = 120 in 
the mass spectrum and has the following 1H NMR spectrum? 

7.25 5, broad singlet, five protons 

2.90 5, septet, J = 7 Hz, one proton 

1.22 5, doublet, J = 7 Hz, six protons 

Propose structures for compounds that fit these descriptions: 

(a) CyoHi4 

1H NMR: 7.18 6 (broad singlet, four protons) 
2.70 6 (quartet, four protons, J = 7 Hz) 
1.20 6 (triplet, six protons, J = 7 Hz) 

IR: 745 em71 

(b) CioHi4 

1H NMR: 7.0 6 (broad singlet, four protons) 
2.85 6 (septet, one proton, J = 8 Hz) 
2.28 6 (singlet, three protons) 
1.20 6 (doublet, six protons, J = 8 Hz) 

IR: 825 cm=! 

Indole is an aromatic heterocycle that has a benzene ring fused to a pyrrole ring. 
Draw an orbital picture of indole. 

(a) How many pi electrons are present? 
(b) What is the electronic relationship of indole to naphthalene? 

CI Indole 

N 
H 

On reaction with acid, 4-pyrone is protonated on the carbonyl-group oxygen to give 
a stable cationic product. Explain the stability of the protonated product. 

1-Phenyl-2-butene has an ultraviolet absorption at Amax = 208 nm (e = 8000). On 

‘treatment with a small amount of strong acid, isomerization occurs and a new 

substance with A,,ax = 250 nm (e = 15,800) is formed. Propose a structure for this 

isomer, and suggest a mechanism for its formation. 



558 CHAPTER 15 Benzene and Aromaticity 

15.43. Propose suitable structures for aromatic compounds that have the following ‘H NMR 

spectra: 

(a) CgHgBr 

IR: 820 cm7! . 
3H 

4H 

2 
a 

8 2H 
a TMS 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

(b) CoHie 
IR: 750 cm7! 

B 

5 
5 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

(c) Cy Hy6. 
IR: 820 cm7! 

9H 

ie; 

4 3H TMS 

4H 

10 8 6 4 2 0 ppm 

Chemical shift (6) 



Additional Problems 559 

15.44 Propose suitable structures for molecules that have the following 1H NMR spectra: 

(a) CgH,,Br 

IR: 700, 

760 cm7! 

= 

5 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

(b) Cy4Hie 
IR: 700, 740, 
890 cm=! 

1a 

a 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

Pentalene is a most elusive molecule that has never been isolated. The pentalene 
oe dianion, however, is well known and quite stable. Explain. 

aes 

Silo 
Pentalene Pentalene dianion 

15.46 Purine is a heterocyclic aromatic compound whose derivatives are constituents of 

DNA and RNA. Why is purine considered to be aromatic? How many p electrons 

does each nitrogen donate to the aromatic pi system? 

eam : » Purine 

N “OH 



Chemistry of 
Benzene: 
Electrophilic 
Aromatic 
Substitution 

The most important reaction of aromatic compounds is electrophilic aro- 
matic substitution. That is, an electrophile (E+) reacts with an aromatic 
ring and substitutes for one of the hydrogens. t 

H E 
H H H H 

+ E* —> + oH* 

eH A H H 
} H H 

Many different substituents can be introduced onto the aromatic ring 
using electrophilic substitution reactions. By choosing the proper conditions 
and reagents, it’s possible to halogenate the aromatic ring (substitute a 
halogen: —F, —Cl, -Br, or -D, nitrate it (substitute a nitro group: —NOz), 
sulfonate it (substitute a sulfonic acid group: -SO3H), alkylate it (substi- 
tute an alkyl group: —R), or acylate it (substitute an acyl group: —COR). 
Starting from only a few simple materials, we can prepare many thousands 
of substituted aromatic compounds (Figure 16.1). 

All of these reactions (and many more as well) take place by a similar 
mechanism. Let’s begin a study of the process by examining one reaction 
in detail: the bromination of benzene. 

560 
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Halogenation Acylation 

NO, R 

Nitration loll Alkylation 

Sulfonation 

Figure 16.1 Some electrophilic aromatic substitution reactions. 

Bromination of Aromatic Rings 

A benzene ring, with six pi electrons in a cyclic conjugated system, is a site 
of electron density. Furthermore, the benzene pi electrons are sterically 
accessible to attacking reagents because of their location in circular clouds 
above and below the plane of the ring. Thus, benzene acts as an electron 
donor (a nucleophile) in most of its chemistry, and most of its reactions take 

place with electron acceptors (electrophiles). For example, benzene reacts 
with bromine in the presence of FeBrs as catalyst to yield the substitution 
product, bromobenzene: 

Br 

Cr ie Cy + HBr 

Benzene Bromobenzene (80%) 

Electrophilic substitution reactions are characteristic of all aromatic 
rings, not just of benzene and substituted benzenes. Indeed, the ability of a 
compound to undergo electrophilic substitution is an excellent test of 
aromaticity. 

Before seeing how this electrophilic aromatic substitution reaction 
occurs, let’s briefly recall what was said in Chapter 6 about electrophilic 
additions to alkenes. When an electrophile such as HCl adds to an alkene, 
it approaches the p orbitals of the double bond and forms a bond to one 
carbon, leaving a positive charge at the other carbon. This carbocation inter- 
‘mediate is then attacked by a nucleophile such as chloride ion to yield the 
addition product (Figure 16.2). 
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rn 

\ H 

E ie a) 

C Cx 
N 

a \- 
Cl 

Alkene Carbocation intermediate Addition product 

Figure 16.2. The mechanism of alkene electrophilic addition 

reactions. 

An electrophilic aromatic substitution reaction begins in a similar way, 
but there are a number of differences. One difference is noticeable imme- 
diately: Aromatic rings are much less reactive than alkenes toward elec- 
trophiles. For example, bromine in CCl, solution reacts instantly with most 
alkenes but does not react with benzene. For bromination of benzene to take 
place, a catalyst such as FeBrs is needed. The catalyst makes the Brg mol- 
ecule more electrophilic by complexing with it to give an FeBr, Br* species 
that reacts as if it were Br*. 

o at a 5* 

Br Ri oo Abr beaeBr eis 

Bromine Polarized bromine 

(a weak electrophile) (a strong electrophile) 

The complexed bromine molecule is then attacked by the;pi electron 
system of the nucleophilic benzene ring in a slow, rate-limiting step to yield 
a nonaromatic carbocation intermediate. This carbocation is doubly allylic 
(recall the allyl cation, Section 11.9) and can be written in three resonance 
forms: 

Br Br + Br 

ie Hawn Sra a oe —> cad? <_—> or 

+ + 

Although stable by comparison with most other carbocations, the inter- 
mediate in electrophilic aromatic substitution is nevertheless much less 
stable than the starting benzene ring itself with its 36 kcal/mol (152 kJ/ 
mol) of aromatic stability. Thus, electrophilic attack on a benzene ring is 
endothermic, has a high activation energy, and is therefore a rather slow 
reaction. Figure 16.3 gives reaction energy diagrams comparing the reaction 
of an electrophile, E+, with an alkene and with benzene. The benzene reac- 

tion is slower (higher AG*) because the starting material is so much more 
stable. 

A second difference between alkene addition and aromatic substitution 
occurs after the electrophile has added to the benzene ring to give the car- 
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“Alkene + E* 

Benzene + E* 

Reaction progress ———> 

Ss ee ee a ee 

Figure 16.3 A comparison of the reactions of an electrophile with 
an alkene and with benzene: AG? (alkene) << AG? (benzene). 

bocation intermediate. Although it would presumably be possible for a nu- 
cleophile like bromide ion to attack the carbocation intermediate to yield 
the addition product dibromocyclohexadiene, this is not observed. Instead, 
the bromide ion or some other base present in solution abstracts a proton 
from the bromine-bearing carbon to yield the neutral, aromatic substitution 
product plus HBr. The net effect of reaction of Brg with benzene is the 
substitution of H* by Br*. The overall mechanism is shown in Figure 16.4. 

Why does the reaction of an electrophile with benzene and other aro- 
matic rings take a different course than its reaction with an alkene? The 
answer is simple: If addition occurred, the 36 kcal/mol stabilization energy 
of the aromatic ring would be lost and the overall reaction would be endo- 
thermic. When substitution occurs, though, the stability of the aromatic ring 

is retained. A reaction energy diagram for the overall process is shown in 
Figure 16.5. 

There are many other electrophilic aromatic substitutions besides bro- 
mination, and all are thought to occur by the same general mechanism. 
Let’s see briefly what some of these other reactions are. 

16.2 Other Aromatic Substitutions 

AROMATIC CHLORINATION AND IODINATION 

Chlorine and iodine can be introduced into aromatic rings by electrophilic 
- substitution reactions under the proper conditions, but fluorine is too reac- 

tive, and poor yields of monofluoroaromatic products are obtained. Aromatic 

rings react with chlorine in the presence of FeCl; catalyst to yield chloro- 



An electron pair from the benzene 
ring attacks Bro, forming a new [stow 
C-Br bond and leaving a 

carbocation intermediate. 

ie Br 

oe 

: 2 A Nonaromatic intermediate 
The carbocation intermediate loses a 

proton and the neutral substitution | Fast 

product forms as two electrons from 
the C—H bond move into the new 
aromatic ring. Br 

+. HBr 

Figure 16.4 The mechanism of the electrophilic bromination of 

benzene. 

Addition 
(does not occur) 

Substitution 

Reaction progress ————- 

SS el 

Figure 16.5 A reaction energy diagram for the electrophilic 

bromination of benzene. 

564 
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benzenes. This kind of reaction is used in the synthesis of numerous phar- 
maceutical agents, including the tranquilizer Librium. 

NHCH; 

H Cl N~ 

ufos cy ge i + HCl a 
. catalyst e 

Cl ok 

Benzene Chlorobenzene (86%) ) Oe 

Librium 

Iodine by itself is unreactive toward aromatic rings, and a promoter is 
required to obtain a suitable reaction. The best promoters for aromatic 
iodination are oxidizing agents such as hydrogen peroxide, H2Og, or copper 
salts such as CuCl. These promoters work by oxidizing molecular iodine 
to a more powerful electrophilic species that reacts as if it were I*. The 
aromatic ring then attacks I*, yielding a normal substitution product. 

I, + Pgs oa 8 Soe Ca 

I :[:- 
re ge ee I 

ee 6 CF Cr J i 

(Ip + CuCl,) re 

Benzene Iodobenzene (65%) 

16.1 Bromination of toluene gives a mixture of three bromotoluene products. Draw and 

name them. 

PROBEEMA Gis a feteisle lv o'e's sine brats asi ee vale ¢ Siete ecale We ee Wie clots sioladduieis oie sie aleve 

16.2 Aromatic iodination can be carried out with a number of reagents, including iodine 

monochloride, IC]. What is the direction of polarization of IC]? Propose a mechanism 

to account for the iodination of an aromatic ring. 

16.3 Aryl fluorides can be prepared by a two-step process involving electrophilic thallation 

of the aromatic ring (substitution of thallium). 

KF, BF; 
> ArH + TI(OCOCF3)3 ——> Ar—TIOCOCF%)2 ArF 

Thallium 

tris(trifluoroacetate) 

’ Propose a mechanism for the thallation of benzene. 

Cita chidta cLbisiais cia bic sue’ ake vam suskoke os W tekehone: ox stm a)9 dis) ¢i>. ©) ei2 Tee) 6 [6 \0\0 /ehq eee ojesere ¢9).8 eee 
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AROMATIC NITRATION 

Aromatic rings can be nitrated by reaction with a mixture of concentrated 
nitric and sulfuric acids. The electrophile in this reaction is the nitronium 
ion, NO,*t, which is generated from nitric acid by protonation and loss of 
water. The nitronium ion reacts with benzene to yield a carbocation inter- 
mediate in much the same way that we discussed for Br*. Loss of a proton 
from this intermediate gives the neutral substitution product nitrobenzene 
(Figure 16.6). 

H 

HO—NO, + H,S0, == H—O*NO, + HSO; 
H 

Be co, == H,O + NO? 
UJ 

NQ, .. 
m iit OH, — 
NO,» an = + H;0+t 

24 

Nitrobenzene 

Figure 16.6 Mechanism of the nitration of benzene to yield 
nitrobenzene. 

When, for some reason, nitration of an aromatic ring with HNO3/H2SO,4 
is particularly sluggish, the reaction can also be carried out using a pure 
nitronium salt, NOjt BF,~. Nitronium tetrafluoroborate is a white crys- 
talline material that will smoothly nitrate many aromatic compounds at 
room temperature or below. 

Nitration of aromatic rings is a particularly important reaction because 

the product nitroarenes can be reduced by reagents such as iron or stannous 
chloride to yield aminoarenes (substituted anilines). Attachment of a nitro- 
gen to an aromatic ring by the two-step nitration/reduction sequence is a 
key part of the industrial synthesis of dyes and many pharmaceutical agents. 
We'll discuss this and other reactions of aromatic nitrogen compounds in 
Chapter 26. 

NO, NH, 
ls 1. SnCly, HyO* ele 

eS 
2. HO™ 

Nitrobenzene Aniline (95%) 

AROMATIC SULFONATION 

Aromatic rings can be sulfonated by reaction with sulfuric acid and sulfur 
trioxide, a mixture called fuming sulfuric acid (H2SO,4 + SOs). The reactive 
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16.4 
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electrophile is either HSO3* or neutral SO3, depending on reaction condi- 
tions. Substitution occurs by the same two-step mechanism seen previously 
for bromination and nitration. Note, however, that the sulfonation reaction 
is reversible; it can occur either forward or backward, depending on the 

reaction conditions. Sulfonation is favored in strong acid, but desulfonation 
is favored in hot, dilute aqueous acid. 

SO.H 
y SO.H 

a7 oe. 7H 
+ *SO;,H == ie et CY 

Benzenesulfonic acid 

(95%) 

Aromatic sulfonic acids are valuable intermediates in the preparation 
of dyes and pharmaceuticals. For example, the sulfa drugs such as sulfa- 
nilamide were among the first useful antibiotics known. Although largely 
replaced today by more effective agents, sulfa drugs are still used in the 
treatment of meningitis. These drugs are prepared commercially by a process 
that involves aromatic sulfonation as the key step. 

un \—so.ni 

Sulfanilamide (an antibiotic) 

Aromatic sulfonic acids are also valuable because of the further chem- 
istry they undergo. Heating an arenesulfonic acid with NaOH at 300°C in 
the absence of solvent yields the corresponding phenol—a net replacement 
of the sulfonate group by hydroxyl. Yields in this so-called alkali fusion 
process are generally good, but the conditions are so vigorous that the reac- 
tion is not compatible with the presence of substituents other than alkyl 
groups on the aromatic ring. 

no \—so,t a no \\-on 

p-Toluenesulfonic acid p-Cresol (72%) 
(a phenol) 

pita) vi Mus oslo tele Dats eld 8 0 916.5’) « 6) 6 #6 ¢)'% oa 94a) ehe of e)e0 01f.0)0 6 A e)eelere exe © pic's 

Propose a mechanism for the desulfonation reaction of benzenesulfonic acid to yield 

benzene. What is the electrophile in this reaction? 

Vepitaielin milehe aie eile efiwueler aun 6) a ee [eee rele) #lsics) le (Wks, -6e) 66) (e! ee) Bip ©, 0.0/8) een) 818 ei 8 6 95.6) 

Chlorination of o-xylene (dimethylbenzene) yields a mixture of two products, but 

chlorination of p-xylene yields a single product. Explain. 
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16.6 How many products might be formed on chlorination of m-xylene? 

PROBLEM bid: iajavaie co cha hie aioe Gime mae ViNaiel ory sine swine slhere x wine OYMeN VMLewKege pte ©. dis 

16.7 How can you account for the fact that deuterium slowly replaces hydrogen in the 

aromatic ring when benzene is treated with D.SO4? 

Se 

16.3. Alkylation of Aromatic Rings: 
The Friedel-Crafts Reaction 

One of the most useful of all electrophilic aromatic substitution reactions 
is alkylation, the attachment of an alkyl group to the benzene ring. Charles 
Friedel! and James Crafts? reported in 1877 that benzene rings can be 
alkylated by reaction with an alkyl] chloride in the presence of aluminum 
chloride as catalyst. For example, benzene reacts with 2-chloropropane and 

AIClg to yield isopropylbenzene, also called cumene. 

ay 

‘i CHCH, 
fel © CHCHCH, = e: + HCl 

Benzene 2-Chloropropane Cumene (85%) 

(isopropylbenzene) ‘ 

The Friedel—Crafts alkylation reaction is an electrophilic aromatic 
substitution in which the aromatic ring attacks a carbocation electrophile. 
The carbocation is generated when AICls catalyst helps the alkyl halide to 
ionize, in much the same way that FeBrs catalyzes aromatic brominations 
by polarizing Brg (Section 16.1). Loss of a proton then completes the reaction, 
as shown in Figure 16.7. 

Though broadly useful for the synthesis of alkylbenzenes, Friedel— 
Crafts alkylations are nevertheless subject to important limitations. One 
limitation is that only alkyl halides can be used. Alkyl fluorides, chlorides, 
bromides, and iodides all react well, but aryl halides and vinylic halides do 
not react. Aryl and vinylic carbocations are too unstable to form under 
Friedel—Crafts conditions. 

_ Charles Friedel (1832-1899); b. Strasbourg, France; studied at the Sorbonne; professor, 
Ecole des Mines (1876-1884) and at Paris (1884-1899). 

2James M. Crafts (1839-1917); b. Boston; L.L.D., Harvard (1898); professor, Cornell Uni- 
versity (1868-1871); Massachusetts Institute of Technology (1871-1900). 



16.3 Alkylation of Aromatic Rings: The Friedel—Crafts Reaction 569 

Cl 
| t 

CH;CHCHs “2 AICl, ss CH;CHCH, AICI,~ 

Cy aru AICL,- 

An electron pair from the aromatic 
ring attacks the carbocation, | 
forming a C—C bond and yielding 
a new carbocation intermediate. CH, 

CHCH; 

[a HL 
rhs ba 

slr 

Loss of a proton then gives the | 
neutral alkylated substitution 
product. CH; 

CHCH, 

LL _ LL SS SSS eeee 

Figure 16.7. Mechanism of the Friedel—Crafts alkylation reaction. 

Cl 
A~ oy ph morseed 

An aryl halide A vinylic halide 

Not reactive 

A second limitation is that Friedel—Crafts reactions don’t succeed on 
aromatic rings that are substituted by strongly deactivating groups (Figure 
16.8). We'll see in Section 16.5 that the presence of a substituent group on 
a ring can have a dramatic effect on that ring’s subsequent reactivity toward 
further electrophilic substitution. Rings that contain any of the substituents 
listed in Figure 16.8 are not reactive enough to attack carbocations. 

Yet a third limitation of the Friedel—Crafts alkylation is that it’s often 
difficult to stop the reaction after a single substitution because the alkylated 
product is often more reactive than the nonalkylated starting material. Once 
the first group is on the ring, a second substitution reaction is facilitated 
for reasons we'll discuss in the next section. Thus, we often observe poly- 
alkylation. For example, reaction of benzene with 1 mol equiv of 2-chloro- 
2-methylpropane yields p-di-tert-butylbenzene as the major product, along 
with a small amount of tert-butylbenzene and unreacted starting material. 

- High yields of monoalkylation product are obtainedjonly when a large excess 
of benzene is used. . 

\ 
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AICls 
—— + R—X No reaction 

+ 

where Y = —NRz, —NObp, —CN, —SO3H, —CHO, 

—COCH;, —COOH, —COOCH3 

(=NHZ, =NHR—_NR) 
ae ee eae 

Figure 16.8 Limitations on the aromatic substrate in Friedel— 

Crafts reactions. 

C(CHS )s C(CHs3)s3 

C(CHs)3 

Major Minor 

product product 

A final limitation to the Friedel—Crafts reaction is that skeletal rear- 
rangements of the alkyl group sometimes occur during reaction, particularly 
when primary alkyl halides are used. The amount of rearrangement is 
variable and depends on catalyst, reaction temperature, and even reaction 
solvent. Less rearrangement is usually found at lower reaction tempera- 
tures, but mixtures of products are often obtained. For example; treatment 
of benzene with 1-chlorobutane gives an approximately 2:1 ratio of rear- 
ranged (sec-butyl) to unrearranged (n-butyl) products when the reaction is 
carried out at 0°C using AICls as catalyst. 

CH; 
; 

CHCH,CH, 

sec-Butylbenzene 

(~65%) 

O + CH,CH,CH,CH,Cl abe “ 

Benzene 1-Chlorobutane aly H,CH.CH,CHs 

Butylbenzene 

(~35%) 
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These reactions take place by carbocation rearrangements of exactly 
the same sort we saw earlier during electrophilic additions to alkenes (Sec- 
tion 6.13). For example, the relatively unstable primary butyl carbocation 
produced by reaction of 1-chlorobutane with AICl3 rearranges to a more 
stable secondary carbocation by the shift of a hydrogen atom and its electron 
pair (a hydride ion, H:~) from C2 to C1. 

H H 
[3 | + * * 

CH,CH,;CHCH, #testi®,  CH,CH,CHCH, 

1° cation (less stable) 2° cation (more stable) 

Similarly, carbocation rearrangements can occur by alkyl shifts. For 
example, Friedel—Crafts alkylation of benzene with 1-chloro-2,2-dimethyl- 
propane yields (1,1-dimethylpropy])benzene as the sole product. The initially 
formed primary carbocation rearranges to a tertiary carbocation by shift of 
a methyl] group and its electron pair from C2 to C1 (Figure 16.9). 

Anew CH 

CH . } 
C 

CO * CH.—C—CH.C} aa eo CH,CH 

CH; 

Benzene _  1-Chloro-2,2-dimethylpropane (1,1-Dimethylpropyl)benzene 

CHs he 

CHALE LCH: oo Es 0 2en: 
| 

CH CH 

1° carbocation 3° carbocation 

ee eS ee ed 

Figure 16.9 Rearrangement of a primary to a tertiary carbocation 

during Friedel—Crafts reaction of benzene with 1-chloro-2,2- 

dimethylpropane. 

Giielai kaput utal meiw hea 5e spe) 6 (6) € le, n)-e0 ml) ©) B)6\ BS 0:.6)0) 0 whe, O!/6\ ae) Ole) ae a) 0) o) 8) 0) ee) a e\e:e\:0 6 6, 

What is the major monosubstitution product that you would expect to obtain from 

the Friedel—Crafts reaction of benzene with 1-chloro-2-methylpropane in the pres- 

ence of AlCl3? 

inialatteliclisiblinialalarulistievetisielelarshaliaiie 0) 0.6) s)\v)2's:-¢, 010) 0.06 6 e190 €, 0 6.¢)\0),¢:'6) 00) 0 0 4 6) 0\9)'8 

The carbocation electrophile in a Friedel-Crafts reaction can be generated in ways 

other than by reaction of an alkyl chloride with AlCl;. For example, reaction of 
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PROBLEM 

16.10 
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benzene with 2-methylpropene in the presence of H3PO, yields tert-butylbenzene. 

Formulate a mechanism for this reaction. 

Cee meme eer eres eee eseeeeseeseereeeeeeeeeseeeseseseeseeEeeee 

Which of the following alkyl halides would you expect to undergo Friedel—Crafts 

reaction without rearrangement? Explain. 

(a) CH3CH,Cl (b) CH3;CH,CH(C)CH3 (c) CH3CH2CH,Cl 
(d) (CH3)3CCH,Cl (e) Chlorocyclohexane 

eee ee ee ee) 

16.4 Acylation of Aromatic Rings 

R 

O 
| 
C a So 

An acyl group, —-COR (pronounced a-sil), is introduced onto the ring when 
an aromatic compound is allowed to react with a carboxylic acid chloride, 
RCOCI, in the presence of AlCl3. For example, reaction of benzene with 
acetyl chloride yields the ketone, acetophenone. 

i 
O CF 

+ CH a a Peel a 80°C 

Benzene Acetyl chloride Acetophenone (95%) 

The mechanism of Friedel—Crafts acylation is similar to that of Frie- 
del—Crafts alkylation. The reactive electrophile is a resonance-stabilized 
acyl cation, generated by reaction between the acyl chloride and AICls (Fig- 
ure 16.10). As the resonance structures in Figure 16.10 indicate, an acyl 
cation is stabilized by overlap of the vacant orbital on carbon with a lone- 
pair orbital of the neighboring oxygen. Once formed, the acyl cation does 
not rearrange; rather, it is attacked by an aromatic ring to give unrear- 
ranged substitution product. 

AICl3 au 
I R—-C=0 <—— R—C=0* + ANCL? 
SS 

An acy] cation 

Q \ O 

‘yk | 
C 

eo Gn H aR 
ee (eet 2 

C+ 38-5 — a ae CY es 
tlt 

Figure 16.10 Mechanism of the Friedel—Crafts acylation reaction. 



16.5 Reactivity of Aromatic Rings 573 

Unlike the multiple substitutions that often occur in Friedel-Crafts 
alkylations, acylations never occur more than once on a ring, because the 
product acylbenzene is always less reactive than the nonacylated starting 
material. We’ll account for these reactivity differences in the next section. 

16.5 Reactivity of Aromatic Rings 

Only one monosubstitution product can result when electrophilic substi- 
tution occurs on benzene, but what will happen if we carry out a reaction 
on a ring that already has a substituent on it? Substituents already present 
on the ring have two effects: 

1. Substituents affect the reactivity of the aromatic ring. Some sub- 
stituents make the ring more reactive than benzene, and some make 
it less reactive. 

2. Substituents affect the orientation of the reaction. Three possible 
disubstituted products can result: ortho, meta, and para. These three 
products aren’t formed in random ratios, though. Instead, the nature 
of the substituent already present on the benzene ring determines 
the position of the second substitution. 

Let’s look at these two effects more closely. 

CLASSIFICATION OF SUBSTITUENTS 

Substituents can be classified into two groups: those that activate the aro- 
matic ring toward further electrophilic substitution, and those that deac- 
tivate it. Rings that contain an activating substituent are more reactive 
than benzene, whereas those with a deactivating substituent are less reac- 
tive than benzene. Figure 16.11 lists some groups in both categories. 

O 
| a ee - “ | 

—NH, —OCH; —CH; (alkyl) —F: —Br: —C—H —C—OH —SO;H —NO; 

eet | | | | | 

—OH —NHCOCH; <) —H —Cl: —I: —C—OCHs Piece =CaN NR, 
! 
O 

Deactivating _——— Activating 

Ee 

Figure 16.11 Activating and deactivating substituents for 

electrophilic aromatic substitution. 
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The common feature of all substituents within a category is that all 
activating groups are able to donate electrons to the ring, thereby stabilizing 
the carbocation intermediate, while all deactivating groups withdraw elec- 
trons from the ring, thereby destabilizing the carbocation intermediate. An 
aromatic ring with an electron-donating substituent is thus more reactive 
toward electrophiles, whereas an aromatic ring with an electron-withdraw- 
ing substituent is less reactive toward electrophiles. 

E E E 
H H H 

ae ed rrr 

Y is an electron donor; carbocation Y is an electron acceptor; carbocation 

intermediate is more stabilized, and intermediate is less stabilized, and 

ring is more reactive. ring is less reactive. 

RESONANCE AND INDUCTIVE EFFECTS 

A substituent can donate or withdraw electrons from the aromatic ring in 
two ways: by inductive effects and by resonance effects. As we’ve seen pre- 
viously (Sections 2.4 and 6.11), inductive effects are due to the intrinsic 

electronegativity of atoms and to bond polarity in functional groups. These 
effects operate by donating or withdrawing electrons through sigma bonds. 
For example, halogens, carbonyl groups, cyano groups, and nitro groups 
deactivate an aromatic ring by inductively withdrawing electrons through 
the sigma bond linking the substituent to the ring. 

(Xo Hel bn) 

The groups attached to the aromatic rings are inductively electron- 
withdrawing because of the polarity of their bonds. 

Alkyl groups are inductively electron-donating and therefore activate 
the ring. The reasons for this aren’t fully understood but probably involve 
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the same factors that cause alkyl substituents to stabilize alkenes (Section 
6.7) and carbocations (Section 6.11). 

: CHs 

Alkyl group; inductively electron-donating 

Resonance effects operate by donating or withdrawing electrons 
through pi bonds by overlap of a p orbital on the substituent with a p orbital 
on the aromatic ring. Nitro, cyano, and carbony] substituents all fit in this 
category because electrons can flow from the nitrobenzene and benzaldehyde 
rings onto the substituents, leaving a positive charge in the rings. The 
carbocation reaction intermediates are therefore destabilized, and the rings 
are deactivated toward electrophilic attack. Figure 16.12 shows resonance 
structures illustrating this effect. 

oyhe oe oh 
Nitrobenzene 

ath 

of ooh 
Benzaldehyde 

Figure 16.12 Carbonyl and nitro substituents deactivate aromatic 

rings by resonance withdrawal of pi electrons. Note that the effect 

is felt most strongly at ortho and para positions. 

Note that substituents with a resonance deactivating effect have the 

general structure -X=Y, where the Y atom is more electronegative than X: 

O 
ae | aH lok on ob 

Deactivated rings have 
this general structure. 
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Conversely, hydroxyl, methoxyl, and amino substituents activate the - 
aromatic ring by resonance effects. Pi electrons flow from the substituents 
to the ring as shown by the resonance structures in Figure 16.13. This 
electron donation places a negative charge in the ring, stabilizing the car- 
bocation reaction intermediate and making the ring more reactive toward 
nucleophiles. (Recall the discussion of conjugation in Section 14.9 where a 

similar effect was noted.) 

oft 

NR» 

Cb 

———= 

4 

R O—R 

owes Te e 
zs 

————> <=> 

Figure 16.13 Hydroxyl, methoxyl, and amino substituents activate 

aromatic rings by resonance donation of pi electrons. The effect is 

felt most strongly at ortho and para positions. 

PROBLEM.. 

16.11 

Note that substituents with a resonance activating effect have the gen- 

eral structure —Y, in which the atom Y has a lone pair of electrons it can 
donate to the ring: 

ie cy" eis 

Activated rings have 

this general structure. 

It probably comes as a surprise to hear that hydroxyl, methoxyl, and 
amino groups activate an aromatic ring. After all, both oxygen and nitrogen 
are highly electronegative and would be expected to inductively deactivate 
a ring in the same way that halogens do. In fact, these groups do have an 
electron-withdrawing inductive effect. We find, however, that the electron- 
donating resonance effect through pi orbitals is stronger than the electron- 
withdrawing inductive effect through sigma orbitals. Thus, these substit- 
uents have a net activating influence. 

DORE 

Rank the compounds in each group in the order of their reactivity to electrophilic 
substitution. 

(a) Nitrobenzene, phenol, toluene, benzene 

(b) Phenol, benzene, chlorobenzene, benzoic acid 

(c) Benzene, bromobenzene, benzaldehyde, aniline 
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16.12 Use Figure 16.11 to account for the fact that Friedel-Crafts alkylations often give 

polysubstitution but Friedel-Crafts acylations never give polysubstitution. 

SPH HHH R eee seers sees eeseeeeeeeesreseeeeeeseeeeeseseseserese 

16.13 Write as many resonance forms as you can for the carbocation intermediates in these 
reactions. Be sure to consider the resonance effect of the hydroxy! substituent. 

(a) Bromination of phenol at the para position 
(b) Bromination of phenol at the meta position 
(c) Bromination of phenol at the ortho position 
At which position(s) does reaction appear most favorable? Which position(s) are least 
favored? 

16.14 Write as many resonance forms as you can for the carbocation intermediates formed 
by nitration of the N,N,N-trimethylanilinium ion at ortho, meta, and para positions. 

At which position(s) does reaction look more favorable? Explain. 

N(CHsg)s 

N,N,N-Trimethylanilinium ion 

Cee emer esse rere ecereeereeeereeeseeesaeeeesesereneeeeseneseeeeeeress 

16.6 Orientation of Reactions on 
Substituted Aromatic Rings 

ee ee ee ee 

In addition to affecting the reactivity of an aromatic ring, a substituent can 

also influence the position of further electrophilic substitution. For example, 

a methy] substituent shows a strong ortho- and para-directing effect. Nitra- 

tion of toluene yields predominantly ortho (63%) and para (34%) products, 

along with only 3% of the meta isomer. 

CH; CHs CH, CH; 

NOs 

HNO; . in 

H,SO4, 25°C 

NO, 
NO, 

Toluene o-Nitrotoluene m-Nitrotoluene _p-Nitrotoluene 

(63%) (3%) (34%) 
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On the other hand, a cyano substituent shows a strong meta-directing 
effect. Nitration of benzonitrile yields predominantly meta product (81%), 
along with only 17% of the ortho isomer and 2% of the para isomer. 

CN CN CN 

NO. Oya CF se bers HS0,, 25°C NOS 

NO 

Benzonitrile o-Nitrobenzonitrile m-Nitrobenzonitrile p-Nitrobenzonitrile 

(17%) (81%) (2%) 

Substituents can be classified into three groups: ortho- and para-direct- 
ing activators; ortho- and para-directing deactivators; and meta-directing 
deactivators. No meta-directing activators are known. Figure 16.14 shows 
some of the groups in each category, and Table 16.1 lists experimental results 
of the orientation of nitration in substituted benzenes. Notice in Figure 
16.14 how the groups fall into the three categories depending on their 
reactivities. 

pert 
—NH, —OCH; —CH, (alkyl) —F: —Br: —C—H —C—OH —SO;H —NO, 

| | | | | 

—OH —NHCOCH; <) —H a I: Ret OCH; pri CH,. —CeeN —NR; 

O { 

—-—uwucooewuem --— = — --— | 

Ortho- and Ortho- and Meta-directing 

para-directing para-directing deactivators 
activators deactivators 

SSS IST ED 

Figure 16.14 Classification of directing effects for substituents. 

Sete ee ween 

We can understand how substituents exert their directing influence by 
looking further at the consequences of resonance effects and inductive 
effects. 

COO mmm eee eH eee EHH EEE EERE HERE HHH ERE HEHEHE EEE EEE ESE 

Predict the major products of these reactions: 
(a) Nitration of bromobenzene 
(b) Bromination of nitrobenzene 
(c) Chlorination of phenol 

(d) Nitration of bromobenzene, followed by SnCl, reduction 
(e) Bromination of aniline 

Seem eee meee eee reer eee ae sees eeeeseeeeeeeeeeeee eH eeeesenese 
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TABLE 16.1 Orientation of Nitration in Substituted Benzenes 

xX x 

HNO, NO 

H,SO,, 25°C 7 

Product (%) Product (%) 

xX Ortho Meta Para xX Ortho Meta Para 

Meta-directing deactivators Ortho- and para-directing deactivators 

+ Renata 

—N(CHs3)s3 2 89 11 y i S oe 
—NO, 7 our 9 / —Cl 35 1 64 

—COOH 22 77 2 ORE Qs : oH 
_cNn 17 81 9 —] 45 1 54 

—CO,CH,CH; 28 66 6 Ortho- and para-directing activators 

—COCH; 26 72 2 —CHs3 63 3 34 

—CHO 19 1) 9 —OH 50 0 50 
—NHCOCH; 19 2 79 

ORTHO- AND PARA-DIRECTING ACTIVATORS: 

ALKYL 

When groups are classed as ortho- and para-directing activators, it’s impor- 
tant to realize that they activate all positions on the aromatic ring. These 
substituents are ortho- and para-directing only because they activate the 
ortho and para positions more than they activate the meta positions. In 
other words, substitution in activated benzenes occurs at the position where 
activation is felt most. Let’s look at the nitration of toluene, which is an 
alkyl-substituted benzene, as an example of how ortho and para directors 
work (Figure 16.15). 

Nitration of toluene might occur either ortho, meta, or para to the 
methyl group, giving the carbocation intermediates shown in Figure 16.15. 
Although all three intermediates are resonance stabilized by the remaining 
two ring double bonds, the ortho and para intermediates are most stabilized. 
For both ortho and para attack, but not for meta, a resonance form places 
the positive charge directly on the methyl-substituted carbon, where it is 
in a tertiary position and can best be stabilized by the methyl inductive 
effect. The ortho and para intermediates are lower in energy than the meta 
‘intermediate is and are therefore formed preferentially, as indicated by the 
reaction energy diagram in Figure 16.16. 



CH, 
H 

NO 
Ortho 63% rman 2 

+ 

CH, CH; CH; CH; 

+ + 

Meta 
3% HW : : H 

NO, For INO, 
Toluene 

CH, CH, 

Para 34% ea panes eas 

+ + 

H NO, H NO, 

Eee ee ee) 

Figure 16.15 Carbocation intermediates in the nitration of 

toluene. Ortho and para intermediates are more stable than meta 

intermediates. 

Benzene 

Meta attack 

Ortho and para attack 

Reaction progress ——» 

ee 

Figure 16.16 Reaction energy diagram for the nitration of 

toluene. The carbocation intermediates formed by attack at ortho 

and para positions are more stable and are therefore formed more 

rapidly than the intermediate formed by attack at the meta 

position. 
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CPO eee eee ee essere eeeeeeee eee eeeeeeeeeneseeeeeeeseeeseeees 

Which compound would you expect to be more reactive toward electrophilic substi- 
tution, toluene or (trifluoromethyl)benzene? Explain. 

’ CF; 

(Trifluoromethyl) benzene 

er ey 

ORTHO- AND PARA-DIRECTING ACTIVATORS: 
OH AND NH, 

PROBLEM... 

16.18 

Hydroxyl and amino groups and their derivatives are also ortho—para acti- 
vators, but for a different reason than for alkyl groups. Hydroxyl and amino 
groups exert their activating influence through a strong resonance electron- 
donating effect, which is most pronounced at the ortho and para positions. 
The resonance forms of phenol shown previously in Figure 16.13 indicate 
how the oxygen lone-pair electrons can be shared only in the ortho and para 
positions, but not in the meta position. 

When phenol is nitrated, the results shown in Figure 16.17 are obtained. 
Although three products are possible, only ortho and para attack is observed. 
All three of the possible carbocation intermediates are stabilized by reso- 
nance, but the intermediates from ortho and para attack are stabilized most. 
Only in ortho and para attack are there resonance forms in which the 
positive charge is stabilized by donation of an electron pair from oxygen. 
The product of meta attack has no such stabilization. 

a| Gi arele’ 66 se 8 4s sels 6 us as ees 4) 0 6 S\6 0 6 6 0) © 6 0:0,0, 60.606. 6.5 5, 0:0 00:6 (0100 6:07 

Acetanilide is much less reactive than aniline toward electrophilic substitution. 

Explain. 
0 

NHCCH; 

if Acetanilide 

sees el ele 6 eleiplels: os) 6 01010 00.8) 0 ble C00 610 00) 2)6.'8),6)6 06 6.60 R86) 0 65810 @ O1e)6 

What reactivity order toward electrophilic substitution would you expect for phenol, 

phenoxide ion, and phenyl acetate? Explain. 0 

| x" or om 
Phenol Phenoxide ion Phenyl acetate 

Cee n nN vee SPAS LC OORT ETHEL CRED OPH MRCS SRE NODS CC CR EEE Oe ees 
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: :>OH 
H 

50% — NO 

+ 

:OH Ortho attack :OH ‘ OH :OH 

+ + 

Meta attack 0% H H H 

Para attack NO, NO aan y 

Phenol 

:OH :OH :OH 
+ 

+ + 

H NO, H NO. H NO 

eS a ee 

Figure 16.17 Carbocation intermediates in the nitration of 
phenol. The ortho and para intermediates are more stable than the 

meta intermediate because of resonance donation of the oxygen , 

electrons. \ 

META-DIRECTING DEACTIVATORS 

When groups such as carbonyl, nitro, and cyano are classified as deactiva- 
tors, it’s important to realize that these groups deactivate all positions on 
the ring. Meta directors exert their directing influence because they deac- 
tivate the meta position less than they deactivate the ortho and para posi- 
tions. In other words, substitution in deactivated benzenes occurs at the 
least deactivated position. 

We can explain the influence of meta-directing deactivators by the same 
kinds of arguments just used for ortho- and para-directing activators. For 
example, let’s look at the chlorination of benzaldehyde, shown in Figure 
16.18. Of the three possible intermediates, the carbocations produced by 
reaction at ortho and para positions are least stable, and the cation produced 
by reaction at the meta position is therefore most stable. 
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Meta 
 Malineieicaa, hese attack 

Ortho 19% } 

attack 

57 

Qn6*cH Seal a CHO CHO CHO 

+ + 

H H 

Benzaldehyde 

CHO 

Para 

attack 9% 

H Cl 

a ee a ee 

Figure 16.18 Intermediates in the chlorination of benzaldehyde. 

The meta intermediate is more stable than the ortho or para 

intermediate. 

PROBLEM... 

16.19 

Meta-directing deactivators such as carbonyl, nitro, and cyano exert 

their influence through a combination of inductive and resonance effects 
that reinforce each other. Inductively, both ortho and para intermediates 
are destabilized because the positive charge of the carbocationic interme- 
diate can be placed directly on the ring carbon atom that bears the deac- 
tivating group, where it is disfavored by a repulsive interaction with the 
positively polarized carbon atom (Figure 16.18). The meta intermediate is 
therefore the most favored. 

Resonance electron withdrawal is also felt at the ortho and para posi- 
tions, rather than at the meta position as the dipolar resonance forms of 
benzaldehyde shown previously in Figure 16.12 indicate. Reaction with an 
electrophile therefore occurs at the meta position. 

COCO HOO OSES ESCH EH EH OCC EHO SEHR EHO SECT E EMO OOOO EO HS 

Draw resonance structures for the intermediates from attack of an electrophile at 
the ortho, meta, and para positions of nitrobenzene. Which intermediates are most 

- favored? 

elaiiwiuleltwleis eters tsele fa luvelie wa a velo: /s e's) oe) 01 e 6 19\elee!e)\6 610166 6c ale Celie ee sieeve 
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ORTHO- AND PARA-DIRECTING DEACTIVATORS: 
HALOGENS 

Halogen substituents occupy a unique position since they are deactivating 
yet have an ortho- and para-directing effect. Why should this be? 

As we saw in the previous section, halogen substituents are deactivating 
because of their strong electron-withdrawing inductive effect. Unlike other 
deactivating groups, though, halogens deactivate the ortho and para posi- 
tions less than they deactivate the meta position. The reasons for this behav- 
ior can be seen by looking at the three possible intermediates formed on 
nitration of chlorobenzene (Figure 16.19). Although halogens have an elec- 
tron-withdrawing inductive effect, they have an electron-donating reso- 
nance effect because of p orbital overlap of lone-pair electrons on halogen 
with the pi orbitals of the aromatic ring. Thus, the halogen substituent can 
stabilize the positive charge of the carbocation intermediates from ortho 

:C l: :Cl: 

H H Et 

35% N Oz Scan aad NO, ry NO, 

Ortho attack 

:Cl: 

Meta attack 

Chlorobenzene 

\ Para attack 

Cl: 

+ 

64% a> 

H NO, 

eee ee ee eae 

Figure 16.19 Intermediates in the nitration of chlorobenzene. The 

ortho and para intermediates are more stable than the meta 

intermediate because of resonance electron donation of the 
halogen lone-pair electrons. 
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and para attack in the same way that hydroxyl and amino substituents can. 
The meta intermediate, however, has no such stabilization. 

In general, any substituent that has a lone pair of electrons on the atom 
bound to the aromatic ring has an electron-donating resonance effect and 
is thus an ortho—para director. Halogens, hydroxy] groups, and amino groups 
are therefore all ortho—para directors: 

Ck a oie oe a a yr 

Whether a given substituent is activating or deactivating depends on 
the relative strengths of its inductive and resonance effects. For example, 
both halogens (o- and p-directing deactivators) and hydroxy] (o- and p-direct- 
ing activators) show the same two effects—inductive electron withdrawal 
and resonance electron donation—but the relative strengths of the effects 
differ in each case. Halogens have a strong electron-withdrawing inductive 
effect but a weak electron-donating resonance effect and are thus deacti- 
vators. Hydroxyl and amino groups have weak electron-withdrawing induc- 
tive effects but have strong electron-donating resonance effects and are thus 
activators. 

Weak inductive withdrawing Strong inductive withdrawing 

Strong resonance donating <—OR :X<_| Weak resonance donating 
Net: donating a a Net: withdrawing 

OH xX 

CY Activated ring Deactivated ring ©) 

SOOT RHO SOROS COMO O MCHC TERE TERETE OHO FTO ROC MATE EO EET OF 

The nitroso group, —-N=O, is one of the very few nonhalogens that is an ortho- and 

para-directing deactivating group. Draw resonance structures of intermediates in 

ortho and para electrophilic attack on nitrosobenzene, and explain why they are 

favored over the intermediate from meta attack. 

N79 

Nitrosobenzene 

ow ae lola) af mislwile) dA) eeteeie.e \eee lesen ln) a Mis) sheiele we wlede ie(0) sueré efe) 6 jeheiieis) oie) e 
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16.7. Substituent Effects in Aromatic 
Substitution: A Summary 

Orientation and reactivity in electrophilic aromatic substitution are con- 
trolled by the interplay of two factors: resonance effects and inductive effects. 
Different substituents behave differently, depending on the direction and 
strength of the two effects (Table 16.2). We can summarize the results as 

follows: 

1. 

2. 

3. 

4. 

Alkyl groups Moderate electron-donating inductive effect; no res- 
onance effect. The net result is that alkyl groups are activating and 
ortho- and para-directing. 

Hydroxyl and amino groups (and derivatives) Strong electron- 
donating resonance effect; moderate electron-withdrawing induc- 
tive effect. The net result is that these groups are activating and 
ortho- and para-directing. 

Halogens Strong electron-withdrawing inductive effect; moderate 
electron-donating resonance effect. The net result is that halogens 
deactivate the ring but are ortho- and para-directing. 

Nitro, cyano, carbonyl, and similar groups Strong electron-with- 
drawing resonance effect; strong electron-withdrawing inductive 
effect. The net result is that these groups are meta-directing and 
deactivating. 

TABLE 16.2 Substituent Effects in Electrophilic Aromatic Substitution 

Substituent 

—CH3 

—NH, 

-#.-G 
Br, 

+ 

—N(CHs3)z 

—NO,, —CN 

—CHO, —CO,CH, 
—COCH, 

Reactivity Orientation Inductive effect Resonance effect 

Activating Ortho, para Weak: None 
electron-donating { 

Activating Ortho, para Weak: Strong; 
electron-withdrawing electron- 

donating 

Deactivating Ortho, para Strong; Weak; 

electron-withdrawing electron- 
donating 

Deactivating Meta Strong; None 
electron-withdrawing 

Deactivating Meta Strong; Strong; 
electron-withdrawing electron- 

withdrawing 

16.8 Trisubstituted Benzenes: 
Additivity of Effects 

Further electrophilic substitution of a disubstituted benzene is governed by 
the same resonance and inductive effects just discussed. The only difference 
is that it’s now necessary to consider the additive effects of two different 
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groups. In practice, this isn’t as difficult as it sounds; three rules are usually 
sufficient: 

1. Ifthe directing effects of the two groups reinforce each other, there’s 
no problem. In p-nitrotoluene, for example, both the methyl and the 
nitro group direct further substitution to the same position (ortho 
to the methyl = meta to the nitro). A single product is thus formed 
by electrophilic substitution. 

Methyl group directs here 

Nitro group » 

o _HNOs, Hp804 F 

p-Nitrotoluene 2,4-Dinitrotoluene 

2. Ifthe directing effects of the two groups oppose each other, the more 
powerful activating group has the dominant influence, but mixtures 
of products often result. For example, bromination of p-methy]l- 
phenol yields largely 2-bromo-4-methylphenol, since hydroxyl is a 
more powerful activator than methy] is. 

OH OH 
(HO) OH directs here 

ain Za Br 
Br 

waa rs 
(CH3) CHs directs here 

CH; CH; 

p-Methylphenol 2-Bromo-4-methylphenol 

(p-cresol) (major product) 

3. Further substitution rarely occurs between the two groups in a 
meta-disubstituted compound because this site is too hindered for 

reaction to occur easily. 

10 hindered : CH; CH; CH; 

Cl Cl 

Cl Cl Cl 

C} 

2,5-Dichlorotoluene 3,4-Dichlorotoluene Not formed 

m-Chlorotoluene 
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PRACTICES/PROBLEDM SD «iat sii jsle doin sist 5s 05 reielaledeleininreteleraiay etpjece oe 

What product would you expect from bromination of p-methylbenzoic acid? 

Solution The carboxyl group (-COOH) is a meta director, and the methyl] group is 

an ortho and para director. Both groups therefore direct bromination to the position 

next to the methy] group, yielding 3-bromo-4-methylbenzoic acid. 

CH, CHs 

AS 
HOOC HOOC Br 

p-Methylbenzoic acid 3-Bromo-4-methylbenzoic acid 

16.21 Where would you expect electrophilic substitution to occur in these substances? 

(a) OCH; (b) NH, (c) NO. 

Br Cl 

er 

16.9 Nucleophilic Aromatic Substitution 

The electrophilic substitutions just discussed are the most important and 
useful reactions of the aromatic ring. In certain cases, however, aromatic 
substitution can also occur by a nucleophilic mechanism. Nucleophilic sub- 
stitutions aren’t characteristic of all aromatic rings, though. Only aryl 
halides that have electron-withdrawing substituents undergo nucleophilic 
aromatic substitution. For example, 2,4,6-trinitrochlorobenzene reacts 

with aqueous sodium hydroxide at room temperature to give 2,4,6-trinitro- 
phenol in 100% yield. The nucleophile, hydroxide ion, has substituted for 
chloride ion: 

Cl OH 

OoN NO, O.N NO. 

LOH oe Cl- 

2. H3,O0+ 

NO; NO, 

2,4,6-Trinitrochlorobenzene 2,4,6-Trinitrophenol (100%) 

How does this reaction take place? Although it appears similar to the 
Syl and Sy2 nucleophilic substitution reactions of alkyl halides (Chapter 
11), nucleophilic aromatic substitution is in fact quite different, because aryl 
halides are inert to substitution by Syl and Sy2 mechanisms. 
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Aryl halides don’t undergo Sy1 reactions because ary] cations are rel- 
atively unstable. The dissociation of an ary] halide is therefore energetically 
unfavorable and does not occur easily. 

Ionization does not occur; 

therefore, no Syl reaction 

sp” orbital 

(unstable cation) 

Aryl halides don’t undergo Sy2 reactions because the halo-substituted 
carbon atom is sterically shielded from back-side attack by the aromatic 
ring. In order for a nucleophile to attack an aryl halide, it would have to 
approach directly through the aromatic ring and invert the stereochemistry 
of the aromatic ring—a geometric impossibility. 

Cae 
Does not occur 

Nucleophilic aromatic substitutions proceed by the addition—elimina- 
tion mechanism shown in Figure 16.20. The attacking nucleophile first adds 
to the electron-deficient aryl halide, forming a negatively charged inter- 
mediate called a Meisenheimer?® complex, and halide ion is then eliminated 

ion to the electron-poor aromatic 

in the second step. 

Cl 
SSsain as 

NO, as 

ring takes place yielding a stabilized | 
carbanion intermediate. Gl 

Nucleophilic addition of hydroxide 

The carbanion intermediate 
undergoes elimination of chloride 
ion in a second step to give the 
substitution product. OH 

: ees 

NO, 

CS ee Seed 

Figure 16.20 Mechanism of aromatic nucleophilic substitution. 

The reaction occurs in two steps and involves a stabilized 

carbanion intermediate. 

3Jacob Meisenheimer (1876-1934); b. Greisheim; Ph.D. Munich; professor, universities of 
Berlin, Griefswald, and Tiibingen. 
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Nucleophilic aromatic substitution occurs only if the halobenzene has 
electron-withdrawing substituents in the ortho and/or para positions. The 
more substituents there are, the faster the reaction goes. As shown in Figure 
16.21, only ortho and para electron-withdrawing substituents can stabilize 
the anion intermediate through resonance; a meta substituent offers no such 
resonance stabilization. Thus, p-chloronitrobenzene and o-chloronitroben- 
zene react with hydroxide ion at 130°C to yield substitution products, but 
m-chloronitrobenzene is inert to hydroxide ion. 

:O:7- 
Cl Ch OH Cl OH | 

NOK _ NO, bit 
=:0H $ +Or5 

Ortho eee a ’ 130°C 

Cl Cl OH Cl OH ClOH 

ane =e 

130°C 

*OLns atxth8s 

Cl OH 

J ases 
Meta S iG eS No stabilization of charge by 

NO A 

nitro group 
NO, 

SE ee ee) 

Figure 16.21 Nucleophilic aromatic substitution on 
nitrochlorobenzenes. Only the ortho and para isomers undergo 

reaction. 

Note the different characteristics of aromatic substitution through elec- 
trophilic and nucleophilic pathways: The electron-withdrawing groups that 
deactivate rings for electrophilic substitution (nitro, carbonyl, cyano, and so 
on) activate them for nucleophilic substitution. What’s more, these groups 
are meta directors in electrophilic substitution, but ortho—para directors in 
nucleophilic substitution. 

Le ee WN Cee is ae Ce a A ea ee TH PC EI SCNT ee oye dn 

Propose a mechanism to account for the observation that 1-chloroanthraquinone 
reacts with methoxide ion to give the substitution product 1-methoxyanthraquinone. 
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O Cl O OCH; 

-:0CHg 

ia | d is a) " : ; 

O O 

1-Chloroanthraquinone 1-Methoxyanthraquinone 

| 

16.10 Benzyne 

Halobenzenes without electron-withdrawing substituents are inert to nu- 
cleophiles under normal conditions. At very high temperature and pressure, 
however, even chlorobenzene can be forced to react. Chemists at the Dow 
Chemical Company discovered in 1928 that phenol could be prepared on a 
large industrial scale by treatment of chlorobenzene with dilute aqueous 
sodium hydroxide at 340°C under 2500 psi (pounds per square inch) pressure. 

Cl OH 

a H,0, 340°C, 2500 psi ee + NaCl 
2. H3,0 

Chlorobenzene Phenol 

This phenol synthesis is different from the other nucleophilic aromatic 
substitution reactions just studied in that it takes place by an elimination— 
addition mechanism rather than an addition—elimination. Strong base first 
causes the elimination of HX from halobenzene, yielding a highly reactive 
benzyne intermediate, and a nucleophile then adds to benzyne in a second 
step to yield the product. The two steps are similar to those in other nucleo- 
philic aromatic substitutions, but their order is reversed: addition before 
elimination for the usual reaction versus elimination before addition for the 
benzyne reaction. 

Cl ae a OH H 

H H a H H 

HCl CO H,0 
Jo > 

elimination addition 

Ht H . H H 

H H 

Chlorobenzene Benzyne Phenol 

Evidence in support of the benzyne mechanism has been obtained by 

studying the reaction between bromobenzene and the strong base potassium 

-amide. When bromobenzene labeled with a radioactive 14C carbon atom at 

the 1 position is used, the substitution product has the label scrambled 
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between positions 1 and 2. This labeling result requires that the reaction 
proceed through a symmetrical intermediate in which positions 1 and 2 are 
equivalent—a requirement that only benzyne can meet: 

* 

50% 

By Br « 

:NH,~ | * NH; 
ny —> + 

NH, 
(—HBr) ok 

50% 
Bromobenzene Benzyne 

NH (symmetrical) 

NH, 

2 

Aniline 

Further evidence for a benzyne intermediate comes from trapping exper- 
iments. Although benzyne is much too reactive to be isolated as a pure 
compound, it can be intercepted in a Diels—Alder reaction if a diene such 
as furan is present when benzyne is generated. This is just the kind of 
behavior we would expect for so strained and reactive a species. 

roe 
Benzyne Furan Diels-Alder adduct 

(a dienophile) (a diene) 

The electronic structure of benzyne shown in Figure 16.22 can be com- 
pared to that of a highly distorted alkyne. Although a normal alkyne triple 
bond consists of a sigma bond formed by sp—sp overlap and two mutually 
perpendicular pi bonds formed by p—p overlap, the benzyne triple bond 
consists of a sigma bond formed by sp?—sp? overlap, one pi bond formed by 
p-—p overlap, and one pi bond formed by sp?—sp? overlap. The latter pi bond 
is in the plane of the ring and is very weak because of poor orbital overlap. 

rT = 
Poor pi overlap 
of sp2 orbitals 

aA 

é 
H 

Side view Top view 

Figure 16.22 An orbital picture of benzyne. The benzyne carbons 

are sp? hybridized, and the “third” bond results from weak overlap 

of two adjacent sp? orbitals. 
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PROBLEM Pewee ee meee eases eee eee e seers eeeeeeeeeeneseereeeseeeseseeneone 

16.23 Account for the fact that treatment of p-bromotoluene with NaOH at 300°C yields 
a mixture of two products, but treatment of m-bromotoluene with NaOH yields a 
mixture of three products. 

SHH ERE He eee eRe HEHEHE EERE EE EEE HEHEHE EEE HEHEHE HEHEHE EEE HEHEHE EE HE ES 

16.11 Oxidation of Aromatic Compounds 

OXIDATION OF ALKYLBENZENE SIDE CHAINS 

Despite its unsaturation, the benzene ring is normally inert to strong oxi- 
dizing agents such as potassium permanganate and sodium dichromate, 
reagents that will cleave alkene carbon—carbon bonds (Section 7.8). It turns 
out, however, that the presence of the aromatic ring has a dramatic effect 
on alkyl-group side chains. Alkyl side chains are readily attacked by oxi- 
dizing agents and are converted into carboxyl groups, -COOH. The net effect 
of side-chain oxidation is the conversion of an alkylbenzene into a benzoic 
acid, Ar-R — Ar—COOH. For example, both p-nitrotoluene and butylben- 

zene are oxidized by aqueous KMnQO,j in high yield to give the corresponding 

benzoic acids. 

CH, CO,H 

KMn0O, 

H,O, 95°C 

NO, NO, 

p-Nitrotoluene p-Nitrobenzoic acid (88%) 

CH.CH,CH,CHs COOH 
KMn0O, 
——— 

CT Pe ier 

Butylbenzene Benzoic acid (85%) 

The exact mechanism of the reaction is not fully understood but prob- 

ably involves attack on side-chain C—H bonds at the position next to the 

aromatic ring to form intermediate benzylic radicals. tert-Butylbenzene has 

no benzylic hydrogens, however, and is therefore inert. 

CHs 
ii 
C—CH3 MnO No reaction 
_ H,O 

CH, 
t-Butylbenzene 

A similar oxidation is employed industrially for the preparation of 

terephthalic acid, used in production of polyester fibers. Approximately five 
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million tons per year of p-xylene are oxidized in this manner, using air as 

the oxidant and Co(III) salts as catalyst. 

CH; CO.H 

Industrial procedure pees 
Co(II) 

CH; CO.H 

p-Xylene Terephthalic acid 

CC ec ac 

16.24 What aromatic products would you expect to obtain from the KMnO, oxidation of 

these substances? 

(a) Tetralin, foe (b) m-Nitroisopropylbenzene 

Sem eee ew eee ee eee eee eee eee HHH EH EEE HEHEHE HEH HEHE EEE EEE HEHEHE EH EES 

BROMINATION OF ALKYLBENZENE SIDE CHAINS 

Another kind of side-chain oxidation takes place when alkylbenzenes are 
treated with N-bromosuccinimide (NBS). N-Bromosuccinimide reacts with 
alkylbenzenes to brominate the benzylic position through a radical chain 
mechanism. For example, propylbenzene gives (1-bromopropyl)benzene in 
97% yield on reaction with NBS in the presence of benzoyl peroxide, 
(PhCO,)o, as a radical initiator. Note that bromination occurs exclusively 
in the benzylic position and does not give a mixture of areact 

O 

Br 
N—Br | O 

CH,CH,CH, 
CHCH,CH 

' O 

CY ~(PhCO2)2, CCl, CY +: N—H 

O 

Propylbenzene (1-Bromopropyl])benzene 

(97%) 

The mechanism of benzylic bromination is similar to that discussed 
previously for allylic bromination of alkenes (Section 10.5) and involves 
abstraction of a benzylic hydrogen atom of the alkylbenzene to generate an 

intermediate benzyl radical. The stabilized radical then reacts with Br> to 
yield product and a bromine radical, which cycles back into the reaction to 
carry on the chain. The Brg necessary for reaction with the benzyl radical 
is produced by a concurrent reaction of HBr with NBS, as shown in Figure 
16.23. 
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Benzylic radical 

O O 

HBr + N—Br — Bre + ING 

O O 

Figure 16.23 Mechanism of benzylic bromination with 
N-bromosuccinimide. 

Reaction occurs exclusively at the benzylic position because the benzylic 
radical is highly stabilized by resonance. Figure 16.24 shows an orbital view 
of the benzyl radical, indicating how the radical is stabilized by overlap of 
its p orbital with the ring pi electron system. 

Figure 16.24 An orbital picture of a benzylic radical, showing the 

overlap of a side-chain orbital with the aromatic ring orbitals. 

PROBLEIM o sinip lec telcicl oie an ois i009 oc, 0 fo a wre olniidlole os 6 (a.0 allele) ao) siat e/a eia aiu'e's)o\e) «on eiai sie sie 

16.25 Styrene, the simplest alkenylbenzene, is prepared commercially for use in plastics 

manufacture by dehydrogenation of ethylbenzene over a special catalyst. How might 

you prepare styrene from benzene using reactions you have studied? 
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Coe 

16.26 Refer to Table 5.4 for a quantitative idea of the stability of a benzyl radical. Approx- 
imately how much more stable (in kcal/mol) is the benzyl radical than a primary 
alkyl radical? How does a benzyl radical compare in stability to an allyl radical? 

eC ee Ce ey 

16.12 Reduction of Aromatic Compounds 

CATALYTIC HYDROGENATION 
OF AROMATIC RINGS 

Just as aromatic rings are inert to oxidation under normal conditions, 
they’re also inert to catalytic hydrogenation under conditions that reduce 
ordinary alkene double bonds. The usual platinum and palladium alkene 
hydrogenation catalysts don’t affect aromatic rings under most conditions, 
and it’s therefore possible to selectively reduce alkene double bonds in the 
presence of aromatic rings. For example, 4-phenyl-3-buten-2-one is selec- 
tively reduced to 4-phenyl-2-butanone when the reaction is carried out at 
room temperature and atmospheric pressure using a palladium catalyst. 

Neither the benzene ring nor the ketone carbonyl group is affected. 

0 Oro 

ae He, Pd 

Ethanol 

4-Pheny]-3-buten-2-one 4-Phenyl-2-butanone (100%) 

In order to hydrogenate an aromatic ring, it’s necessary either to use 
an ordinary platinum catalyst with hydrogen gas at several hundred atmo- 
spheres pressure or to use a more powerful catalyst such as rhodium on 
carbon. Under these conditions, aromatic rings are readily reduced to cyclo- 
hexanes. For example, o-xylene yields 1,2-dimethylcyclohexane, and 4-tert- 
butylphenol gives 4-tert-butylcyclohexanol in 100% yield. 

CH; CH; 

He, Pt; ethanol 

2000 psi, 25°C 

CH, F CHs 

o-Xylene 1,2-Dimethylcyclohexane (100%) 
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se no 

Ho, Rh/C; ethanol wa, 
HO <_\- 1 CH; Tinian bert HO Cees 1 CH; 

CH; CH; 

4-tert-Butylphenol 4-tert-Butylcyclohexanol (100%) 

BIRCH REDUCTION OF AROMATIC RINGS 

PROBLEM 

Although aromatic rings are less reactive than alkenes toward catalytic 
hydrogenation, they are more reactive toward reduction by alkali metals. 
Treatment of benzene with lithium or sodium metal in a mixed liquid ammo- 
nia/ethanol solvent leads to rapid reduction of the aromatic ring and pro- 
duction of 1,4-cyclohexadiene. 

Li, NH3 

Ethanol 

Benzene 1,4-Cyclohexadiene 

Known as a Birch reduction, the reaction of aromatic compounds with 
alkali metals is mechanistically similar to the reduction of alkynes discussed 
in Section 8.7. As with alkyne reduction, the process is initiated by donation 
of an electron from the alkali metal to the pi electron system of the aromatic 
ring. Having gained an electron, the product of this first step is both an 
anion and a radical, and is stabilized by resonance among several Kekulé 
structures. 

The anion radical intermediate is immediately protonated by the eth- 
anol solvent to give a radical, which is further reduced by a second equivalent 
of lithium to yield a carbanion. Transfer of a second proton from ethanol to 
the carbanion then gives the cyclohexadiene product (Figure 16.25). 

Alkyl-substituted benzenes sometimes give mixtures of isomeric cyclo- 
hexadiene products on Birch reduction, but methoxybenzenes reduce cleanly 
to a single isomer. The resultant methoxy-substituted product is useful 
because it can be converted into a cyclohexenone by acid-catalyzed hydro- 

lysis. 

OCH, OCH; O cl; Li, NHg Cy H,0+ 
—_—_——— a 

Ethanol 

Anisole 1-Methoxy-1,4- 2-Cyclohexenone 

(methoxybenzene) cyclohexadiene (84%) 

che keln nba ualabase pokeneuaie,s sieeve. os) ei6, 6)miya)e.wlegd) © Pumaphie @ ep 04866) eve) ae 8 \2:6'.8\.0\6'0 10.010 

16.27 . What two products would you expect from Birch reduction of m-xylene? 

oo ole ec cies «(o/b 0 Giele 6.16 6 6 4) 0 0.0 6 6 66) 6 61016) 818 0 0/00) 0 eC e\e0 6 8 O06 80 86 vee 
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Lithium metal donates an electron 

to the pi system of the aromatic | 

ring, giving an anion radical. 

The anion radical is protonated by |Ro 

ethanol, giving a radical. 

The radical is reduced by a second 
equivalent of lithium to generate a [ui 
carbanion. 

The carbanion is protonated by 
ethanol to produce the neutral [ron 

reduction product. 

*e) (ROK 

H H 

Figure 16.25 Mechanism of the Birch reduction of benzene with 

lithium metal in ammonia/ethanol. 

REDUCTION OF ARYL ALKYL KETONES 

Just as the presence of an aromatic ring activates a neighboring benzylic 
C-H position toward oxidation, it also activates a neighboring carbonyl 
group toward reduction. Thus, an aryl alkyl ketone prepared by Friedel— 
Crafts acylation of an aromatic ring can be converted into an alkylbenzene 
by catalytic hydrogenation over a palladium catalyst. For example, propio- 
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phenone is reduced to propylbenzene in 100% yield by catalytic hydroge- 
nation. Since the net effect of Friedel—Crafts acylation followed by reduction 
is the preparation of a primary alkylbenzene, this two-step sequence of 
reactions makes it possible to circumvent the carbocation rearrangement 
problems associated with direct Friedel-Crafts alkylation using primary 
alkyl halides (Figure 16.26). 

O H H 
oO | we 

CH,CH,CCI SS H,/Pd es 

———> 
/ AICl3 

a Propiophenone (95%) Propylbenzene (100%) 

\. CH,CH,CH,Cl ad 

AICI; a 

Mixture of two products 

Figure 16.26 Use of the Friedel—Crafts acylation reaction to 

prepare a straight-chain alkylbenzene. 

Note that the conversion of a carbonyl group into a methylene (C=O > 
CHg) by catalytic hydrogenation is limited to aryl alkyl ketones. The pres- 
ence of the neighboring aromatic ring is necessary to increase the reactivity 
of the carbony] group toward hydrogenation; dialkyl ketones are not reduced 
under these conditions. It should also be pointed out that the catalytic reduc- 
tion of aryl alkyl ketones is not compatible with the presence of a nitro 
substituent on the aromatic ring, since nitro groups are reduced to amino 
groups under the reaction conditions. We’ll see a more general method for 
reducing ketone carbonyl groups to yield alkanes in Section 19.13. 

1 
O.N CL H.N CH.2CH3 

CH, _Hs, PWC, 
Ethanol 

m-Nitroacetophenone m-Ethylaniline 

a hive be oe) wis ee) D218! 0566 016 elec © © 06 6 sis 61616) 0/0) .0'0 08 6.8) 606 00 606 OLsiele ce 6.le 

16.28 Show how you would prepare diphenylmethane, (Ph),CHe, from benzene and an 

sere ree nne 

- appropriate acid chloride. 

ic el<S uel Ww) (6)-b 6 (di @ wis ce) Wie ya)ts o) (0 (el vile) 6:0 0)'e (e1 610) Wi e"e (eho 6) BR NS 00100 0119 6 014 € 06 08 80 
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16.13 Synthesis of Substituted Benzenes 

PRACTICE 

One of the surest ways to acquire a command of organic chemistry is to 
work synthesis problems. The ability to plan a successful multistep synthesis 
of a complex molecule requires a working knowledge of the uses and limi- 
tations of many hundreds of organic reactions. Not only must you know 
which reactions to use, you must also know when to use them. The order 
in which reactions are carried out is often critical to the success of the overall 
scheme. 

The ability to plan a sequence of reactions in the right order is partic- 
ularly valuable in the synthesis of substituted aromatic rings, where the 
introduction of one substituent is strongly affected by the directing effects 
of other substituents. Planning syntheses of substituted aromatic com- 
pounds is therefore an excellent way to gain facility with the many reactions 
learned in the past two chapters. 

During our earlier discussion of the strategies that can be used in work- 
ing synthesis problems (Section 8.11), we said that it’s usually best to work 
problems backward. Look at the target molecule and ask yourself, “What 
is an immediate precursor of this compound?” Choose a likely answer and 
continue working backward, one step at a time, until you arrive at a simple 
starting material. Let’s try some examples. 

PRO BEM iia cietasfervart sion ie ase,are,s e.cispcietolsaustalatpent aeons 

Synthesize p-bromobenzoic acid from benzene. 

Solution Ask yourself, “What is an immediate precursor of p-bromobenzoic acid?” 

pleas er-{_\ coon \ 

p-Bromobenzoic acid 

There are only two substituents on the ring, a carboxyl group (COOH), which 
is meta-directing, and a bromine, which is ortho—para-directing. We can’t brominate 
benzoic acid, because the wrong isomer (m-bromobenzoic acid) would be produced. 
We know, however, that oxidation of alkylbenzene side chains yields benzoic acids. 
Thus, an immediate precursor of our target molecule might be p-bromotoluene. 

a \ on, = er _\ coon 

p-Bromotoluene p-Bromobenzoic acid 

Next ask yourself, “What is an immediate precursor of p-bromotoluene?” Per- 
haps toluene is an immediate precursor, since the methyl group would direct bro- 
mination to the ortho and para positions, and the isomeric products could be 
separated. Alternatively, bromobenzene might be an immediate precursor, since we 
could carry out a Friedel-Crafts methylation and obtain para product. Both answers 
are satisfactory, although, in view of the difficulties often observed with polyalkyl- 
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ation in Friedel-Crafts reactions, bromination of toluene may well be the more 
efficient route. 

CH; 

Bro, FeBrg 

CH; 

Toluene 

S CH,Cl y, 

Br 

+ Ortho isomer 

AIC] 
: p-Bromotoluene 

(separate and purify) 

Bromobenzene 

“What is an immediate precursor of toluene?” Benzene, which could be meth- 
ylated in a Friedel—Crafts reaction. 

_CH,C1 

~ AIC, 

Benzene Toluene 

Alternatively, “What is an immediate precursor of bromobenzene?” Benzene, 
which could be brominated. 

Bm, 

iMeBen 

Benzene Bromobenzene 

This backward synthetic (retrosynthetic) analysis has provided two valid routes 
from benzene to p-bromobenzoic acid (Figure 16.27). 

BRAGTIGE, | PROBLEMS feiss ng. chedieie Shaye (yous huis 30s) 5704s adage. ds yu leans hen ge 

Propose a synthesis of 4-chloro-1-nitro-2-propylbenzene from benzene. 

Solution “What is an immediate precursor of the target?” Since the final step will 
involve introduction of one of three groups—chloro, nitro, or propyl—we have to 
consider three possibilities. Of the three, we know that chlorination of o-nitropropyl- 
benzene can’t be used because the reaction would occur at the wrong position. Sim- 
ilarly, a Friedel—Crafts reaction can’t be used as the final step because these reactions 
don’t work on nitro-substituted (deactivated) benzenes. Thus, the immediate pre- 
‘cursor of our desired product is probably m-chloropropylbenzene, which can be 

nitrated. This nitration gives a mixture of product isomers, which must then be 

separated (Figure 16.28). 
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CH;Cl Bry 

/ FeBrs AICl, \ FeB CO, H 

Br 
fea) _KMn0, | 

» /¢ Br 

p-Bromobenzoic acid 

Benzene 

AIC FeBrs 

Figure 16.27 Two routes Pinctkelb 27 fae ene hivcsetloet the synthesis of p-bromobenzoic 

acid from benzene. 

Cl = rf pen eile mae 

NO2 NOz 

p-Chloronitrobenzene m-Chloropropylbenzene o-Nitropropylbenzene 

(This deactivated ring will not (This substance will not give the 
undergo Friedel—Crafts reaction.) HNO; correct isomer on chlorination.) 

Su Baie eS 

Cl 

{ 
NO, 

4-Chloro-1-nitro-2-propylbenzene 

Figure 16.28 Possible routes for the synthesis of 4-chloro-1-nitro- 

2-propylbenzene. 

“What is an immediate precursor of m-chloropropylbenzene?” Since the two 
substituents have a meta relationship, the first substituent placed on the ring must 

be a meta director so that the second substitution will take place at the proper 
position. Furthermore, since primary alkyl groups such as propyl can’t be introduced 
directly by Friedel-Crafts alkylation, the precursor of m-chloropropylbenzene is 
probably m-chloropropiophenone, which could undergo catalytic hydrogenation of 
the acyl group. 

il H H 

e] Cl i 
Y moans Hp, Pd/C 

Ethanol 

m-Chloropropiophenone m-Chloropropylbenzene 
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“What is an immediate precursor of m- chloropropiophenone?” Perhaps propio- 
phenone, which could be chlorinated. 

Cl 
Cl 

FeCls 

Propiophenone m-Chloropropiophenone 

“What is an immediate precursor of propiophenone?” Benzene, which could 
undergo Friedel-Crafts acylation with propanoyl chloride and AICls. 

O 

CHsCH»CCl 
—__— > 

AICl3 

Benzene Propiophenone 

The final synthesis is a four-step route from benzene: 

O 
Cl i} ‘ 

CHC _CHyCH2CC1 Clo 

“aRAIC, tury FeCls 

H2, Pd/C 

Ethanol 

Cl Sa Cl 
HNO; 

H2SO4 

See ee Hee eee reese ses eee He ees ES EEE EEE EE EEE EEE EERE EERE HEHEHE EHO HEED 

Planning organic syntheses has been compared to playing chess. There 
are no tricks; all that’s required is a knowledge of the allowable moves (the 
organic reactions) and the discipline to work backward and to evaluate 
carefully the consequences of each move. Practicing is not always easy, but 
there’s no surer way to learn organic chemistry. 

16.29 Propose syntheses of these substances from benzene: 
-(a) m-Chloronitrobenzene 
(b) m-Chloroethylbenzene 
(c) p-Chloropropylbenzene 
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PROBLEM 

CHAPTER 16 Chemistry of Benzene: Electrophilic Aromatic Substitution 

RRO eRe EERO ee eRe EEE EEE EHH HERE EHH HEHEHE HHH HEE HERE EEE 

16.30 In planning syntheses, it is as important to know what not to do as to know what 

wee e ee eeee 

to do. As written, the following reaction schemes have flaws that make their success 
unlikely. What is wrong with each one? 

CN CN 

1 
1. CH,CH,CCI, AICI, 

(a) 2. HNO;, H.SO,, A 
NOS poe 

Cl Cl 

Cl 
1. CH,CH,CH,Cl, AICI, 

(b) 2. Clo, FeCl; 
CH,CH,CH, 

a ee 

16.14 Summary and Key Words 

Electrophilic aromatic substitution is the most important reaction of 
aromatic compounds. The reaction takes place in two steps—initial reaction 
of an electrophile, E*, with the aromatic ring, followed by loss of a proton 
from the resonance-stabilized carbocation intermediate to regenerate the 
aromatic ring: 

E { 
E Or -|OF]- Or 

Many different substituents can be introduced onto the ring by this process. 
Bromination, chlorination, iodination, nitration, sulfonation, alkyl- 
ation, and acylation can all be carried out with the proper choice of reagent. 

Friedel-Crafts alkylation and acylation, which involve reaction of 
an aromatic with carbocation electrophiles, are particularly useful but are 
limited in several ways: 

1. Only alkyl halides and acyl halides can be used. Vinylic and aryl 
halides don’t react. 

2. The aromatic ring must be at least as reactive as a halobenzene. 
Strongly deactivated rings don’t react. 

3. Polyalkylation often occurs in Friedel-Crafts alkylation, since the 
product alkylbenzene is more reactive than the starting material. 

4. Carbocation rearrangements can occur during Friedel—Crafts alkyl- 
ation, particularly when primary alkyl halides are used. 
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Substituents on the benzene ring affect both the reactivity of the ring 
toward further substitution and the orientation of further substitution. 
Groups can be classified into three categories: ortho- and para-directing 
activators, ortho- and para-directing deactivators, and meta-directing 
deactivators. 

Substituent effects are due to an interplay of resonance and inductive 
effects. Resonance effects are transmitted through p orbitals when the 
atom directly attached to the aromatic ring has a p orbital that can overlap 
the aromatic ring pi system; inductive effects are transmitted through 
sigma bonds. 

When electrophilic substitution is carried out on a disubstituted ben- 
zene, both of the groups already present exert their orienting effects inde- 
pendently. If both groups direct substitution toward the same position, 
reaction occurs at that site. If the groups have conflicting directional effects, 
the more powerful activating substituent controls the reaction. 

In special cases, halobenzenes undergo nucleophilic aromatic sub- 
stitution through either of two mechanisms. If the halobenzene has strongly 
electron-withdrawing substituents in the ortho and/or para position, sub- 
stitution occurs by addition of a nucleophile to the ring, followed by elim- 
ination of halide from the intermediate anion. If the halobenzene is not 
activated by electron-withdrawing substituents, nucleophilic substitution 
can occur by elimination of HX, followed by addition of a nucleophile to the 
intermediate benzyne. 

The side chain of alkylbenzenes has unique reactivity because of the 
neighboring aromatic ring. Thus, the benzylic position can be brominated 
by reaction with N-bromosuccinimide, and the entire side chain can be 
degraded to a carboxylic acid by oxidation with aqueous potassium per- 
manganate. Although aromatic rings are much less reactive than isolated 
alkene double bonds, they can nevertheless be reduced to cyclohexanes by 
hydrogenation over a platinum or rhodium catalyst and to 1,4-cyclohex- 
adienes by Birch reduction with an alkali metal. The neighboring aromatic 
ring also allows ary] alkyl ketones to be reduced to alkylbenzenes by hydro- 
genation over a platinum catalyst. The net effect of Friedel-Crafts acylation 
followed by catalytic hydrogenation is the synthesis of a straight-chain 
alkylbenzene. 

16.15 Summary of Reactions 

1. Electrophilic aromatic substitution 
a. Bromination (Section 16.1) 

ion Braga, + HBr 
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b. Chlorination (Section 16.2) 

(js pombe et A aecarst 

c. Iodination (Section 16.2) 

Gem “O" 
d. Nitration (Section 16.2) 

H,SO 
+ HNOs St 

(or “(or NOBFF) 

e. Sulfonation (Section 16.2) 

CO a SOs H.SO4 

f. Friedel—Crafts alkylation (Section 16.3) 

CH, . 
Si 2 CELACItiw ss CY + HCI 

Aromatic ring: Must be at least as reactive as a halobenzene. 
Deactivated rings do not react. 

_ Alkyl halide: Can be methyl, ethyl, 2°, or 3°; primary halides 
undergo carbocation rearrangement. 

g. Friedel—Crafts acylation (Section 16.4) 

hath 

2. Reduction of aromatic nitro groups (Section 16.2) 

SO3H 

1. SnCle, i, SnClz, H,0", 

2. 2HO-| 
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Alkali fusion of aromatic sulfonates (Section 16.2) 

SO3H OH 

1. NaOH 

Di HeOr 

Nucleophilic aromatic substitution 
a. By addition/elimination to activated aryl halides (Section 16.9) 

Cl OH 
O.N NO, _ }F0.N NO, 

1. ~:0H i 

2. H30+ . Cl 

NOs NO, 

b. By benzyne intermediate for unactivated aryl halides (Section 
16.10) 

Oxidation of alkylbenzene side chains (Section 16.11) 

Cy M1 COOH 
KMnO, 

ee 

H,O 

ae 

Reaction occurs with 1° and 2°, but not 3°, alkyl side chains. 

N-Bromosuccinimide bromination of alkylbenzenes (Section 16.11) 

O 

N— Br 

CH; CH,Br 

Clee (Si CCl, 

Catalytic hydrogenation of aromatic rings (Section 16.12) 

H./Rh/C 
> 
Ethanol 

Birch reduction of aromatic rings (Section 16.12) 

Li, NH3 
——_— 
Ethanol 
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9. Reduction of aryl alkyl ketones (Section 16.12) 

O 
| 
CCH; CH,CH; 

H,/Pd 
es 

iS): Ethanol CY 

Reaction is specific for alkyl aryl ketones; dialkyl ketones are not 

affected. 

ADDITIONAL PROBLEMS .......:foetarsp ses sesensesssthy > 

16.31 

16.32 

16.33 

16.34 

16.35 

16.36 

16.37 

16.38 

Predict the major product(s) of mononitration of these substances. Which react faster 
than benzene, and which slower? 
(a) Bromobenzene (b) Benzonitrile (c) Benzoic acid 
(d) Nitrobenzene (e) Benzenesulfonic acid (f) Methoxybenzene 

Rank the compounds in each group according to their reactivity toward electrophilic 
substitution. 
(a) Chlorobenzene, o-dichlorobenzene, benzene 
(b) p-Bromonitrobenzene, nitrobenzene, phenol 
(c) Fluorobenzene, benzaldehyde, o-xylene 
(d) Benzonitrile, p-methylbenzonitrile, p-methoxybenzonitrile 

Predict the major monoalkylation products you would expect to obtain from reaction 
of the following substances with chloromethane and AICls3: 
(a) Bromobenzene (b) m-Bromophenol 
(c) p-Chloroaniline (d) 2,4-Dichloronitrobenzene 

(e) 2,4-Dichlorophenol (f) Benzoic acid 
(g) p-Methylbenzenesulfonic acid (h) 2,5-Dibromotoluene 

Name and draw the major product(s) of electrophilic chlorination of these substances: 
(a) m-Nitrophenol (b) o-Xylene ‘ 
(c) p-Nitrobenzoic acid (d) p-Bromobenzenesulfonic acid 

Predict the major product(s) you would obtain from sulfonation of these compounds: 
(a) Fluorobenzene (b) m-Bromophenol (c) m-Dichlorobenzene 
(d) 2,4-Dibromophenol 

Rank the following aromatic compounds in the expected order of their reactivity 
toward Friedel—Crafts alkylation. Which compounds are unreactive? 
(a) Bromobenzene (b) Toluene (c) Phenol 
(d) Aniline (e) Nitrobenzene (f) p-Bromotoluene 

Suggest a reason for the observation that bromination of biphenyl occurs at ortho 
and para positions rather than at meta. Use resonance structures of the interme- 
diates to explain your answers. 

Biphenyl 

At what position, and on what ring, would you expect nitration of 4-bromobiphenyl 
to occur? 
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16.40 

16.41 

16.42 

16.43 
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or 
4-Bromobiphenyl 

How do you explain the fact that electrophilic attack on 3-phenylpropanenitrile 
occurs at the ortho and para positions, whereas attack on 3-phenylpropenenitrile 
occurs at the meta position? Use resonance structures of the intermediates in your 
explanation. 

: CH,CH,CN ey 

3-Phenylpropanenitrile 3-Phenylpropenenitrile 

CN 

Addition of HBr to 1-phenylpropene yields (1-bromopropyl)benzene as the exclusive 
product. Propose a mechanism for the reaction, and explain why none of the other 

regioisomer is produced. 

Br 

De ea 

Triphenylmethane can be prepared by reaction of benzene and chloroform in the 
presence of AlCl3. Propose a mechanism for the reaction. 

i Cran = OL 
What product(s) would you expect to obtain from these reactions? 

O H;C CH, 

CH3 Hypa KMnO, ‘ 
(a) Sats (b) Ranoue ‘ 

NO, 

H3;C CH; 

Cl 

CH3;CH.2CH.Cl ; 9 

(c) AICl, i 

OH 

How would you synthesize these substances, starting from benzene? Assume that 

ortho and para substitution products can be separated. 

“(a) o-Methylphenol (b) 2,4,6-Trinitrophenol 

(c) 2,4,6-Trinitrobenzoic acid (d) m-Bromoaniline 



610 CHAPTER 16 Chemistry of Benzene: Electrophilic Aromatic Substitution 

16.44 

16.45 

16.46 

16.47 

16.48 

16.49 

At what position, and on what ring, would you expect these substances to undergo 

electrophilic substitution? 

a) UO (b) (a (c) ie 

30: :-N—H 

CH; Br 

At what position, and on what ring, would you expect bromination of benzanilide 
to occur? Explain your answer by drawing resonance structures of the intermediates. 

oO 
Benzanilide 

CH3 

Would you expect the Friedel—Crafts reaction of benzene with optically active 
2-chlorobutane to yield optically active or racemic product? Explain your answer. 

Starting with benzene as your only source of aromatic compounds, how would you 
synthesize these substances? Assume that you can separate ortho and para isomers 
if necessary. 
(a) p-Chlorophenol (b) m-Bromonitrobenzene ,; 
(c) o-Bromobenzenesulfonic acid (d) m-Chlorobenzenesulfonic acid 

Starting with either benzene or toluene, how would you synthesize these materials? 
Assume that ortho and para isomers can be separated. 
(a) 2-Bromo-4-nitrotoluene (b). 1,3,5-Trinitrobenzene 

(c) 2,4,6-Tribromoaniline (d) 2-Chloro-4-methylphenol 

As written, the following syntheses have certain flaws. What is wrong with each 

one? 

CH3 

(a) i Clo, 1. Cl, FeCls . 

2. KMn0, KMn0O, 

Cl 

(b) ip HNOs, 1. HNO3, H250,, A. 

2. CH,Cl, AIC, 
3. SnCl,, H3;0* 
4. NaOH, HO 
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CHs CH3 
O 
I NO2 

(c) 1. CHgCCl, AlCl 

2. HNOs, H2SO,, A 
8. H,./Pd; ethanol 

CH,.CH3 

16.50 How would you synthesize these substances, starting from benzene? 

(a) CH=CH, (b) CH,0H (c) CH,CH,OH 

Cl CH,OH 

16.51 The compound MON-05835 is a nontoxic, biodegradable larvicide that is highly selec- 
tive against mosquito larvae. How could you synthesize MON-0585 using only ben- 

zene as a source of the aromatic rings? 

C(CHs3)s3 

O1Ge 
C(CHs3)s3 

MON-0585 

16.52 Hexachlorophene, a substance used in the manufacture of germicidal soaps, is pre- 
pared by reaction of 2,4,5-trichlorophenol with formaldehyde in the presence of 
concentrated sulfuric acid. Propose a mechanism to account for the reaction. 

OH OH 

] __om0 Cl CH, C 

HELSO, 

Gl CI 

Cl Cl 

Hexachlorophene 

16.53 When heated, benzenediazonium carboxylate decomposes to yield N2, CO2, and a 

reactive organic substance that can’t be isolated. When benzenediazonium carbox- 

ylate is heated in the presence of furan, the following reaction is observed: 

i 
C-—OF O 

OO: = OB: «+ N=N 
+ 

What intermediate is involved in this reaction? Propose a mechanism for formation 

of this intermediate. 
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16.54 

16.55 

16.56 

16.57 

16.58 

16.59 

16.60 

Phenylboronic acid is nitrated to give 15% ortho substitution product and 85% meta. 
Account for the meta-directing effect of the -B(OH)2 group. 

Phenylboronic acid 

Draw resonance structures of the intermediate carbocations in the bromination of 

naphthalene, and account for the fact that naphthalene undergoes electrophilic 

attack at C1 rather than C2. 

Br 
1 

3 ee 

-_ 

4-Chloropyridine undergoes reaction with dimethylamine to yield 4-dimethylamino- 
pyridine. Propose a mechanism to account for this result. 

(CH3)2 Cl N 

Ss SS is HN(CH3)» & Aled 
ee Le 

N N 

How do you account for the fact that p-bromotoluene reacts with potassium amide 
to give a mixture of m- and p-methylaniline? 

Propose a synthesis of aspirin (acetylsalicylic acid) starting from benzene. You will 
need to use an acetylation reaction at some point in your scheme. 

COOH 

O—C—CH; aT 
ArOH —at USS, ArOCOCH, 

. Aspirin An acetylation reaction 

Propose a mechanism to account for the following reaction of benzene with 2,2,5,5- 
tetramethyltetrahydrofuran. 

In the Gatterman—Koch reaction, a formyl group (-CHO) is introduced directly onto 
a benzene ring. For example, reaction of toluene with carbon monoxide and HCl in 
the presence of mixed CuCl/AICl; gives p-methylbenzaldehyde in 55% yield. Propose 
a mechanism for this reaction. 
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CH3 CH; 

~ CO + HE! CuCl/AICl, 

CHO 

(55%) 

16.61 Triptycene is an unusual molecule that has been prepared by reaction of benzyne 
with anthracene. What kind of reaction is involved? Show the mechanism of the 
transformation. 

Triptycene 

16.62 Treatment of p-tert-butylphenol with a strong acid such as H,SO, yields phenol and 
2-methylpropene. Propose a mechanism for the reaction. 

16.63 How would you synthesize these compounds from benzene? Assume that ortho and 
para isomers can be separated. 

(a) CH3 (b) CH3 

seg Cl ate 
OoN Br eae 

SO3H 

(c) CH; 
| 

on 

H,N 

16.64 You know the mechanism of HBr addition to alkenes, and you know the effects of 

various substituent groups on aromatic substitution. Use this knowledge to predict 
which of the following two alkenes reacts faster with HBr. Explain your answer by 
drawing resonance structures of the carbocation intermediates. 

CH=CH, CH=CH, 

CH;0 O2.N 

16.65 Draw a Fischer projection of (R)-2-phenylbutane, and predict the stereochemistry 
-of its reaction with N-bromosuccinimide. Explain your answer. 
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16.66 Benzyl bromide is converted into benzaldehyde by heating in dimethyl sulfoxide. 
Propose a structure for the intermediate, and show the mechanisms of the two steps 

in the reaction. 

at 
C H 9Br | C < 

sees Sy2 9 E2 H 

+ CH; S CHs reaction [ ; ] reaction 

16.67 Use your knowledge of directing effects along with the following data to deduce the 
directions of the dipole moments in aniline and bromobenzene. 

Ore Dm 
yw =1.53D w=152D yu =2.91D 



Organic Reactions: 
A Brief Review 

There’s no question about it—learning organic chemistry means knowing 
a large number of reactions. The way to simplify the job, of course, is to 
organize the material. We said in Chapter 5 that organic reactions can be 
organized in two ways: by what kinds of reactions occur and by how they 
occur. Let’s briefly review both organizational methods in light of what has 
been covered in the past several chapters. 

I. A Summary of the Kinds of Organic 
Reactions 

There are four important kinds of reactions: additions, eliminations, sub- 

stitutions, and rearrangements. We’ve now seen examples of all four, as 

summarized in Review Tables 1—4. 

REVIEW TABLE 1 Some Addition Reactions 
ea a a ES Se Ee EE SS Se 

1. Additions to alkenes 

a. Electrophilic addition of HX (X = Cl, Br, I; Sections 6.9 and 6.10) 

Cl 
| 

CH,CH=CH, — CH,CHCH, 

b. Electrophilic addition of X2 (X = Cl, Br; Section 7.2) 

Braet 

: | | 
CH,CH =CHCH, —— CH,CH—CHCH; 

4 

c. Electrophilic addition of HO-X (X = Cl, Br, I; Section 7.3) 

OH 

Brg | 
CH3;CH —CHe SE iony Eon CH3;CHCH,Br 

d. Electrophilic addition of water by hydroxymercuration (Section 7.4) 

OH OH 
| | 

CH,;CH =CH, +a CH,CHCH,HgOAc —“. CH;,CHCH; 
2 

615 
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e. Addition of BH; (hydroboration; Section 7.5) 

H 

CH;CH=CH, —““> CH,CHCH,BH, —<“> CH,CH,CH,0H 

f. Catalytic addition of Hz (Section 7.7) 

H 4H 

CH,CH —=CH, oe Paes 

g. Hydroxylation with OsO, (Section 7.8) 

OH 

CH;CH=CH, ++ e bigCOn 

h. Addition of carbenoids: cyclopropane formation (Section 7.11) 

CH, 
CHols, Zn(Cu) CH;CH— CH, 

CH3;CH — CH» 

i. Cycloaddition to dienes: Diels—Alder reaction (Sections 14.7 and 14.8) 

O 

H,C =CH—CH=CH, + H,C=CHCOCH; ——> ou 

j. Radical addition of HBr (Section 7.6) 

H { 

HBr | 
- CH;CHCH,Br 

Radicals 
CH;CH= CH, 

2. Additions to alkynes 
a. Electrophilic addition of HX (X = Cl, Br, I; Section 8.4) 

Br 

| 
CH,C =CH ee CH;C=CH, 

b. Electrophilic addition of H,O (Section 8.5) 

ie i 
CH,C =CH a CH,C=CH, —> CH,CCH,; 

c. Addition of H, (Section 8.7) 

on 
CH,C=CCH, ——“——-. CH,C=CCH; 

Lindlar catalyst 
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REVIEW TABLE 2 Some Elimination Reactions 
SE 

1. Dehydrohalogenation of alkyl halides (Sections 11.10 and 11.12) 

Br 

KOH | 
CH;CHCH, ——> CH,CH=CH, + KBr + H,0 

2. Dehydrohalogenation of vinylic halides (Section 8.3) 

is 

CH,C= CH, 
NaNH» 

> CH,C =CH + NaBr + NH, 

3. Dehydrohalogenation of aryl halides: benzyne formation (Section 16.10) 

Br NH, 

a | “Hi iNaBrbst) NEY lace 
H 

4. Dehydration of alcohols (Section 7.1) 

ua 

CH,CHCH, —22-4+ CH,;CH=CH, + H,O 

REVIEW TABLE 3 Some Substitution Reactions 

1. Sjy2 reactions of primary alkyl halides (Sections 11.2—11.5) 

a. General reaction 

CH3;CH,CH2X + :Nu- —~> CH;CH2CH2Nu + :X~ 

where X = Cl, Br, I, OTos 

:Nu- = CH;0-, HO-, CH;S-, HS~, CN~, CH3;COO-, NHs, (CHs3)3N, ete. 

b. Alkyne alkylation (Section 8.9) 

CH,C=C:- Nat —“S CH,;C=CCH; + Nat I- 

2. Syl reactions of tertiary alkyl halides (Sections 11.8 and 11.9) 
a. General reaction 

(CH;),CX —“% (CH,)s3CNu + HX 

b. Preparation of alkyl halides from alcohols (Section 10.8) 

HBr 
(CH3)3;COH eee (CH3)3C Br 5 H,O 
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3. Electrophilic aromatic substitution (Sections 16.1—-16.4) 

a. Halogenation of aromatic compounds (Section 16.1) 

¢ \- — ( \-= tH Br 
FeBrg 

b. Nitration of aromatic compounds (Section 16.2) 

( \s ee ¢ \-no, + H,0 
H,S0, 

c. Sulfonation of aromatic compounds (Section 16.2) 

SOs On & Oe 
d. Alkylation of aromatic rings (Section 16.3) 

AlCl, 

e. Acylation of aromatic rings (Section 16.4) 

(\-a Soe ( \-cocn, + HCl 

4. Nucleophilic aromatic substitution (Section 16.9) 

NaOH on \-a a ow _\-on + NaCl, 

5. Radical substitution reactions 

a. Chlorination of methane (Section 10.4) 

CH, + Cl,’ —=> CHCl + HCI 

b. NBS allylic bromination of alkenes (Section 10.5) 

CH;CH=CH, — BrCH,CH =CH, 

REVIEW TABLE 4 Some Rearrangement Reactions 

1. Carbocation rearrangement during electrophilic addition to alkenes (Section 6.13) 

H Cl 
| | 

(CH3)2,CCH=CHy, + HCl —+ (CH3),CCH,CHs 
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2. Carbocation rearrangement during Friedel—Crafts alkylation (Section 16.3) 

CH,CH,CH,Cl CHICH,) 
AlCl, ha 

ll. A Summary of How Reactions Occur 

The second method of organizing reactions is by how they occur—that is, 
by their mechanisms. We said in Chapter 5 that there are three fundamental 
reaction types: polar reactions, radical reactions, and pericyclic reactions. 
Having seen many different examples by now, let’s see how this assertion 
stands up. 

A. POLAR REACTIONS 

Polar reactions take place between electron-rich reagents (nucleophiles/ 
Lewis bases) and electron-poor reagents (electrophiles/Lewis acids). These 
reactions are heterolytic processes and involve species with an even number 
of valence electrons. Bonds are made when a nucleophile donates an electron 
pair to an electrophile; bonds are broken when one product fragment leaves 
with an electron pair. 

Heterogenic bond At Fe “Be A:B 

formation 

Electrophile Nucleophile 

Heterolytic bond WW e : 

cleavage Bi Begeeseh anise 

The polar reactions we’ve studied can be grouped into five general 

categories: 

1. Electrophilic addition reactions 

Elimination reactions 

Nucleophilic alkyl substitution reactions 

Electrophilic aromatic substitution reactions 

Nucleophilic aromatic substitution reactions Oa ore 

1. Electrophilic Addition Reactions (Sections 6.8-6.10) Alkenes 

react with electrophiles such as HBr to yield saturated addition products. 

‘The reaction occurs in two steps: The electrophile first adds to the alkene 

double bond to yield a carbocation intermediate that reacts further to yield 

the addition product. 
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H H Br 
¥ re HBr x jie TES ES \ / 

c=Cc — —C—Ct + :Br: — ~—C—C— 
Z \ By / x 

Alkene Carbocation Addition product 

Many of the addition reactions listed in Review Table 1 take place by 
an electrophilic addition mechanism. The electrophile may be Ht (HX addi- 
tion; reactions la and 2a), X* (halogen addition and halohydrin formation; 

reactions 1b and 1c), or Hg?* (hydroxymercuration and alkyne hydration; 
reactions 1d and 2b), but the basic process is the same. The remaining 
addition reactions in Review Table 1 differ in that they occur without car- 
bocation intermediates, but it’s still convenient to group them together. 

2. Elimination Reactions 

a. E2 reaction (Sections 11.10 and 11.12) Alkyl halides undergo elimi- 
nation of HX to yield alkenes on treatment with base. When a strong base 
such as hydroxide ion (HO~), alkoxide ion (RO7), or amide ion (NH_°) is 
used, alkyl halides react by the E2 mechanism. E2 reactions occur in a 
single step involving removal by base of a neighboring hydrogen at the same 
time that the halide ion is leaving. 

HDD 
~ 7 OH Nat a Ve 

Sold. is G22C" IOs Nape 
/ \ ‘ 

Br) 

All of the elimination reactions listed in Review Table 2 occur by the 
same E2 mechanism. Though they appear different, the elimination of an 
alkyl halide to yield an alkene (reaction 1), the elimination of a vinylic 
halide to yield an alkyne (reaction 2), and the elimination of an aryl halide 
to yield a benzyne (reaction 3) are all E2 reactions. 

b. El reaction (Section11.14) Tertiary alkyl halides undergo elimination 

by the E1 mechanism in competition with Sy1 substitution when a nonbasic 
nucleophile is used in a hydroxylic solvent. The reaction takes place in two 
steps: Spontaneous dissociation of the alkyl halide leads to a carbocation 
intermediate that then loses H*. 

Hs H CH a CH; 
| Ny Aipiayy ; \ 

Hs0—G-L br —5 n—olc + Br- > jog + ELBr 

CH; H CHs H OH. 

Alkyl] halide Carbocation Alkene product 

3. Nucleophilic Alkyl Substitution Reactions 

a. Sy2 reaction (Sections 11.2-11.5) The nucleophilic alkyl substitution 
reaction is one of the most common reactions encountered in organic chem- 
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istry. As illustrated in Review Table 3 (reaction 1a), most primary halides 
and tosylates, and some secondary ones, undergo substitution reactions with 
a variety of different nucleophiles. The nucleophile might be hydroxide ion, 
alkoxide ion, ammonia, or many others. One particularly useful Sy2 reaction 
is the alkylation of a terminal alkyne anion (reaction 1b) to yield an internal 
alkyne product. 

Mechanistically, Sy2 reactions take place in a single step involving 
attack of the incoming nucleophile from a direction 180° away from the 
leaving group. This results in an umbrella-like inversion of stereochemistry 
(Walden inversion). 

H H 
/ H = ss x 

Br ca 8 sas zs ae =O Ee este 

H H 

b. Syl reaction (Sections 11.6—-11.9) Tertiary alkyl halides undergo 
nucleophilic substitution by the Syl mechanism, which occurs in two steps. 
Spontaneous dissociation of the alkyl halide into an anion and a carbocation 
intermediate takes place, followed by reaction of the carbocation with a 
nucleophile. The dissociation step is the slower of the two and is rate- 
limiting. 

CH3 CHs = CHg 

A fea oeibeand ea ta | 
Estani rae se HalanQe: Br- - at as pol sation OH + HBr 

CH; CHs CH; 

Alkyl halide Carbocation Substitution 
product 

Among the more useful Sy1 reactions is the conversion of a secondary 
or tertiary alcohol into an alkyl halide by reaction with HX (reaction 2b, 

Review Table 3). 

4. Electrophilic Aromatic Substitution Reactions (Sections 16.1—16.4) 
All of the electrophilic aromatic substitutions shown in Review Table 3 occur 
by a common two-step mechanism. The first step is similar to the first step 
in electrophilic addition to alkenes: An electron-poor reagent reacts with 
the electron-rich aromatic ring. The second step is identical to what happens 
during E1 elimination: A base present in solution attacks a hydrogen atom 

next to the positively charged carbon, and elimination of the proton occurs. 

: Brz 

Br H eae Br 

2 
fn + 

Br—Br | + HBr 

FeBr3 ee 

Benzene Carbocation Bromobenzene 



622 Organic Reactions: A Brief Review 

5. Nucleophilic Aromatic Substitution Reactions (Section 16.9) Nu- 

cleophilic aromatic substitution (reaction 4, Review Table 3) is a polar reac- 
tion that must be placed in a unique category, since it is not related to the 
other general processes we have studied. In this reaction, a nucleophile 
attacks an electrophilic aromatic ring. The ring is made electrophilic, and 
hence reactive, only when substituted by strong electron-withdrawing 

groups such as nitro, cyano, and carbonyl. Although this electrophilic behav- 
ior of the aromatic ring is a reversal of its normal reactivity, the process 
still involves reaction between an electrophile and a nucleophile, as with 

all polar reactions. 

NO» 

é Cl 

OoN NO» 

“Normal” aromatic ring; Electron-poor aromatic ring; 

electron-rich and nucleophilic electrophilic 

B. RADICAL REACTIONS 

Radical reactions are homolytic processes that involve species with an odd 
number of electrons. Bonds are made when each reactant donates one elec- 
tron, and bonds are broken when each product fragment leaves with one 
electron. 

Homogenic bond ( ; , 
formation Bia tne B mB 

Homolytic bond ress ee kaa aah 
cleavage 

Since radical reactions are less common than polar reactions, we’ve 
seen only a few examples. Those we have studied can be classified as either 
radical addition reactions or radical substitution reactions. Radical addi- 
tions such as the peroxide-catalyzed addition of HBr to alkenes (reaction 1j, 
Review Table 1) involve the addition of a radical to an unsaturated substrate. 
As we'll see in Chapter 31, this kind of reaction is extremely important in 
the preparation of polymers such as polystyrene. 

Radical additions occur through three distinct kinds of steps, all of which 
involve odd-electron species: (1) initiation, (2) propagation, and (3) termi- 
nation. 

1. Initiation steps: 

a. RO—OR —— 2 RO: 
b. RO- + H—Br ——> RO—H + -Br 
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2. Propagation steps: 
Br 

(a) \ / \ # 
C=C. eer =~ C=C — 
/ \ 7 \ 

Br Br 
(b) \ é K f 

‘CC Hh br — we Cee ee Os 
‘ ia \ / 

3. Termination steps: 

a. Br: + -Br —»> Br—Br 

x x 
b. —C: + -Br —> —C—Br 

7 Z 

\ if \ i. 
ec. —C: + -C— — > —C—C— 

e x i \ 

The reaction is initiated by thermal homolytic cleavage of a peroxide, 
which forms two radicals. These radicals abstract H- from HBr, yielding a 
Br: radical that then adds to the alkene, generating a new carbon radical 
and a carbon—bromine bond. Each reactant donates one electron to the new 
carbon—bromine bond. The reaction is completed by reaction of the carbon 
radical with HBr to yield neutral product and a bromine radical, which 
continues the chain. Note that the new carbon—hydrogen bond is also formed 
by donation of one electron from each reactant. 

Radical substitution reactions, such as the light-induced chlorination 
of methane and the allylic bromination of alkenes with N-bromosuccinimide 
(reactions 5a and 5b, Review Table 3), are also common. The key feature of 
all these reactions is that one radical abstracts an atom from a neutral 
molecule, leaving a new radical. 

C. PERICYCLIC REACTIONS 

Pericyclic reactions such as the addition of a carbene to an alkene and the 
Diels—Alder cycloaddition (reactions 1h and 1i, Review Table 1) involve 

neither radicals nor nucleophile—electrophile interactions. Rather, these 
processes take place in a single step by a reorganization of bonding electrons 
through a cyclic transition state. A fuller discussion of pericyclic reactions 
will be given in Chapter 30. 

O 3 O 

é wo, é ao SS —< 
Y [ OCH3 CH,O* | Cy OCH3 

1,3-Butadiene Methyl Endo transition Methyl 3-cyclohexene- 

propenoate state carboxylate 
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Alcohols 
and Thiols 

Alcohols are compounds that have hydroxyl groups bonded to saturated, 
sp®-hybridized carbon atoms. This definition purposely excludes phenols 
(hydroxyl groups bonded to an aromatic ring) and enols (hydroxyl groups 
bonded to a vinylic carbon), because the chemistry of the three types of 
compounds is sometimes different. Alcohols can be thought of as organic 
derivatives of water in which one of the water hydrogens is replaced by an 
organic group: H—O-H versus R-O-H. 

OH OH OH i 
| X i; 

C C=C 
ey ~s ys . 

An alcohol A phenol An enol 

Alcohols occur widely in nature and have a great many industrial and 
pharmaceutical applications. Ethanol, for instance, is one of the simplest 
yet best known of all organic substances, finding use as a fuel additive, an 
industrial solvent, and a beverage; menthol, an alcohol isolated from pep- 
permint oil, is widely used as a flavoring and perfumery agent; and choles- 
terol, a complicated-looking steroidal alcohol, has been implicated as a 
causative agent in heart disease. 

H3C _ H 

CH, CH,OH H 
ae OH 

(CH3),HC H 

Ethanol Menthol Cholesterol (a steroid) 
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17.1 Nomenclature of Alcohols 
SS ET IS EI EE IE] 

Alcohols are classified as primary (1°), secondary (2°), or tertiary (3°), depend- 
ing on the number of carbon substituents bonded to the hydroxyl-bearing 
carbon. 

1 1 I 
ee Fa Sie Sh a 

H R R 

A primary alcohol (1°) A secondary alcohol (2°) A tertiary alcohol (3°) 

Simple alcohols are named by the IUPAC system as derivatives of the 
parent alkane, using the suffix -ol: 

1. Select the longest carbon chain containing the hydroxyl group, and 
derive the parent name by replacing the -e ending of the corre- 
sponding alkane with -ol. 

2. Number the alkane chain beginning at the end nearer the hydroxyl 
group. 

3. Number the substituents according to their position on the chain, 
and write the name listing the substituents in alphabetical order. 

4 
CH; 

OH ahwo 1 
LZ) 3. Aa & CHCHCH; 
CH3C CH,CH.CH; | 

| OH 
CH; 

2-Methy1-2-pentanol cis-1,4-Cyclohexanediol 3-Pheny]-2-butanol 

Certain simple and widely occurring alcohols have common names that 
are accepted by IUPAC. For example: 

CH,OH ae 
Cy H,C =CHCH,OH CH3;COH 

oH, 
Benzy] alcohol Allyl alcohol tert-Butyl alcohol 

(phenylmethanol) (2-propen-1-ol) (2-methyl-2-propanol) 

HOCH,CH2,0H HOCH,CHCH,OH 
| 

Ethylene glycol OH 

(1,2-ethanediol) Glycerol 

(1,2,3-propanetriol) 
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PROBLEM 

CHAPTER 17 Alcohols and Thiols 

ww Ge) eel oe Ue Begs 6 ee eee sm © eu 68 86 6 6 by 80 6 8:0 aie) male Cleieiere.s «18. 6) 45% 

17.1 Give IUPAC names for these compounds: 

PROBLEM 

OH 

(a) CH;CHCH,CHCH(CHs). (b) Cee: 

OH 

Bren 
(c) (d) OH 

H 
H3C CH3 

17.2 Draw structures corresponding to these IUPAC names: 
(a) 2-Ethyl-2-buten-1-ol (b) 3-Cyclohexen-1-ol 

(c) trans-3-Chlorocycloheptanol (d) 1,4-Pentanediol 

17.2 Sources and Uses of Simple Alcohols 

Methanol and ethanol are two of the most important of all industrial chem- 
icals. Prior to the development of the modern chemical industry, methanol 
was prepared by heating wood in the absence of air and thus came to be 
called wood alcohol. Today, approximately 1.2 billion gallons of methanol 
are manufactured each year in the United States by catalytic yeduction of 
carbon monoxide with hydrogen gas. 

400°C 

Zinc oxide/chromia 
CO + 2H, CH;0H 

Methanol is toxic to humans, causing blindness in low doses and death in 
larger amounts. Industrially, it is used both as a solvent and as a starting 
material for production of formaldehyde, CH,O, and acetic acid, CH; COOH. 

Ethanol is one of the oldest known pure organic chemicals. Its produc- 
tion by fermentation of grains and sugars, and its subsequent purification 
by distillation, go back at least as far as the 12th century a.p. Fermentation 
is carried out by adding yeast to an aqueous sugar solution where enzymes 
in the yeast break down carbohydrates into ethanol and COs. 

CoH ,Op ee ees, 9 CHCHIOM a CO, 

Glucose 

Only about 5% of the ethanol produced industrially comes from fer- 
mentation, although that figure may well change as demand for use in 
automobile fuel increases. Most ethanol is currently obtained by acid- 
catalyzed hydration of ethylene (Section 7.4). Nearly 300 million gallons of 
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ethanol a year are produced in the United States for use as a solvent or as 
a chemical intermediate in other industrial reactions. 

H,C—CH, + H,o “=. CH,CH,OH 

17.3 Properties of Alcohols: 
Hydrogen Bonding 

As mentioned earlier, alcohols can be thought of as organic derivatives of 
water in which one of the hydrogens has been replaced by an organic group. 
As such, alcohols have nearly the same geometry as water. The R-O-H 
bond angle has an approximately tetrahedral value (109° in methanol, for 
example), and the oxygen atom is sp® hybridized. 

Methanol, CH30H 

Alcohols are quite different from the hydrocarbons and alkyl] halides 
studied thus far. Not only is their chemistry much richer, but their physical 
properties are different as well. Table 17.1 and Figure 17.1, which provide 
a comparison of the boiling points of some simple alcohols, alkanes, and 
chloroalkanes, show that alcohols have much higher boiling points. For 
example, 1-propanol (mol wt = 60), butane (mol wt = 58), and chloroethane 
(mol wt = 65) are close in formula weight, yet 1-propanol boils at 97°C, 
compared to —0.5°C for the alkane and 12.5°C for the chloroalkane. 

TABLE 17.1 Boiling Points of Alkanes, Chloroalkanes, and Alcohols (°C) 
Sa a a a aT 

Alkyl group, R Alkane,R—H_ Chloroalkane,R—Cl Alcohol, R—OH 

CH3— = 162,. #: —24 64.5 

CH3;CH2,— —88.5 12.5 78.3 

CH3CH2,CH,— —42 46.6 97 

(CH;),CH— —42 36.5 82.5 

_CH3CH,CH2,CH,— —0.5 83.5 17 

(CH3)3C — =12 ali 83 
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PM) Atkanes, RH) Choroalkanes, RCI Alcohols, ROH 

iil 0 Sa pose =a — 

R= CHs3- CH3CHo>- CH3CH2CH>- (CH3)pCH- CH3CHgCH2CHo- (CHg)3C- 

400 

300 
0°Cc 

200 

Temperature (K) 

100 

Figure 17.1 A comparison of boiling points for some alkanes, 
chloroalkanes, and alcohols. 

The reason for their high boiling points is that alcohols, like water, are 
highly associated in solution because of the formation of hydrogen bonds. 
The positively polarized -OH hydrogen atom from one molecule forms a 
weak hydrogen bond to the negatively polarized oxygen atom of another 
molecule (Figure 17.2). Although hydrogen bonds have a strength of only 
about 5 kcal/mol (20 kJ/mol) versus 103 kcal/mol (431 kJ/mol) for a typical 
O-H covalent bond, the presence of many hydrogen bonds means that extra 
energy must be added to break them during the boiling process. 

R R R 

je be I 5- 
eae We? oe Porte 

saan eat inane a 
i oF Ot O& TO 

| | 
R R 

Figure 17.2 Hydrogen bonding in alcohols. 
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17.3 The following data for three isomeric four-carbon alcohols show that there is a 
decrease in boiling point with increasing substitution: 
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1-Butanol, bp 117.5°C 

2-Butanol, bp 99.5°C 

2-Methyl-2-propanol, bp 82.2°C 

Propose an explanation to account for this trend. 
BO) BERS SRS SIS STROSS AO a ke Re AG We ee Aw AW) MEBIEN © 0 Wk bee) 6 be evel diete ip eeleveleese @ieus 

17.4 Properties of Alcohols: Acidity and 
Basicity 

a a 

Like water, alcohols are both weakly acidic and weakly basic. As weak Lewis 
bases, alcohols are reversibly protonated by acids to yield oxonium ions, 
ROH,*. As you might expect, protonated alcohols are much more reactive 
than neutral alcohols toward nucleophiles because they bear a positive 
charge. 

i 
R—O—H + HX <> R—O*HX- 

As weak acids, alcohols act as proton donors. In dilute aqueous solution, 
alcohols dissociate to a slight extent by donating a proton to water. 

* \ RO—H + H,O: == RO: + H;0:* 

In our earlier discussion of acidity (Sections 2.6 and 2.7), we said that the 
strength of any acid HA in water can be defined by the expressions 

- + 

K, = Te and pk, = —log K, 

where K, is the acidity constant 

Compounds with a smaller K, (or larger pK,) are weakly acidic, whereas 
compounds with a larger K, (or smaller pK,) are more strongly acidic. 

The data presented in Table 17.2 show that simple alcohols are about 
as acidic as water but that structure plays a significant role in determining 
the exact acidity of a compound. For example, methanol and ethanol are 
similar to water in acidity, while tert-butyl alcohol is slightly less acidic. 

The effect of alkyl substitution on acidity is due primarily to solvation. 
Water is able to surround the sterically accessible oxygen atom of unhin- 
dered alcohols such as methanol and to stabilize the alkoxide ion by sol- 
vation, thus favoring its formation. Hindered alkoxide ions such as tert- 
butoxide, however, prevent solvation by their bulk and are therefore less 
stabilized. 

Inductive effects (Section 16.5) are also important in determining alco- 
hol acidities. For example, electron-withdrawing halogen substituents sta- 
bilize an alkoxide anion by helping to spread out the charge over a larger 
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TABLE 17.2 Acidity Constants of Some Alcohols 

Alcohol pK, 

(CH3)3;COH 18.00 Weaker acid 

CH;CH,0OH 16.00 

HOH (water)* (15.74) 

CH;0H 15.54 

CF3;CH,OH 12.43 

(CF3)3COH 5.4 

HCl (hydrochloric acid)? (—7.00) Stronger acid 

“Values for water and hydrochloric acid are shown for 

reference. 

area, thus making the alcohol more acidic. This inductive effect can be 
observed by comparing the acidities of ethanol (pK, = 16) and 2,2,2-tri- 
fluoroethanol (pK, = 12.43), or of tert-butyl alcohol (pK, = 18) and perfluoro- 
2-methyl-2-propanol (pK, = 5.4). 

CF3 CH3 
Electron-withdrawing * | 
groups stabilize alkoxide CF; —C—O- versus CH; —C—O- 
and lower pK, J | 

CF3 CH3 

pK, = 5.4 pK, = 18 

( 

Since alcohols are much weaker than carboxylic acids or mineral acids, 
they don’t react with weak bases such as amines, bicarbonate ion, or metal 

hydroxides. Alcohols do, however, react with alkali metals and with strong 
bases such as sodium hydride (NaH), sodium amide (NaNHg), alkyllithium 
reagents (RLi), and Grignard reagents (RMgX). The metal salts of alcohols 
are themselves strong bases that are frequently used as reagents in organic 
chemistry. 

CH;0H + NaH —~> CH;0- Nat + H, 

Methanol Sodium methoxide 

CH;CH,OH oy NaNH, ae CH;CH,0O7- Na* + NH3 

Ethanol Sodium ethoxide 

OH Or Li 

CH3;CHCH3; 1 CH3Li ae CH3;CHCHs = CH, 

Isopropyl alcohol Lithium isopropoxide 
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(oi + CH;MgBr —> (eo *MeBr + CH, 

Cyclohexanol Bromomagnesium 

cyclohexoxide 

CH; CH; 

2 ae oa +2, K — 2 nig orn Kt at He 

CHs CHs 

tert-Butyl alcohol Potassium tert-butoxide 

ROBE AM ree io cei evatnie a [eben esis obra nix Wr epson sO) 6 siaieisic.eltre-aioters: sWeileipisieivie-sVa 

17.4 Which alcohol do you think is more acidic, benzyl alcohol or p-nitrobenzy! alcohol? 
Explain. 

POOR wee wee eee EEE REE EEE EEE EEE TE HHH EERO O EEE EEE 

17.5 Preparation of Alcohols 

Alcohols occupy a central position in organic chemistry. They can be pre- 
pared from a variety of functional groups (alkenes, alkyl halides, ketones, 
esters, and aldehydes, among others), and they can be transformed into a 
wide assortment of compound types (Figure 17.3). 

R R 
\ ye 
C=C 

| sear Who, | 
C ae a C ™ 

Row OH  Alkenes R R 

| Carboxylic acids Ketones | 

C C 
Ra 1OPOR’ R” ~H 
Esters Aldehydes 

RX ROR’ 

Alkyl halides eas eee Sea eat Ethers 

: a a 

Figure 17.3 The central position of alcohols in organic chemistry. 
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Let’s review briefly some of the methods of alcohol preparation we’ve 
already seen. Alcohols can be prepared by hydration of alkenes. Since the 
direct hydration of alkenes with aqueous acid is generally a poor reaction 
in the laboratory, two indirect methods are commonly used. A choice between 
the two is made depending on the product desired. Hydroboration—oxidation 
(Section 7.5) yields the product of syn non-Markovnikov hydration, whereas 
oxymercuration—reduction (Section 7.4) yields the product of Markovnikov 
hydration. Both reactions are mild and are generally applicable to most 

alkenes (Figure 17.4). 

HC HC oH 
BH, H,02 

THF -OH 
HW BR, yy OH 

CHs trans-2-Methylcyclohexanol 
(84%) 

1-Methylcyclohexene CH Hs 
Hg(OAc), OH NaBH, OH 

H,O 
vit 

HgOAc 
1-Methylcyclohexanol 

(90%) 

aR a a a eee 

Figure 17.4 Two complementary methods for the hydration of an 

alkene to yield an alcohol. ' 

‘ 
1,2-Diols can be prepared by direct hydroxylation of an alkene with 

osmium tetraoxide followed by sodium bisulfite reduction (Section 7.8). The 
reaction takes place readily and is routinely used for the preparation of cis 
1,2-diols (Figure 17.5). We'll see in the next chapter that 1,2-diols can also 
be prepared by acid-catalyzed hydrolysis of epoxides—compounds with a 
three-membered oxygen-containing ring. This method of epoxide opening is 
complementary to direct hydroxylation since it yields a trans 1,2-diol. 

PROMLEM «(Scthchandthhins pan. hiss ston ote ae Tees nk Roe oe renee eae 

17.5 Predict the products of these reactions: 

CHs 

ys | 2 1. BHs (a) ( \-crcne=cn, ont 

(b) CHyCH,CH=C(CH,)_ = etOAcln a0 - 2. NaBH, 

(c) Reaction of cis-5-decene with OsO,, followed by NaHSOsz reduction. Be sure to 
indicate the stereochemistry of the product. 

Cem e meee eee ee reese see eee ee eeeeeeeseseseseseeeeeEeeEeeesEEeSeEesesese 
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oe HC on 
OsO, Bs @ 

Os NaHSO, 
Pyridine KM aa, 

my 29 HOH 

1-Methyl- 

cis-1,2-cyclohexanediol 

‘ CHs 

f 1-Methylcyclohexene yicy CHs HO CH; 

RCO; + CO3H a 0 H,0 igi 
CH,Cl, 

H H OH 

1-Methyl-1,2-epoxy- 1-Methyl- 

cyclohexane trans-1,2-cyclohexanediol 

Figure 17.5 Two complementary methods for the preparation of 
1,2-diols. 

17.6 Alcohols from Reduction of Carbonyl 
Compounds 

The most valuable method for preparing alcohols is by reduction of a car- 
bonyl compound: 

O OH 

(H] Crp Tein 
where [H] is a generalized 
reducing agent 

A carbonyl compound An alcohol 

In inorganic chemistry, reduction is defined as the gain of electrons, 
and oxidation is defined as the loss of electrons. In organic chemistry, how- 
ever, it’s often difficult to decide whether an atom gains or loses electrons 
during a reaction. Thus, the terms oxidation and reduction have less precise 
meanings. For our purposes, an organic reduction is a reaction that either 
increases the hydrogen content or decreases the oxygen, nitrogen, or halogen 
content of a molecule. Conversely, an organic oxidation is a reaction that 
either decreases the hydrogen content or increases the oxygen, nitrogen, or 
halogen content of a molecule. 

For example, catalytic hydrogenation of an alkene is clearly a reduction, 
since two hydrogens are added to the starting material. Hydroxylation of 
an alkene with OsO,, however, is clearly an oxidation since oxygen is added. 
Similarly, NBS allylic bromination of an alkene is an oxidation since a 
‘hydrogen is replaced by a halogen. Hydration of an alkene is neither an 
oxidation nor a reduction, since both hydrogen and oxygen are added to the 
alkene at the same time. 
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CH, 

Low oxidation 

level 

H H 
‘i f \ fi 
Ee C —_— 9 CCN Reduction (addition of Hy) 

HO OH 

Naa RE ie \ f yin tr: 
yar % 5 Seer 4 c=—C . Oxidation (addition of O) 

CHB 
8 NBS ae, Oxidation (removal of H and 

CCl, addition of Br) 

H OH 

a ee H,0* eee Neither oxidation nor reduction 

i \ Cf ‘i (addition of both H and —OH) 

A list of functional groups of increasing oxidation level is shown in 
Figure 17.6. Any reaction that converts a functional group from a lower 
level to a higher level is an oxidation; any reaction that converts a functional 
group from a higher level to a lower level is a reduction; and any reaction 
that doesn’t change the level is neither an oxidation nor a reduction. 

H,C—CHy, HC=CH 

CH;0H H,C=O HCO.2H COz 

CH;Cl CH,Cl. CHCl; CCl, 

CH3NH,2 H,C=NH HC=N 

Figure 17.6 Oxidation levels of some common functional groups. 

PROBLEM 

High oxidation 
level 

SP eee eee e reer eee reese eeeesereseeeeseeeeseseeeeeeeeeeeeeseses 

17.6 Rank the following series of compounds in order of increasing oxidation level: 

“aCe O™ 
(b) CH;CN, CH3CH,NHg, NH,CH2,CH,NH2 

PROBLEM iitey ers :ev0 citnrs\o's; v ijais'.6i0\6,4 male, >) s1eveiey , ath ofa) ove\sia, seis sks TnVErais «inraiy eye fescqien ela 

17.7 Are these reactions oxidations, reductions, or neither? 

(a) Bromocyclohexane + NaNH, —~ Cyclohexene 
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(b) Benzene + Cl,/FeCl; ——> Chlorobenzene 
(c) 1-Bromobutane + Mg, then H30+ ——~ Butane 
(d) Benzene + CHsCl/AICl; ——> Toluene 

PP THSET SHS STEHT SECEDE EEO CEEOL OTE D eRe eee eee eee ee eee DR eee 

REDUCTION OF ALDEHYDES AND KETONES 

Aldehydes and ketones are easily reduced to yield alcohols. Aldehydes are 
converted into primary alcohols, and ketones are converted into secondary 
alcohols on reduction. 

OH 

(A) | 
we ae — R—C—H 

R H | 
H 

An aldehyde A primary alcohol 

1 i (H] 

Eo Gea mee 
R R’ | 

R 

A ketone A secondary alcohol 

Many reagents are available for reducing ketones and aldehydes to 

alcohols, but sodium borohydride, NaBHg, is usually chosen because of its 
safety and ease of handling. Sodium borohydride is a white, crystalline solid 
that can be safely handled and weighed in the open atmosphere and that 
can be used either in water or in alcohol solution. High yields of alcohol 
products are usually obtained, as the following examples indicate: 

9 ‘me Se NECH CHCHoC or 2. H,0* | 

H 

1-Butanol (85%) 

HO om 
H 1. NaBH, 1. NaBH, , ethanol . ethanol 

2. Hy 2Ho0* 

m-Hydroxybenzaldehyde m-Hydroxybenzy] alcohol (93%) 

O 

1 1. NaBH,, ethanol . ethanol 

28 By one san ie 

Dicyclohexyl ketone Dicyclohexylmethanol (88%) 

| 
CH,CH,CH,C—H 

Butanal 
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Another reducing agent that is sometimes used for reduction of ketones 
and aldehydes is lithium aluminum hydride, LiAlH,, a white powder soluble 
in ether and tetrahydrofuran. Although more powerful and reactive than 
NaBHy,, LiAlH, is also far more dangerous and should be handled only by 
skilled persons. It reacts violently with water, decomposes when heated 
above 120°C, and has even been known to explode when being ground with 
a mortar and pestle. Despite these drawbacks, LiAlH, is an extremely val- 
uable reagent that is used daily in thousands of laboratories. 

LiAlH, is particularly useful for reducing a,6-unsaturated ketones 
(ketones conjugated with carbon-carbon double bonds). Although a,p- 
unsaturated ketones often undergo overreduction with NaBH, to give a 
mixture of both unsaturated alcohol and saturated alcohol, clean reduction 
to the allylic alcohol occurs with LiAIH,. Thus, 2-cyclohexenone gives a 
59:41 mixture of two products when NaBH, is used as a reducing agent but 
gives largely 2-cyclohexenol when LiAlH, is used (Figure 17.7). 

1. NaBH,, ethanol 

2. H; ia 
O 

2- cae (59%) Cyclohexanol (41%) 

H OH 

2-Cyclohexenone \ 7 jj). eth 
(an a,B-unsaturated > pt i amy Bf TGie Say 3B ketone) 

2-Cyclohexenol (94%) 

Figure 17.7. The reduction of 2-cyclohexenone with NaBH, and 
LiAIH,. 

REDUCTION OF ESTERS AND CARBOXYLIC ACIDS 

Esters and carboxylic acids can be reduced to give primary alcohols: 

O O OH 

Leah eee or — > R—C—H R~ “OH R~ or’ | 

H 
A carboxylic acid An ester 

A primary alcohol 

These reactions are more difficult than the analogous reductions of alde- 
hydes and ketones. For example, sodium borohydride only slowly reduces 
esters and does not reduce acids at all. Ester and carboxylic acid reductions 
are therefore usually carried out with lithium aluminum hydride. All car- 
bonyl groups, including esters, acids, ketones, and aldehydes, are reduced 
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by LiAlH, in high yield, as some of the following examples indicate. Note 
that one hydrogen atom is delivered to the carbonyl carbon atom during 
reductions of ketones and aldehydes, but that two hydrogens become bonded 
to the carbonyl carbon during ester and carboxylic acid reductions. 

Ester Reduction 

O 

| 
CH;CH,CH= CHCO

CH; a LiAlH, ; ether 

ee CH3;CH,CH=CHCH,OH + CH3;0H 

Methyl] 2-pentenoate 2-Penten-1-ol (91%) 

Ketone Reduction 

OH 
O 1. LiAlHy, ether 

25HsO* 

H 

Camphor Borneol (95%) 

Aldehyde Reduction 

H O Ha 4h 

| | wey, 
era 1. eS ether Pe eae 

2. H30 | 

H ite 

3-Phenylpropenal 3-Pheny1-2-propen-1-ol (90%) 

Carboxylic Acid Reduction 

O 

1. LiAIH,, ether 
2. H,0* 

9-Octadecenoic acid 9-Octadecen-1-ol (87%) 

(oleic acid) 

CH;(CH,);CH=CH(CH,);COH CH3(CH2);CH=CH(CH2),CH,0 H 

PRCOBLE NA caernttctecleaetolal eictatelgistolslsta/eleiaieys\ etoile aun akataiosiinvets (ay crave ieuey afetinial eve suaitorafeuatene 

17.8 What reagent would you use to accomplish each of these reactions? 

iced ey 9 

(a) CH;CCH,CH,COCH, ——~ CH;CHCH,CH,COCH; 

OH 
? | 

(b) CH3CCH,CH,COCH3; —~ CH;CHCH,CH,CH,OH 
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(c) O OH 

est 2, Be 

Carvone 

(from spearmint oil) 

(d) O O 

Come: 

17.9 What carbonyl compounds give the following alcohols on reduction with LiAIH4? 

Show all possibilities. 

a 

CH,OH CHCH; 

oF 

H (d) (CH3),CHCH,OH 

CORO ee me meee EHH HEE EEE HEHEHE HEHEHE HEHEHE HEH HEHEHE EH HEH HEHEHE HEE EEE 

17.7. Alcohols from Addition of Grignard 
Reagents to Carbonyl Groups 

Grignard reagents, RMgX, react with carbonyl compounds to yield alcohols 
in much the same way that hydride reagents do. The result is a useful and 
general method of alcohol synthesis. 

ya 

| 1. RMgx, ether . 
AY 3 pe aw + HOMgx 

We saw in Section 10.9 that alkyl, aryl, and vinylic halides react with 
magnesium in ether or tetrahydrofuran solution to generate Grignard 
reagents, RMgX. 
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o OF 

R—X + Mg — R—MgxX 

A Grignard reagent 

1°, 2°, or 3° alkyl, aryl, or vinylic ll where R 

X = Cl, Br, or I 

A large number of alcohol products can be obtained from Grignard 
reactions, depending on the reagents used. For example, Grignard reagents 
react with formaldehyde, HjC=O, to give primary alcohols: 

MgBr , | CH,OH 
dul $9 HOH pi a 

Cyclohexylmethanol (65%) Formaldehyde 

(a 1° alcohol) 

Cyclohexylmagnesium 
bromide 

Aldehydes react with Grignard reagents to give secondary alcohols: 

ee eo ete 
CH;CHCH,CH + | eo cucncrcn—( 

3-Methylbutanal Phenylmagnesium 3-Methyl-1-phenyl-1-butanol (73%) 
bromide (a 2° alcohol) 

Ketones react similarly to yield tertiary alcohols: 

OH 
O 

1. CH3;CH2MgBr, ether CH,CH; 

2. H;0* 

Cyclohexanone 1-Ethylcyclohexanol (89%) 

(a 3° alcohol) 

Esters react with Grignard reagents to yield tertiary alcohols in which 
two of the substituents bonded to the hydroxyl-bearing carbon have come 

from the Grignard reagent (just as LiAlH, reduction of esters adds two 
hydrogens). For example: 

O . OH 

| 1. 2 CH3;MgBr | 
CH;CH,CH,CH,COCH,CHs3 Gia ae Ceigres oky ee + CH3;CH,OH 

Ethyl pentanoate CH3 

2-Methyl-2-hexanol (85%) 

(a 3° alcohol) 

Carboxylic acids don’t give addition products with Grignard reagents 
because the acidic carboxyl proton reacts with the Grignard reagent to 
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produce a hydrocarbon and the magnesium salt of the acid. We saw this 
reaction in Section 10.9 as a means of reducing alkyl] halides to alkanes. 

RBr + Mg — > RMgBr 

i 1 
RMgBr + C — RH + C 

R’~ “OH R’~ ~O-+MgBr 

A carboxylic acid A carboxylic acid salt 

The Grignard reaction, though useful, has severe limitations. The major 
problem is that a Grignard reagent can’t be prepared from an organohalide 
if there are other reactive functional groups in the same molecule. For 
example, a compound that is both an alkyl halide and a ketone won’t form 
a Grignard reagent; instead, it reacts with itself. Similarly, a compound that 
is both an alkyl halide and a carboxylic acid, an alcohol, or an amine can’t 
form a Grignard reagent because the acidic RCO2H, ROH, or RNHzg protons 
present in the same molecule react with the basic Grignard reagent as 
rapidly as it forms. 

Generally speaking, Grignard reagents can’t be prepared from alkyl 
halides that also contain these functional groups (FG): 

Caro 
The Grignard reagent 

where FG = —OH, —NH, —SH, —COOH is protonated by 

these groups. 

0. .67. £0 | | 
| | | The Grignard, reagent 

FG = —CH, —CR, —CNRg, adds to these proups. 

—C=N, —NOsz, —SO.R 

PRACTICE PROBLEMig rr C32 Sieh cas ociesamencasss osteo 

How could you use the addition of a Grignard reagent to a ketone to synthesize 
2-pheny1-2-propanol? 

Solution First, draw the structure of the product and identify the groups bonded 
to the alcohol carbon atom. In the present instance, there are two methyl groups 
(-CH3) and one phenyl (-CgH;). One of the three will have come from a Grignard 
reagent, and the remaining two will have come from a ketone. Thus, the possibilities 
are addition of methylmagnesium bromide to acetophenone and addition of phenyl- 
magnesium bromide to acetone: 

O HO CH, 
| Nar 
C C 0 

CH; h. CH3MgBr CH, Ne CgH;MgBr Cc 

2. H30+ 2. H30+ 3 30 HCwrl CH 

Acetophenone 2-Phenyl-2-propanol Acetone 
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17.10 Show the products obtained from addition of methylmagnesium bromide to these 
compounds: 

(a) Cyclopentanone (b) Benzophenone (dipheny] ketone) (c) 3-Hexanone 

OO Ce Ce ee eC Oe re ee 

17.11 How could you use a Grignard addition reaction to prepare these alcohols? 
(a) 2-Methyl-2-propanol (b) 1-Methylcyclohexanol (c) 3-Methyl-3-pentanol 
(d) 2-Phenyl-2-butanol (e) Benzyl alcohol 

SPS HHH He Hem eee eee eee ee EEE EER Eee EEE REDE HEHEHE EEE HEED EEE 

17.12 How can you explain the observation that treatment of 4-hydroxycyclohexanone 
with one equivalent of methylmagnesium bromide yields none of the expected addi- 
tion product, whereas treatment with an excess of Grignard reagent leads to a good 
yield of 1-methyl-1,4-cyclohexanediol? 

ry 

17.8 Reactions of Alcohols 

Reactions of alcohols can be divided into two groups—those that occur at 
the C—O bond and those that occur at the O—-H bond: 

O—H reactions 

CA 
On 

|.-——— C—O reactions 

“fp aN 

Let’s begin to look at reactions of both types by reviewing some of the alcohol 
reactions seen in previous chapters. 

DEHYDRATION OF ALCOHOLS TO YIELD ALKENES 

One of the most important C—O bond reactions of alcohols is dehydration 
to give alkenes. The carbon—oxygen bond is broken, a neighboring C—H is 
broken, and an alkene pi bond is formed: 

H OH ‘ / 

\o heh — +s C=C + 20 A dehydration reaction 
7 \ fe \ 

Because of the importance of the reaction, a number of alternative ways 

have been devised for carrying out dehydrations. One of the more common 

methods, which works particularly well for tertiary alcohols, is the acid- 

catalyzed method discussed in Section 7.1. For example, when 1-methyl- 
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cyclohexanol is warmed with aqueous sulfuric acid in a solvent such as 
tetrahydrofuran, loss of water occurs and 1-methylcyclohexene is formed: 

H,C OH CH, 

H,0*, THF 

50°C 

1-Methylcyclohexanol 1-Methylcyclohexene (91%) 

Acid-catalyzed dehydrations normally follow Zaitsev’s rule (Section 
11.10) and yield the more highly substituted alkene as the major product. 
Thus, 2-methyl-2-butanol gives primarily 2-methy]-2-butene (trisubstituted 
double bond) rather than 2-methy]-1-butene (disubstituted double bond): 

CH; CHs CH2 

| H,0*, THF \ \ 

OH CHs CH3 

2-Methyl-2-butanol 2-Methyl-2-butene 2-Methyl-1-butene 

(trisubstituted) (disubstituted) 

Major product Minor product 

In normal laboratory practice, only tertiary alcohols are commonly 
dehydrated with acid. Secondary alcohols can be made to react, but the 
conditions are severe (75% H»2SQO,4, 100°C) and sensitive molecules don’t 
survive. 

oF 

CH,CH,CHCH; a CH,;CH=CHCH; 

2-Butanol 2-Butene 

Primary alcohols are even less reactive than secondary ones, and very 
harsh conditions are necessary to cause dehydration (95% HSOx,, 150°C). 
Thus, the reactivity order for acid-catalyzed dehydrations is 

Cs 

The reasons for the observed reactivity order are best understood by 
looking at the mechanism of the reaction (Figure 17.8). Acid-catalyzed dehy- 
drations are E1 reactions (Section 11.14), which occur by a three-step mech- 
anism involving protonation of the alcohol oxygen, loss of water to generate 
a carbocation intermediate, and final loss of a proton (H*) from the neigh- 
boring carbon atom. 
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H + 

H;C Ot 

Two electrons from the oxygen atom 

bond to H", yielding a protonated || 
alcohol intermediate. 

= 
H + 

Hoe 
H 

Protonated 
alcohol 

The carbon—oxygen bond breaks, and 

the two electrons from the bond stay || 
with oxygen, leaving a carbocation 
intermediate. 

CH; 
+ 

aia car BROAN 

H + H,0: 

Two electrons from a neighboring Carbocation 
carbon—hydrogen bond form the 
alkene pi bond, and H* (a proton) is {| 
eliminated. 

CH; 

H 

Sela Ol 

aE ee ee 

Figure 17.8 Mechanism of the acid-catalyzed dehydration of 

alcohols to yield alkenes. 

Once the acid-catalyzed dehydration is recognized to be an E1 reaction, 
the reason why tertiary alcohols react fastest becomes clear. Tertiary sub- 
strates always react fastest in E1 reactions because they lead to highly 
stabilized tertiary carbocation intermediates. 

To circumvent the necessity for strong acids and allow the dehydration 
of secondary alcohols in a gentler way, other reagents have been developed 
that are effective under mild, basic conditions. One such reagent, phosphorus 
oxychloride (POC]3), is often able to effect the dehydration of secondary and 
tertiary alcohols at 0°C in the basic amine solvent pyridine: 

CH; CH, 

fae OH POC], ele 
a 
Pyridine, 0°C 

H 

1-Methylcyclohexanol 1-Methylcyclohexene (96%) 
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PROBLEM... 

17.14 

Alcohol dehydrations carried out with POCI; take place by the E2 mech- 

anism shown in Figure 17.9. Since hydroxide ion is a poor leaving group 

(Section 11.5), direct E2 elimination of water from an alcohol doesn’t occur. 

In the presence of POCls, however, the hydroxyl group is converted into a 

dichlorophosphate, which is an excellent leaving group and is readily elim- 

inated to yield an alkene. Pyridine, an organic amine, serves both as reaction 

solvent and as base to abstract a neighboring proton in the E2 elimination 

step. 

oe 
The alcohol hydroxyl group reacts with ( - 
POCI, to form a dichlorophosphate O=P—Cl 
intermediate. Col 

wo : N \ 

E2 elimination then occurs by the COPOC], 

usual one-step mechanism as the 
amine base pyridine abstracts a proton 
from the neighboring carbon at the 
same time that the dichlorophosphate 
group is leaving. 

‘ 

ee ee 

Figure 17.9 Mechanism of the dehydration of secondary and 

tertiary alcohols by reaction with POCI3 in pyridine. The reaction is 
an E2 process. 

| 

What product(s) would you expect to obtain from dehydration of these alcohols with 
POCIl, in pyridine? Indicate the major product in each case. 

OH 
| 

(a) CH3z;CH,CHCH(CH3)2 (b) trans-2-Methylcyclohexanol 

(c) cis-2-Methylcyclohexanol 

CREO EEEEHE EEE E EEE EE 

Good evidence for the intermediacy of carbocations in the acid-catalyzed dehydration 
of alcohols comes from the observation that rearrangements sometimes occur. Pro- 
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pose a mechanism to account for the formation of 2,3-dimethyl-2-butene from 3,3- 
dimethyl-2-butanol. [Hint: See Section 6.13.] 

Hat OH 

CHs—C—CHCHs He, (CH;),C—=C(CH,), + H,0 
H.C 

See eee eee e asses eser eee eee ee eeeee Eee eee Eee eeeeesesesereeseseeeeee 

CONVERSION OF ALCOHOLS INTO 
ALKYL HALIDES 

A second C—O bond reaction of alcohols is their conversion into alkyl] halides 
(Section 10.8). Tertiary alcohols are readily converted into alkyl halides by 
treatment with either HCl or HBr at 0°C. Primary and secondary alcohols 
are much more resistant to acid, however, and are best converted into halides 

by treatment with either SOCl, or PBrs. 
As discussed in Section 11.16, the reaction of a tertiary alcohol with 

HX takes place by an Sy1 route. Acid protonates the hydroxy] oxygen atom, 
water is expelled to generate a carbocation, and the cation reacts with 
nucleophilic halide ion to give the alkyl halide product: 

R ' H 
| aoe fs nie ee 70s 

CS ane —Hi- le— | R— C8 ; —> HO + R—Ct | —*— R—C—CI 

R R H R 

The reactions of primary and secondary alcohols with SOCl, and PBrs 
take place by Sy2 routes. Hydroxide ion itself is too poor a leaving group 
to be displaced by nucleophiles in Sy2 reactions, but reaction of an alcohol 
with SOC], or PBrg converts the hydroxy] into a much better leaving group 
that is readily expelled by back-side nucleophilic attack (Figure 17.10). 

O 
| 80h, Hc] + RCH,“o’ sc) > RCH,CI +80, + HCI 

: :Cl: 

RCH,0OH 

on HBr + RCH>-_O— PBr, —2> RCH,Br + HOPBr, 
eee et Od Sos bhe 

| 

Figure 17.10 Conversion of a primary alcohol into alkyl halides 

by Sy2 reactions with SOCI, and PBrs. 
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CONVERSION OF ALCOHOLS INTO TOSYLATES 

We saw in Section 11.2 that alcohols react with p-toluenesulfonyl chloride 
(tosyl chloride, p-TosC]) in pyridine solution to yield alkyl tosylates, ROTos. 
Only the O-H bond of the alcohol is broken in this reaction; the C—O bond 
remains intact, and no change of configuration occurs if the alcohol is chiral. 
The resultant alkyl tosylates behave much like alky] halides in their chem- 
istry, undergoing Syl and Syj2 substitution reactions with ease. 

SO,Cl 

Ro-0e- be ei = n—-o-8-_\ on, + HCl 
H.C I 

An alcohol 

p-Toluenesulfony! chloride A tosylate 

One of the most important reasons for using tosylates instead of halides 
is stereochemical. In a sense, the following two sequences of reactions are 

stereochemically complementary. 

ROH 42> boR Kae GIRNa (double inversion = retention) 

Alcohol Alkyl halide Product 

and 

ROH —> ROTos —“% RNu (single inversion) 

Alcohol Alkyl tosylate Product 

The Sy2 reaction via the halide proceeds with two Walden inversions—one 
to make the halide from the alcohol and one to substitute the ;halide—and 
yields a product with the same absolute stereochemistry as the starting 
material. The Sy2 reaction via the tosylate proceeds with only one Walden 
inversion, however, and yields a product of opposite absolute stereochemistry 
from the starting material. Figure 17.11 gives a series of reactions on opti- 
cally active 2-octanol that illustrates these stereochemical relationships. 

17.9 Oxidation of Alcohols 

The most important reaction of alcohols is their oxidation to yield carbonyl 
compounds. Primary alcohols yield aldehydes or carboxylic acids; secondary 
alcohols yield ketones; and tertiary alcohols don’t react with most oxidizing 
agents except under the most vigorous conditions. 

ot O 
| 

Beare oy hOB, oh OO 

H 

A primary alcohol An aldehyde A carboxylic acid 
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H Br sf 

CH; Sn2 CH; 

(S)-2-Bromooctane (R)-1-Methylheptyl ethyl ether 

PBrg, ether 

Syn2 

HO H 

(R)-2-Octanol 

p-TosCl 

Pyridine 

TosO H H OCH,CH; 

ere - oe ee oe 
CH Sy2 CH 3 

3 

3 

(R)-1-Methylhepty] tosylate (S)-1-Methylheptyl ethyl ether 

[eS ee) 

Figure 17.11 Stereochemical consequences of some S,,2 reactions 
on derivatives of (R)-2-octanol. 

OH 

dpe Maat — R—C—R’ 

R’ 

A secondary alcohol A ketone 

OH 

R—C—R’ —2 Noreaction 

R’ 

A tertiary alcohol 

where [O] is an oxidizing agent 

Oxidation of primary and secondary alcohols can be accomplished by a 
large number of reagents, including KMnO,, CrO3, and NagCr2O7. Which 
reagent is used in a specific case depends on such factors as cost, convenience, 
reaction yield, and alcohol sensitivity. For example, the large-scale oxidation 
of a simple, inexpensive alcohol like cyclohexanol would probably best be 
done with a cheap oxidant such as potassium permanganate. On the other 
hand, the small-scale oxidation of a delicate and expensive polyfunctional 
alcohol would best be done with a mild and high-yielding reagent, regardless 
of cost. 
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Primary alcohols are oxidized either to aldehydes or to carboxylic acids, 
depending on the reagents chosen and on the conditions used. Probably the 
best method for preparing aldehydes from primary alcohols on a laboratory 
scale (as opposed to an industrial scale) is by use of pyridinium chlorochro- 
mate (PCC, C5sHgNCrO3Cl) in dichloromethane solvent. 

O 
| 

CH,(CH,);CH,OH ara CH,(CH,);CH 
2412 

Heptanal (78%) 1-Heptanol 

i 
See eer PCC J epee 

CH2Clz H 

Citronellol (from rose oil) 

\\+ 

where PCC = v N—H CrO,Cl- 

Most other oxidizing agents, such as chromium trioxide (CrO3) in aque- 
ous sulfuric acid (Jones’ reagent), oxidize primary alcohols to carboxylic 
acids. Aldehydes are involved as intermediates in the Jones oxidation but 
can’t usually be isolated because they are further oxidized too readily. 

Citronellal (82%) 

O 
| 

CrO3 > H,SO, 5 
CH3(CH2)gCH,OH “HO auc CH3(CH2)gCOH { 

1-Decanol Decanoic acid (93%) 

i 
CH,OH Pees C08 
Ph H,20, acetone Ph 

(1-Phenylcyclopentyl)methanol 1-Phenylcyclopentane- 

carboxylic acid (85%) 

Secondary alcohols are oxidized easily and in high yields to give ketones. 
For large-scale oxidations, an inexpensive reagent such as sodium dichro- 
mate in aqueous acetic acid is used. 

a roe 
eS NagCr 07 pi ot 

HC c—{ on H,0, CH,CO,H, 4 HsC c{ mo 
CH, | CH; 

4-tert-Butylcyclohexanol 4-tert-Butylcyclohexanone (91%) 
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For more sensitive alcohols, pyridinium chlorochromate or Jones’ 
reagent is often used, since these reactions are milder and occur at lower 
temperatures. 

OH O 
Jones’ reagent 

Acetone, 0°C 

Cyclooctanol Cyclooctanone (96%) 

O 
H3C 

PCC 

CH2Cle, 25°C 

O 

Testosterone 4-Androstene-3,17-dione (82%) 

(steroid; male sex hormone) 

O 

All of these oxidations occur by a pathway closely related to the E2 
reaction. The first step involves reaction between the alcohol and a chro- 
mium(VI) reagent to form an intermediate chromate. Bimolecular elimi- 
nation then yields the carbonyl] product. 

= pies H (ec rO;— 

reaction 2- 
We = aheee Blew + CrO; 

—: Base 

An alcohol A chromate Carbonyl 

intermediate product 

Although we usually think of the E2 reaction as a means of generating 
carbon—carbon double bonds by dehydrohalogenation of alkyl halides, it’s 
also useful for preparing carbon—oxygen double bonds. This is just one more 
example of how the same few fundamental mechanistic types keep reap- 
pearing in different variations. 

WEY CHEE a) Mocs ns seh dyoi elwlovs o/s lo) ieiiayara ol'a/ayetots. ¥i8) vi0i010 agehecheler eqsaaiataaieas cists tsNel ata aig 

17.15 Which alcohols would give these products on oxidation? 

(a) 0 (b) CH (c) oe 

CH,CHCHO 
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PROBLEM 

CHAPTER 17 Alcohols and Thiols 

Pease ewer erersnsessssseesessesevreseseseeesesesssesesesesesese 

17.16 What products would you expect from oxidation of these compounds with Jones’ 

see ne nee 

17.10 

reagent? With pyridinium chlorochromate? 
(a) 1-Hexanol (b) 2-Hexanol (c) Hexanal 

ee) 

Protection of Alcohols 

It often happens, particularly during the synthesis of complex molecules, 
that one functional group in a molecule interferes with an intended reaction 
on a second functional group elsewhere in the same molecule. For example, 
we saw earlier in this chapter that a Grignard reagent can’t be prepared 
from a halo alcohol because the carbon—magnesium bond is not compatible 
with the presence of an acidic hydroxy] group in the same molecule. 

Mg 
HO—foteeuls)—Br a HO— (Molecule) —MgBr 

Not formed 

When this kind of incompatibility arises, it’s sometimes possible to 
circumvent the problem by protecting the interfering functional group. Pro- 
tection involves three steps: (1) introducing a protecting group to form an 
inert derivative, (2) carrying out the desired reaction, and (3) removal of 
the protecting group. 

One of the most common methods of alcohol protection involves base- 
catalyzed reaction with chlorotrimethylsilane to yield a trimethylsilyl 
(TMS) ether. The reaction is an Sy2 reaction of the alcohol anion with the 
chlorosilane: : 

CH; CH; 
4 | 

ROH + Se BSL OES Bee + (CH,CH,),NH* Cl- 
ef 

G H, C H; 

An Chlorotrimethyl- A trimethylsilyl (TMS) 
alcohol silane ether 

For example: 

Ce: + (CH), c1c1 — seinen. ey 
ele 

Cyclohexanol Cyclohexy] trimethylsilyl 

ether (94%) 

As indicated by the preceding example, TMS ether formation is carried 
out in the presence of a base, usually triethylamine, to help form the alkoxide 
anion from the alcohol and scavenge the HCl by-product from the reaction. 
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The actual ether-forming step is an Sy2 back-side attack of the alcohol on 
the silicon atom, with concurrent loss of a leaving chloride anion. Unlike 
most Sy2 reactions, however, which are strongly affected by steric hindrance, 
this one takes place at a tertiary center—a trialkyl substituted silicon atom. 
The reaction occurs because silicon, a second-row atom, is larger than carbon 
and thus forms longer bonds. As a result, the three methyl substituents 
attached to silicon are farther away and offer less steric hindrance to Sy2 
attack than they do in the analogous tert-butyl] chloride. 

CH Shorter bonds; CH Longer bonds; 

/ 3 carbon is more y. 2 silicon is less 
cl—c eat hindered “i ge hindered 

met \OCH, 
3 

C-C bond length: 1.54 A C-Si bond length: 1.95A 

Like most other ethers that we'll study in the next chapter, TMS ethers 
are relatively unreactive. They have no acidic protons and are therefore 
protected against reaction with oxidizing agents, reducing agents, and 
Grignard reagents. They can, however, be cleaved by reaction with aqueous 
acid or with fluoride ion to regenerate the alcohol. The cleavage reaction is 
simply another Sy2 attack on silicon. 

Ring <tore H30+ OH 

Pho + (CH,),SiOH 
ein 

Cyclohexyl TMS ether Cyclohexanol 

To complete the earlier example, it’s possible to use a halo alcohol ina 
Grignard reaction by employing a three-step sequence: (1) protection, (2) 
Grignard formation and reaction, (3) deprotection. For example, we can add 
3-bromo-1-propanol to acetaldehyde by the route shown in Figure 17.12. 

CeCe eee eC R HCE REECE OTH OSCE S ESE OLOTC OLEH EHO ETO LETC SS ECL OC OCOS 

TMS ethers can be removed by treatment with fluoride ion as well as by acid- 
catalyzed hydrolysis. Propose a mechanism for the reaction of cyclohexyl TMS ether 

with LiF. Fluorotrimethylsilane is a product. 

sie e slelsiulals e\s 60s) su sla» a @ sie e/e leis ele! @ (6010.66 616.6 (0e 6 #1 01010)(6 100.6600 (0,09 

Spectroscopic Analysis of Alcohols 

INFRARED SPECTROSCOPY 

Alcohols show a characteristic O-H stretching absorption at 3300-3600 

cm~! in the infrared spectrum that simplifies their spectroscopic identifi- 

cation. The exact position of the absorption band depends on the extent of 
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Step 1: Protect alcohol 

; (CH3CHe)3N ri 
HOCH,CH,CH, Br Fr (CH3)3SiCl a Mame pice (CH3),Si0OCH,CH,CH2Br 

Step 2a: Form Grignard reagent 

(CH3)3SiOCH,CH,CH,Br an (CH3)3Si0CH,CH,CH,MgBr 

Step 2b: Do Grignard reaction 

OH 

1. CH Le | 
(CH3)3SiOCH,CH,CH2.MgBr gee (CH3),SiOCH,CH,CH,CHCHs3 

» Hg 

Step 3: Remove protecting group 

OH OH 

| 4 | 
(CH,),Si0CH,CH,CH,CHCH, —22> HOCH,CH,CH,CHCH; + (CH;);Si0H 

Figure 17.12 Use of a TMS-protected alcohol during a Grignard 

reaction. 

hydrogen bonding in the sample. Unassociated alcohols show a fairly sharp 
absorption near 3600 cm™!, whereas hydrogen-bonded alcohols show a 
broader absorption in the 3300-3400 cm™! range. The hydrogen-bonded 
hydroxyl absorption is easily seen at 3350 cm! in the infrared spectrum of 
cyclohexanol (Figure 17.13). Alcohols also show a strong C—O stretching 
absorption near 1050 cm7!. 

Wave number (cm — a5 

5000 3000 ~ 2000 1500 1300 1100 1000 900 800 700 

ge 
o 
oO 

5 
‘E 
n 

cal 
fe 

H—O Cc 
stretch 

ei see, 

2 3 4 5 6 fi 8 9 10 Ohi! 12 13 14 15 

Wavelength (um) , 

Figure 17.13 Infrared spectrum of cyclohexanol. 
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17.18 Let’s assume that you needed to prepare 5-cholestene-3-one from cholesterol by Jones 

ee 

oxidation. How could you use infrared spectroscopy to tell if the reaction was suc- 
cessful? What differences would you look for in the infrared spectra of starting 
material and product? 

Jones’ reagent 
Sa 

HO O 

Cholesterol 5-Cholestene-3-one 

Ce 

NUCLEAR MAGNETIC RESONANCE 
SPECTROSCOPY 

Carbon atoms bonded to electron-withdrawing —OH groups are deshielded 
and absorb at a lower field than do normal alkane carbon atoms in the °C 
NMR spectrum. Most alcohol carbon absorptions fall in the range 50—80 6, 
as the spectral data in Figure 17.14 illustrate for cyclohexanol. 

Figure 17.14 Carbon-13 NMR data for cyclohexanol. 

Alcohols show characteristic absorptions in the 1H NMR spectrum also. 
Protons on the oxygen-bearing carbon atom are deshielded by the electron- 
withdrawing effect of the nearby oxygen, and their absorptions occur in the 
range 3.5—4.5 6. Surprisingly, splitting is not usually observed between the 
O-H proton and the neighboring protons on carbon. Most samples contain 
small amounts of acidic impurities that catalyze an exchange of the hydroxyl] 
proton on a time scale so rapid that the effects of spin-spin splitting are 
removed and no coupling is observed. 

| | 
{Uso 1) —¢—0-# + HA 

H H 

No NMR coupling observed 
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ey 

It’s often possible to take advantage of this rapid proton exchange to 

identify the position of the O-H absorption. If a small amount of deuterated 

water, D,O, is added to the NMR sample tube, the O-H proton is rapidly 

exchanged for deuterium, and the hydroxy] absorption disappears from the 

spectrum. 

\ \ 
—c—0-H 2 OO + HDO 

Normal spin-spin splitting is observed between protons on the oxygen- 
bearing carbon and other neighbors. For example, the signal of the two 
-CH,O- protons in 1-propanol is split into a triplet by coupling with the 
neighboring —CH2- protons (Figure 17.15). 

CH3;—CH,—CH,—OH 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

Saou ee ee ee 

Figure 17.15 Proton NMR spectrum of 1-propanol. The protons 

on the oxygen-bearing carbon are split into a triplet at 3.6 6. 

CORO em meee eee eee OHHH HEHEHE HEHEHE EEE EEE HEHEHE HEH OEE 

When the 'H NMR spectra of alcohols are run in dimethyl sulfoxide (DMSO) solvent, 
exchange of the hydroxy] proton is slow, and spin-spin splitting is observed between 
the -O-H proton and C-H protons on the adjacent carbon. What spin multiplicities 
would you expect for the hydroxy] protons in these alcohols? 
(a) 2-Methyl-2-propanol (b) Cyclohexanol (c) Ethanol 
(d) 2-Propanol (e) Cholesterol (f) 1-Methylcyclohexanol 

Ce i i a ar er ary 

MASS SPECTROSCOPY 

Alcohols undergo fragmentation in the mass spectrometer by two charac- 
teristic pathways, alpha cleavage and dehydration. In the alpha-cleavage 
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pathway, a carbon-carbon bond nearest the hydroxy] group is broken, yield- 
ing a neutral radical plus a charged oxygen-containing fragment: 

ha +: ia EE 

Alpha cleavage etig Hk ——— Seat ao. CHoR, 

R * R 

In the dehydration pathway, water is eliminated, yielding an alkene radical 
cation: 

OH | += oes 

7 
C 
K 

Dehydration B C—C~_ > iso) + ic 

Both of these characteristic fragmentation modes are apparent in the 
mass spectrum of 1-butanol (Figure 17.16). The peak at m/z = 56 is due to 
loss of water from the molecular ion, and the peak at m/z = 31 is due to an 
alpha cleavage. 

Relative abundance (%) 

20 40 60 80 100 120 140 

Alpha cleaves: CHICHIGH >“ CHLOHI* 

miz = 31 
[CH;CH,CH, CH; OH]*" . 

miz = 74 Dehydration ee [(CH3;CH,CH=CH,]*" + H,0 

miz = 56 

DO IR aT BES 

Figure 17.16 Mass spectrum of 1-butanol. Dehydration gives a 

peak at m/z = 56; fragmentation by alpha cleavage gives a peak at 

m/z = 31. 
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17.12  Thiols 

Thiols, R-SH, are sulfur analogs of alcohols. Thiols are named by the same 
system used for alcohols, with the suffix -thiol used in place of -ol. The -SH 

group itself is referred to as a mercapto group. 

SH COOH 

CH,CH,SH 

Ethanethiol SH 
Cyclohexanethiol §m-Mercaptobenzoic acid 

The most obvious physical characteristic of thiols is their appalling odor. 
For example, skunk scent is caused primarily by the simple thiols, 3-methyl- 
1-butanethiol and 2-butene-1-thiol. Small amounts of low-molecular-weight 
thiols are added to natural gas to serve as an easily detectable warning in 
case of leaks. 

Thiols are usually prepared from the corresponding alkyl halides by 
Sy2 displacement with a sulfur nucleophile such as hydrosulfide anion, “SH. 

CHs(CH,)CH2—-Br + Na -:SH ——> CH,(CH,)gCH,SH + NaBr 

1-Bromooctane Sodium 1-Octanethiol 

hydrosulfide 

Yields are often poor in this reaction unless an excess of hydrosulfide 
anion is used, because the product thiol can undergo further reaction with 
alkyl halide, yielding a symmetrical sulfide, R-S—R, as a by-product. For 

this reason, thiourea, (NH2)2C=S, is often used as the nucleophile in the 

preparation of thiols from alkyl halides. The reaction occurs by displacement 
of the halide ion to yield an intermediate alkylisothiourea salt, followed by 
hydrolysis with aqueous base. 

sy ae oe rm 

{Br t+ HAC CH,(CH,),CH,—S =C—NH, 

1-Bromooctane Thiourea Alkylisothiourea salt 

CH,(CH,),CH> 

HO, NaOH 

O 

CH3(CH. )gCH.S H a H2,.N—C—NH, 

1-Octanethiol (83%) Urea 

Thiols can be oxidized by mild reagents such as bromine or iodine to 
yield disulfides, RSSR. The reaction is easily reversed, and disulfides can 
be reduced back to thiols by treatment with zinc and acid. 
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Br» 

2R—SH = ~R—S—S—R + 2HBr 

A thiol A disulfide 

We'll see later that the thiol—disulfide interconversion is extremely impor- 
tant in biochemistry, where disulfide “bridges” form the cross-links between 
protein chains that help stabilize the three-dimensional conformations of 
proteins. 

Pe SS. 2S SSS S86 616.0 6 £15 He wed, S000 0 aiele 6.0 aw ue bee 66-6 «4 elela © 

Name the following compounds by IUPAC rules: 

CH, SH SH 
| | 

(a) CH;CH,CHSH —(b) (CHs);CCH,CHCH,CH(CH3), _—(c) 

SPB eee eee eee eerereeseeesesresnereseseseeeseeeeeseseseseene 

2-Butene-1-thiol is one component of skunk spray. (a) How would you synthesize 
this substance from methy] 2-butenoate? (b) From 1,3-butadiene? 

i 
CH;CH=CHCOCH; ——_, CH3;CH=CHCH,SH 

Methyl 2-butanoate 2-Butene-1-thiol 

ee ee ay 

17.13, Summary and Key Words 

Alcohols are among the most versatile of all organic compounds. They occur 
widely in nature, are important industrially, and have an unusually rich 
chemistry. Alcohols can be prepared in a number of different ways, including 
osmium tetraoxide hydroxylation of alkenes, hydroboration—oxidation 
of alkenes, and oxymercuration—sodium borohydride reduction of alkenes. 

The most important methods of alcohol synthesis involve carbonyl com- 
pounds. Aldehydes, ketones, esters, and carboxylic acids can be reduced 

by reaction with either sodium borohydride or lithium aluminum hydride. 
Aldehydes, esters, and carboxylic acids yield primary alcohols on reduction; 
ketones yield secondary alcohols. Sodium borohydride is safe to use and 
relatively unreactive. It reduces aldehydes and ketones rapidly, reduces 
esters slowly, and does not reduce carboxylic acids. Lithium aluminum 
hydride is a powerful and dangerous reagent that must be handled with 
great care. It rapidly reduces all types of carbonyl groups, including car- 
boxylic acids. 

The reaction of Grignard reagents with carbonyl compounds is another 
important method for preparing alcohols. Grignard addition to formaldehyde 
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yields a primary alcohol, addition to an aldehyde yields a secondary alcohol, 
and addition to a ketone or an ester yields a tertiary alcohol. Carboxylic 
acids don’t give Grignard addition products. The Grignard synthesis of alco- 
hols is limited by the fact that Grignard reagents can’t be prepared from 
alkyl halides that contain reactive functional groups in the same molecule. 
This problem can sometimes be avoided by protecting the interfering func- 
tional group. Alcohols are often protected by formation of trimethylsilyl 
(TMS) ethers. 

Alcohols undergo a great many different reactions. They can be dehy- 
drated by treatment with POCI; and can be transformed into alkyl halides 
by treatment with PBrs or SOCl,. Furthermore, alcohols are weakly acidic 
(pK, ~ 16-18). They react with strong bases and with alkali metals to form 
alkoxide anions, which are much used in organic synthesis. 

The most important reaction of alcohols is their oxidation to carbonyl 
compounds. Primary alcohols yield either aldehydes or carboxylic acids, 
depending on the conditions used; secondary alcohols yield ketones; and 
tertiary alcohols aren’t normally oxidized. Pyridinium chlorochromate 
(PCC) in dichloromethane is often used for oxidizing primary alcohols to 
aldehydes and secondary alcohols to ketones. The Jones reagent, a solution 
of CrO3 in aqueous sulfuric acid, is much used for oxidizing primary alcohols 
to carboxylic acids and secondary alcohols to ketones. 

Alcohols show characteristic absorptions in both infrared and nuclear 
magnetic resonance spectra, making their spectroscopic analysis relatively 
straightforward. 

Thiols, RSH, the sulfur analogs of alcohols, are usually prepared by 
Sn2 reaction of an alkyl halide with thiourea. Mild oxidation of a thiol yields 
a disulfide, RSSR, and mild reduction of a disulfide gives back the thiol. 

17.14 Summary of Reactions 

1. Synthesis of alcohols 
a. Reduction of carbonyl compounds (Section 17.6) 

- (1) Aldehydes 

O 
| 1. NaBHy,, ethanol 

or LiAlHg, ether oreo RCH,OH 

A primary alcohol 

(2) Ketones 

i 1. NaBHg, ethanol H OH 

or LiAlHy, ether \ rf 

yoline » 2 Hg0* Hs 
R R 

A secondary alcohol 
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(3) Esters 

| 
1. LiAIHy, ether , ao BHO” -RCHAOH + ROH 

A primary alcohol 

(4) Carboxylic acids 

O 

I 1. LiAlH,, ether 

a 
- on 2 FO RCH,OH 

A primary alcohol 

b. Grignard addition to carbonyl compounds (Section 17.7) 
(1) Formaldehyde 

i > 1. Ether solvent 
RMgBr + C ae ee ac RCH,OH 

HH” >H 2. H30 

A primary alcohol 

(2) Aidehydes 

i a a 1. Ether solvent 
RMgBr + C a Ss C RSH 2 He R~ >R 

A secondary alcohol 

(3) Ketones 

we 1. Ether solvent 
RMgBr + C Cin ean eco Bika SR” 2. H30 R~ SR’ 

A tertiary alcohol 

(4) Esters 

1 R OH 
1. Ether solvent ” 

2RMgBr + C ra C + R’OH 
R~ oR” 2 #0 R~ SR 

A tertiary alcohol 

2. Reactions of alcohols 

a. Acidity (Section 17.4) 

ROH + NaH —~> RO-Nat* + He 

2ROH + 2Na ——> 2RO Nat + Hp 
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b. Dehydration (Section 17.8) 
(1) Tertiary alcohols 

H OH R 
7 es - 

Nod h0", c=C 
[aN Lethe. 

R R 

(2) Secondary and tertiary alcohols 

H OH 

/ POCI, / 
—C. ————— =C C = 

a 7 \> Pyridine F: e 

c. Oxidation (Section 17.9) 

(1) Primary alcohol 

O 

PCC 
CHCh p~ yy RCH,OH 

An aldehyde 

CrO3, HeSO, I 
H,O, acetone Za 

; R OH 
RCH.OH 

A carboxylic acid 

(2) Secondary alcohol 

H OH 

ve PCC, CHCl, | 
RO RF ones’ reagent =p“ Np 

A ketone 

3. Synthesis of thiols (Section 17.12) 

1. (H,N),C=S 

2. H,0, NaOH 

4. Oxidation of thiols to disulfides (Section 17.12) 

RCH,Br RCH,SH 

Br» > H,O 
retreat 2 RSH RS—SH 

ADDITIONAL PROBLEMG.................cccesccerseccences 

17.22 Name the following compounds according to the IUPAC system: 

CH OH 
(a) HOCH,CH,CHCH,OH = (b) CH;CH(OH)CHCH,CH; ~— ©) nf 

CH,CH,CH, HO 



17.23 

17.24 

17.25 

17.26 

17.27 

17.28 

17.29 
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SH 

Ph OH | 
(e) P a (f) (CH3),;CHCCH2CH,CH3 

H H | 
CH; 

Draw and name the eight isomeric alcohols with formula C;H,,0. 

Which of the eight alcohols you identified in Problem 17.23 react with Jones’ reagent 

(CrO3, H20, HySO4)? Show the products you would expect from each reaction. 

How would you prepare the following compounds from 2-phenylethanol? 
(a) Styrene (b) Phenylacetaldehyde (CgH;CH,CHO) 
(c) Phenylacetic acid (CgH;CH,CO.H) (d) Benzoic acid 
(e) Ethylbenzene (f) Benzaldehyde 
(g) 1-Phenylethanol (h) 1-Bromo-2-phenylethane 

How would you carry out these transformations? 

OH O OH Br 

(a) a oo he (b) ae 

C(CHs)s C(CHs)3 C(CHs)3 C(CHs)s 

OH : 
(a) CH,CH,CH,OH —> CH,CH,CHO 

z 
(c) =a (e) CH;CH,CH,OH —’> CH,CH,CO,H 

(f) CH,CH,CH,OH —’> CH,CH,CH,OTos 
C(CH3)3 C(CHs3)3 2, 

(g) CH;CH,CH,OH —-> CH;CH,CH,Cl 

(h) CH,CH,CH,OH — > CH;CH,CH,O~- Na* 

What Grignard reagent and what carbonyl compound might you start with to prepare 

these alcohols? 

OH ao ee C(CHs) 
(a) CH;CHCH,CH; (b) ese ce (c) H,C=C—CH,OH 

ou 

(d) (Ph);COH (e). CH;CHCH,CH,CH,Br 

Assume that you have been given a sample of (S)-2-octanol. How could you prepare 

(R)-2-chlorooctane? How could you prepare (R)-2-octanol? 

When 4-chloro-1-butanol is treated with a strong base such as sodium hydride, NaH, 

tetrahydrofuran is produced. Suggest a mechanism for this reaction. 

CICH,CH,CH,CH,OH ae? [ \ + Hy + NaCl 
O 
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17.30 

17.31 

17.32 

17.33 

17.34 

17.35 

17.36 

17.37 

What carbonyl compounds would you reduce to prepare these alcohols? List all 

possibilities. 

(a) 2,2-Dimethyl-1-hexanol (b) 3,3-Dimethyl-2-butanol 

ah 

How would you carry out these transformations? 

CO,H CO.H 
ao 

(a) a 

CO.H 
— — 

What carbonyl compounds might you start with to prepare these compounds by 

Grignard reaction? List all possibilities. 
(a) 2-Methyl-2-propanol (b) 1-Ethylcyclohexanol 
(c) 3-Phenyl-3-pentanol (d) 2-Pheny]-2-pentanol 

(e) CH,CH,OH (f) Ns 

es C)—cn.biny, 
HC 

What products would you expect to obtain from reaction of 1-pentanol with these 
reagents? ‘ 

(a) PBr3 (b) SOC], ‘ 
(c) CrO3, HO, HeSO4 (d) PCC 

Acid-catalyzed dehydration of 2,2-dimethylcyclohexanol yields a mixture of 1,2- 
dimethylcyclohexene and isopropylidenecyclopentane. Propose a mechanism to 
account for the formation of both products. 

a 
Isopropylidenecyclopentane 

CH,0H 

How would you prepare these substances from cyclopentanol? More than one step 
may be required. 
(a) Cyclopentanone (b) Cyclopentene 
(c) 1-Methylcyclopentanol (d) trans-2-Methylcyclopentanol 

What products would you expect to obtain from reaction of 1-methylcyclohexanol 
with these reagents? 
(a) HBr (b) NaH 
(c) H,SO, (d) NazCr,07 

Testosterone is one of the most important male steroid hormones. When testosterone 
is dehydrated by treatment with acid, rearrangement occurs to yield the product 
indicated. Propose a mechanism to account for this reaction. [Hint: See Section 6.13.] 
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H3;0+ 
—— 

Testosterone 

17.38 Starting from testosterone (Problem 17.37), how would you prepare the following 
substances? 

HC O OH 

(a) (b) 

OH 
HC 

(9) (d) 

O HO 

17.39 Compound A, C,9H;g0, undergoes reaction with dilute H2,SO, at 25°C to yield a 
mixture of two alkenes, Cj 9Hi¢. The major alkene product, B, gives only cyclopen- 
tanone after ozone treatment followed by reduction with zinc in acetic acid. For- 
mulate the reactions involved, and identify A and B. 

17.40 Dehydration of trans-2-methylcyclopentanol with POC]; in pyridine yields predom- 
inantly 3-methylcyclopentene. What is the stereochemistry of this dehydration? Can 
you suggest a reason for formation of the observed product? (Make molecular models!) 

17.41 The 'H NMR spectrum shown is that of 3-methyl-3-buten-1-ol. Assign all of the 
observed resonance peaks to specific protons, and account for the splitting patterns. 

is 
H,C=CCH,CH,OH 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (6) 
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17.42 Propose a structure consistent with the following spectral data for a compound of 

formula CgH,,Oz: 

Infrared: 3350 cm7! 

1H NMR: 1.24 6 (12-proton singlet); 1.56 5 (4-proton singlet); 

1.95 6 (2-proton singlet) 

17.43  The!H NMR spectrum shown is of an alcohol of formula CgH,90. Propose a structure 

that is consistent with the observed spectrum. 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

17.44 2,3-Dimethyl-2,3-butanediol has the common name pinacol. On heating with aque- 
ous acid, pinacol rearranges to pinacolone, 3,3-dimethy1-2-butanone. Can you suggest 
a mechanism for this reaction? [Hint: See Section 6.13.] 

{ 
OH OH 

(CH,),C—C(CH,), —2°. CH,CC(CH,); + H.O 

Pinacol Pinacolone 

17.45 Compound A, C5H,00, is one of the basic building blocks of nature. All steroids and 
many other naturally occurring compounds are built up from compound A. Spec- 
troscopic analysis of A yields the following information: 

Infrared: 3400 cm™}; 1640 cm7! 

1H NMR: 1.63 6 (3-proton singlet); 1.70 5 (3-proton singlet); 

3.83 5 (1-proton broad singlet); 4.15 6 (2-proton doublet, J = 7 Hz); 

5.70 6 (1-proton triplet, J = 7 Hz) 

(a) How many double bonds and/or rings does A have? 

(b) From the infrared spectrum, what is the nature of the oxygen-containing func- 
tional group? 

(c) What kinds of protons are responsible for the NMR absorptions listed? 
(d) Propose a structure for A consistent with the 1H NMR data. 
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17.46 Propose structures for alcohols that have the following 'H NMR spectra: 

(a) C3H,O 

(b) C5Hi20 

(c) CgH, 90 

Intensity 

Chemical shift (5) 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

Intensity ———— 

10 8 6 4 2 0 ppm 

Chemical shift (6) 
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17.47. Propose structures for alcohols that have the following 1H NMR spectra: 

(a) CgHj20 

2 
2 
a 

& 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

(b) CgH i002 

& 

F 
& 

10 8 6 4 Za 0 ppm 

Chemical shift (5) 

17.48 As a general rule, axial alcohols oxidize somewhat faster than equatorial alcohols. 
Which would you expect to oxidize faster, cis-4-tert-butylcyclohexanol or trans-4- 
tert-butylcyclohexanol? Draw the more stable chair conformation of each molecule. 

17.49 Propose a synthesis of bicyclohexylidene, starting from cyclohexanone as the only 
source of carbon. 

CX) Bicyclohexylidene 

17.50 Since all hamsters look pretty much alike, attraction between sexes is controlled by 
chemical secretions. The sex attractant exuded by the female hamster has the fol- 
lowing spectral properties: 

Mass spectrum: Mt’ = 94 

Infrared: No characteristic functional-group absorptions above 1500 cm7! 

1H NMR: 2.10 6 (singlet); no other absorptions 

Propose a structure for the hamster sex attractant. 



17.51 

17.52 
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One problem often encountered in the oxidation of primary alcohols to acids is that 
esters are sometimes produced as by-products. For example, oxidation of ethanol 
yields acetic acid and ethy] acetate: 

O 
| 

CH,CH,OH —. CH,;COH + CH,COCH,CH; 
reagent 

Propose a mechanism to account for the formation of ethyl acetate. Take into account 
the reversible reaction between aldehydes and alcohols: 

| ie 
RCH) 4. ROH "=== se 

OR’ 

You know the effect of resonance on stability. Use this knowledge to explain why 
phenol (pK, = 4.6) is a stronger acid than cyclohexanol (pK, = 17). 

a" Cy" 
Phenol Cyclohexanol 



‘\.Ethers, Epoxides, 
and Sulfides 

An ether is a substance that has two organic residues bonded to the same 
oxygen atom, R-O-R’. The organic residues may be alkyl, aryl, or vinylic, 
and the oxygen atom can be part of either an open chain or a ring. Perhaps 
the most well known ether is diethyl ether, a familiar substance that has 
been used medicinally as an anesthetic and is much used industrially as a 
solvent. Other useful ethers include anisole, a pleasant-smelling aromatic 
ether used in perfumery, and tetrahydrofuran (THF), a cyclic ether often 
used as a solvent. 

O—CH, { 
O 

CH,CH,—0—CH,CH, HO Cue 
je tnd 

H.C ee CH, 

Diethyl ether Anisole Tetrahydrofuran 

(methyl phenyl] ether) (a cyclic ether) 

18.1 Nomenclature of Ethers 

Two different systems for naming ethers are allowed by IUPAC rules. Rel- 
atively simple ethers are named by identifying the two organic residues and 
adding the word ether. For example: 

O 
CH,OC(CHs)s CH,CH,OCH=CH, er VV 

' tert-Butyl methyl] ether Ethyl vinyl ether Cyclopropyl phenyl ether 

668 
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If more than one ether linkage is present in the molecule, or if other 
functional groups are present, the ether is named as an alkoxy-substituted 
parent compound. For example: 

Dy 3 CH, 

exo _\ oon, a= oe 
eee 3 

| 
p-Dimethoxy benzene CHs 

4-tert-Butoxy -1-cyclohexene 

PPR CSI rrevase fore) erate) wlohe al orale paiva is cafaesyernreleoteeeei myetre hts altars Beare avai 

18.1 Name these ethers according to IUPAC rules: 

(a) (CH3)g2CHOCH(CH3). (b) ‘ F -OCH,CH,CH,; 

OCH; 

OCH; 
(c) 

(d) 
Br 

(e) (CH3)2,CHCH,O0CH,CH; (f) H,}C—=CHCH,OCH=CH, 
Ce 

18.2 Structure and Properties of Ethers 
DT ae er Se ee Sa ee 

Ethers can be thought of as organic derivatives of water in which the hydro- 
gen atoms have been replaced by organic fragments, H-O-H versus R-O-R. 
As such, ethers have nearly the same geometry as water. The R-O-R bonds 
have an approximately tetrahedral bond angle (112° in dimethy] ether), and 
the oxygen atom is sp® hybridized. 

sp3 hybridized CH; 

\ 
~ 

The presence of the electronegative oxygen atom causes ethers to have 
a slight dipole moment, and the boiling points of ethers are therefore some- 
what higher than the boiling points of comparable alkanes. Table 18.1 com- 
pares the boiling points of some common ethers with the corresponding 
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TABLE 18.1 Comparison of Boiling Points of Ethers and Hydrocarbons 

Ether [Hydrocarbon] Boiling point (°C) 

CH,0CH; CH,;CH,CH; —25 An 

CH;CH,OCH,CH,; CH,CH,CH,CH,CH; 34.6 | 36 

O aC < | 
OCH, CH,CH, 

el CY 158 | 136 

hydrocarbons in which the ether oxygen atom has been replaced by a CHg 
group. 

Although ethers are inert toward many reagents, certain ethers react 
slowly with air to give peroxides, compounds that contain oxygen—oxygen 
bonds. The peroxides from low-molecular-weight ethers such as diisopropyl 
ether and tetrahydrofuran are highly explosive and extremely dangerous, 
even in tiny amounts. This sensitivity to air, combined with their volatility 
and flammability, makes ether solvents potentially dangerous unless han- 
dled by skilled persons. Ether solvents are very useful in the laboratory, 
but they must always be treated with care. 

18.3 Industrial Preparation of Ethers 

Diethyl] ether and other simple symmetrical ethers are prepared industrially 
by the sulfuric acid—catalyzed dehydration of alcohols: 

H2SO4 2 CH,CH,OH CH,CH,OCH,CH, + H,O 

Ethanol Diethyl ether 

The reaction probably occurs by Sy2 displacement of water from a protonated 
ethanol molecule by the oxygen atom of a second ethanol: 

(70H, 

CH,CH,OH +°CH,CH, Seinen", CH;CH,OCH,CH, + H,0* 

This acid-catalyzed method of ether preparation is limited to the indus- 
trial synthesis of symmetrical ethers from primary alcohols, since secondary 
and tertiary alcohols dehydrate to yield alkenes. The reaction conditions 
must be carefully controlled, and the method is of little practical value in 
the laboratory. 
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PROBLEMZEIStE Fe oA een ae NE A aN IO ARI ER hc a ade. DORR 

18.2 Why do you suppose only symmetrical ethers can be prepared by the sulfuric acid— 
catalyzed dehydration procedure? What product(s) would you expect to get if ethanol 
and 1-propanol were allowed to react together? In what ratio would the products be 
formed if the two alcohols were of equal reactivity? 

AS PRS SER SA CTU a Vee ae Rett TEN Rated OV Ue el e.eebebees Osean su 

18.4 The Williamson Ether Synthesis 

Metal alkoxides react with primary alkyl halides and tosylates by an Sy2 
pathway to yield ethers, a process known as the Williamson ether syn- 
thesis. Discovered in 1850, the Williamson! synthesis is still the best method 
for the preparation of ethers, both symmetrical and unsymmetrical. 

0: Kt \ OCH 
+ eae a + Ki 

CH;—I Ether 

solvent 

Potassium Iodomethane Cyclopentyl methyl] ether 
cyclopentoxide (74%) 

The alkoxide ions needed in the Williamson reaction are normally pre- 
pared by reaction of an alcohol with a strong base such as sodium hydride, 
NaH (Section 17.4). An acid—base reaction occurs between the alcohol and 
sodium hydride to generate the sodium salt of the alcohol. 

ROH + NaH —> RO-Nat + Ho 

An important variation of the Williamson synthesis involves the use of 
silver oxide, AgsO, as base, rather than NaH. Under these conditions, the 
free alcohol reacts directly with alkyl halide, and there is no need to preform 
the metal alkoxide salt. For example, glucose reacts with iodomethane in 
the presence of Ag2O to generate a pentaether in 85% yield. 

CH,OH CH2OCH; 
HO Q gant NSHRO O Se 
HO Ag,0 CH,0 lear 

HO CH3;0 | 
OH O@He 

a-D-Glucose ; a-D-Glucose pentamethy] ether 

(85%) 

Mechanistically, the Williamson synthesis is simply an Sy2 displace- 
ment of halide ion by an alkoxide ion nucleophile. The Williamson synthesis 
is thus subject to all of the normal constraints on Sy2 reactions discussed 

1Alexander W. Williamson (1824-1904); b. Wandsworth, England; Ph.D. Giessen (1846); 

professor, University College, London (1849-1904). 
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in Section 11.5. Primary halides and tosylates work best, since competitive 
E2 elimination of HX can occur with more hindered substrates. For this 
reason, unsymmetrical ethers should be synthesized by reaction between 
the more hindered alkoxide partner and less hindered halide partner, rather 
than vice versa. For example, tert-butyl methyl ether is best prepared by 
reaction of tert-butoxide ion with iodomethane, rather than by reaction of 
methoxide ion with 2-chloro-2-methylpropane: 

CHs CHs 

«-thtartimne | 
Sn2 reaction a Ton wae tu CHa cL == plinani aera Senile 

CH3 CH3 

tert-Butoxide lIodomethane tert-Butyl methyl ether 

ion 

5 — i ae 
E2 reaction CH30:~ + CHa fx —— Bera + CH,0OH + Cl- 

CH; CH; 

Methoxide 2-Chloro-2- 2-Methylpropene 
ion methylpropane 

PROBLEM 5 ¢)< de S slate stetelctevetaters, reedicieluvs wtevaie’ ol sheWaviews! atalereis eVeleve leva/winelvlel aio sarees 

18.3 Treatment of cyclohexanol with NaH gives an alkoxide ion that reacts with iodo- 
ethane to yield an ether. Write out the reaction showing all steps. 

PROBEEMM ere ra co: c'n a\olo uw ein wiviinis oS siete leeis) alas vieyejelely </a/nia} slelellote, wie) Sieislighs/ejetersieleleis 

18.4 How would you prepare these compounds using a Williamson synthegis? 
(a) Methyl propyl ether (b) Anisole (methyl phenyl ether) 
(c) Benzyl isopropyl ether (d) Ethyl 2,2-dimethylpropyl ether 

18.5 Rank the following halides in order of their expected reactivity in the Williamson 
synthesis. 

(a) Bromoethane, 2-bromopropane, bromobenzene 
(b) Chloroethane, bromoethane, 1-iodopropene 

ee ee a | 

18.5 Alkoxymercuration—Demercuration 
of Alkenes 

We saw in Section 7.4 that alkenes react with water in the presence of 
mercuric acetate to yield a hydroxymercuration product. Subsequent treat- 
ment of this addition product with sodium borohydride breaks the carbon— 



H 

Styrene 

PROBLEM... 

18.6 

PROBLEM... 

18.7 

Se 
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mercury bond and yields the alcohol. A similar alkoxymercuration reac- 
tion occurs when an alkene is treated with an alcohol in the presence of 
mercuric acetate. [Mercuric trifluoroacetate, Hg(OOCCF3)2, works even bet- 
ter.] Sodium borohydride—induced demercuration then yields an ether. As 
indicated by the following examples, the net result is Markovnikov addition 
of alcohol to the alkene: 

H OCH. H 

a ea) ae 
H oes _Hg0,CCF; Cc. y 

Hg(O2CCF3)2 C NaBH, C 
CH,0H 7% Xx 

Ha H H 

1-Methoxy- 

1-phenylethane (97%) 

OCH,CH, 
1. Hg(OgCCF3)2, CH3CH,OH 

2. NaBH, 

Cyclohexene Cyclohexy] ethyl ether 

(100%) 

The mechanism of the alkoxymercuration—demercuration reaction is 
analogous to the mechanism described earlier (Section 7.4) for the hydroxy- 
mercuration procedure. The reaction is initiated by electrophilic addition of 
mercuric ion to the alkene, followed by reaction of the intermediate cation 
with alcohol. Displacement of mercury with sodium borohydride completes 
the process. 

A wide variety of alcohols and alkenes can be used in the alkoxymer- 
curation reaction. Primary, secondary, and even tertiary alcohols react 
smoothly, but ditertiary ethers can’t be prepared because of steric hindrance 
to reaction. 

Pe ee 

Show in detail the mechanism of the reaction of 1-methylcyclopentene with ethanol 

and mercuric trifluoroacetate. 

ee 

How would you prepare the following ethers? Use whichever method you think is 
most appropriate, the Williamson synthesis or the alkoxymercuration reaction. 

(a) Butyl cyclohexyl ether 
(b) Benzyl ethyl ether (CH3;CH2,OCH2C.H;) 

(c) tert-Butyl sec-butyl ether 
(d) Tetrahydrofuran 

ee mee ee eee eee meee eee eee ee eee Ee eH ees eeeeeeeEeEeEeEeOeEES 
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18.6 Reactions of Ethers: Acidic Cleavage 

Ethers are unusually inert to most reagents used in organic chemistry, a 

property that accounts for their wide use as reaction solvents. Halogens, 

mild acids, bases, and nucleophiles have no effect on most ethers. In fact, 

ethers undergo only one reaction of general use: They are cleaved by strong 

acids. 
The first example of acid-induced ether cleavage was observed in 1861 

by Alexander Butleroff,? who found that 2-ethoxypropanoic acid reacts with 
aqueous HI at 100°C to yield iodoethane and lactic acid: 

Siaeatahte os 

CH;CHCO,H 6 +:«HI 2°; ~=CH,CH,I + CH;CHCO.H 
H,O 

2-Ethoxypropanoic acid Lactic acid 

Aqueous HI is still the preferred reagent for cleaving simple ethers, 
although HBr can also be used. HCI does not cleave ethers. 

CH,CH,OCH(CH;). —~—2> CH;CH,I + (CH,),CHOH 
Ethyl isopropyl] ether Iodoethane Isopropyl alcohol 

OCH.CH; OH 
Gr —, CY + CH,CH,Br 

enux 

Ethyl phenyl ether Phenol Bromoethane 

‘ OC(CHs)3 OH 
bese HBr, H20 ts + (CH;),C=CH; 

o°c 

tert-Butyl cyclohexyl] ether Cyclohexanol 2-Methylpropene 

Acidic ether cleavages are typical nucleophilic substitution reactions 
that take place by either an Syl pathway or an Sy2 pathway, depending 
on the structure of the ether. Primary and secondary alkyl ethers react by 
an Sy2 pathway in which iodide or bromide ion attacks the protonated ether 
at the less highly substituted site. This usually results in a selective cleavage 
into a single alcohol and a single alkyl halide, rather than a mixture of 
products. For example, butyl isopropyl ether yields exclusively isopropyl 
alcohol and 1-iodobutane on cleavage by HI, since nucleophilic attack by 
iodide ion occurs at the less hindered primary site rather than at the more 
hindered secondary site. Similarly, anisole is cleaved to give phenol and 
iodomethane. 

2Alexander M. Butleroff (1828-1886); b. Tschistopol, Russia; Ph.D., University of Moscow 
(1854); professor, University of Kazan (1854-1867), University of St. Petersburg (1867-1880). 
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CH; CHz, 

\ ws HI \ * “i 
ao CH,CH,CH.CH; FeaGten es CH,CH,CH.CH; 

CH3 CH; I 

Butyl isopropyl] ether 

| : 1:7 (Sy2 reaction) 

(CH3)s,CHOH + CH3;CH,CH,CHgI 

Isopropyl alcohol _1-Iodobutane 

Z OCH; OH 

| oe, ert 
Ne H,0, 100°C 3 

Anisole Phenol Iodomethane 

Tertiary, benzylic, and allylic ethers tend to cleave by either an Syl or 
an E1 mechanism, since these substrates are capable of producing stabilized 
intermediate carbocations. These reactions are often fast and take place at 
moderate temperatures. tert-Butyl ethers, for example, can often be cleaved 
at room temperature or below. Trifluoroacetic acid, rather than HBr or HI, 
seems to be best for these reactions, as the following example shows: 

ee OH 
O—C—CHsz; 

CY be (+ cHcncn, 
tert-Butyl cyclohexyl ether Cyclohexanol 2-Methylpropene 

(90%) 

ROBE EI eet caesar aan ea ol ois) iapaslce\ att sletes (ole (wi. >) «hs)a\s)oleleiele/stalale\ a's) 3291 sVeileiorele 

18.8 Write the mechanism of the trifluoroacetic acid—catalyzed cleavage of a tert-butyl 
ether. Account for the fact that 2-methylpropene is formed. 

PROBLEM eo cieialerciatere ofe laren ot ele ollaie sicleie s| sie O\eleie sire «pw e/06) ei 0s) a\s.0n) =| rieia'e si a/ei6 

18.9 Suggest an explanation for the observation that HI and HBr are much more effective 
than HC] in cleaving ethers. [Hint: See Section 11.5.] 

giana. 4) al 8i6le) eileiw!e.e.wle, =) si d.s)s) a) Bae 0.5) we 016 eA) © @ 06, ¢ 68.6.6 6 64,08 66 Ble 0 016. 0'0,;e (ele, 60) 00 8 6.06 

18.7 Cyclic Ethers: Epoxides 
ea ee 

For the most part, cyclic ethers behave like acyclic ethers. The chemistry 

of the ether functional group is the same, whether it’s in an open chain or 

in a ring. For example, common cyclic ethers such as tetrahydrofuran and 
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dioxane are often used as solvents because of their inertness, yet they can 

be cleaved by strong acids. 

O O 
. wali Het SCH: 

fen vady 
H.C peer 2 H.C —CH, 

1,4-Dioxane Tetrahydrofuran 

The only group of cyclic ethers that behaves differently from open-chain 
ethers is the group of three-membered ring compounds called epoxides, or 
oxiranes. The strain of the three-membered ether ring makes epoxides 
highly reactive and gives them unique chemical reactivity. 

Ethylene oxide, the simplest epoxide, is an intermediate in the manu- 
facture of both ethylene glycol for automobile antifreeze and polyester poly- 
mers. More than 2.7 million tons of ethylene oxide are produced industrially 
each year by air oxidation of ethylene over a silver oxide catalyst at 300°C. 
This process is not of general utility for other epoxides, however, and is of 
little value in the laboratory. 

O. 
0. JN 

H.C =CH, Theo Ho€+—-CHg 

Ethylene 300°C Ethylene oxide 

In the laboratory, epoxides are normally prepared by treatment of an 
alkene with a peroxyacid, RCO3H: 

1 O ( 
ee hep ix 
C=C Ta cerony a C= i ARCOH 
/ \ i s 

An alkene An epoxide 

Many different peroxyacids can be used to accomplish epoxidation. On 
a laboratory scale, m-chloroperoxybenzoic acid was the preferred reagent 
for many years, but recent concerns about safety have caused it to be replaced 
by the more stable magnesium monoperoxyphthalate (MMPP). 

O 

ee C 
er “00H i hese “00H 

Mg O- 

cm 

| 
O 2 

Magnesium monoperoxy- m-Chloroperoxybenzoic 

phthalate (MMPP) acid 
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/H 

MMPP 

C) Ethanol O 

‘H 

Cyclohexene 1,2-Epoxycyclohexane (85%) 

Peroxyacids transfer oxygen to an alkene through a one-step mechanism 
without intermediates. Thus, the epoxidation reaction is different from other 
alkene addition reactions we’ve studied. No carbocation intermediate is 
involved, and the details of the process aren’t fully understood. There is 
good evidence to show, however, that the oxygen farthest from the carbonyl 
group is the one that is transferred. 

SS 
H H 

cs ays | CHCl, ved | 
~< on SS me R 25°C ; Oia —s R 

el 

Cycloheptene _Peroxyacid 1,2-Epoxycycloheptane Acid 

Another method for the synthesis of epoxides is through the use of 
halohydrins, prepared by electrophilic addition of HO—X to alkenes (Section 
7.3). When halohydrins are treated with base, HX is eliminated, and an 

epoxide is produced. 

H i on 
C1 _c,, Feel _NaOHt, ae + H,O + NaCl 

H,O | 
H Cl H 

Cyclohexene 2-Chlorocyclohexanol 1,2-Epoxycyclohexane 

(73%) 

Note that the synthesis of epoxides by base treatment of halohydrins 

is actually an intramolecular Williamson ether synthesis. The nucleophilic 

oxygen atom and the electrophilic carbon atom are in the same molecule, 

rather than in different molecules: 

H 

/ 
° °, 

R ae = ~ 

okie ee 13 Sa te — Rinna + Br 
% H,0 

a R ie R R 

Bromohydrin Intramolecular substitution Epoxide 

(within the same molecule) 

Recall the following: 

CH,O? + CH,-2Br ————=?P CH,OCH; ata Br 

Intermolecular substitution 

(between different molecules) 
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PROBLEM). sos) a 10 nse tennis aiele caste ctalele « sfeiniol aca ayes ile elalsra alsin shoe) slieieleiere gets 

18.10 What product would you expect from reaction of cis-2-butene with magnesium mono- 
peroxyphthalate? Show the stereochemistry. 

18.11 Reaction of trans-2-butene with magnesium monoperoxyphthalate yields an epoxide 
different from that obtained by reaction of the cis isomer (Problem 18.10). Explain. 

Se 

18.8 Ring-Opening Reactions of Epoxides 

Epoxide rings can be cleaved by treatment with acid in much the same way 
as other ethers can. The major difference is that epoxides react under much 
milder conditions because of ring strain. Dilute aqueous mineral acid at 
room temperature is sufficient to cause the hydrolysis of epoxides to 1,2- 
diols, also called vicinal glycols. Two and one-half million tons of ethylene 
glycol, most of it used for automobile antifreeze, are produced each year in 
the United States by acid-catalyzed hydration of ethylene oxide. (Note that 
the name ethylene glycol is not a systematic one, since the -ene ending im- 
plies the presence of a double bond in the molecule. The name is used, 
however, because ethylene glycol is the glycol derived from ethylene by 
hydroxylation.) 

HO H O 3 

co ate eae ee 
ys SH EP Fi) 6 
H ist H OH 

Ethylene oxide Ethylene glycol 

(1,2-ethanediol) 

Acid-catalyzed epoxide ring opening takes place by Sy2 attack of a 
nucleophile on the protonated epoxide, in a manner analogous to the final 
step of alkene bromination, where a three-membered-ring bromonium ion 
is opened by nucleophilic attack (Section 7.2). When a cycloalkane epoxide 
is opened by aqueous acid, a trans 1,2-diol results, just as a trans 1,2- 
dibromide results from alkene bromination. 

H H H 
/ i i | OH \ i 2OH 

eos ww ‘OH 
‘H ‘H | "H ee 

yO. OH 
H 'e, H 1,2-Epoxycyclo- trans-1,2-Cyclohexanediol 

hexane 
(86%) 
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Recall the following: 

Ce ss if Br 
Bro Bri” ae 

H Br 

Cyclohexene : 
trans-1,2-Dibromocyclohexane 

Protonated epoxides can also be opened by nucleophiles other than 
water. For example, if anhydrous HX is used, epoxides can be converted 
into trans halohydrins: 

: oH 
HX 

( > Ether aa 

i a 
A trans 2-halocyclohexanol 

where X = F, Br, Cl, or I 

Unlike other ethers, epoxides can also be cleaved by base and by other 
nucleophiles. Although an ether oxygen is normally a very poor leaving 
group in an Sy2 reaction (Section 11.5), the reactivity of the three-membered 
ring is sufficient to cause epoxides to react with hydroxide ion at elevated 
temperatures. 

Sn2 reaction 

9) O- OH 
CID CH,OH | _#,0 CH,OH + -OH 

H,20, 100°C 

Methylenecyclohexane 1-Hydroxymethy]l- 

oxide cyclohexanol (70%) 

A similar nucleophilic ring opening is found when epoxides are treated 
with Grignard reagents. Ethylene oxide is frequently used, allowing the 

conversion of a Grignard reagent into a primary alcohol having two more 

carbons than the starting alkyl halide. 1-Bromobutane is converted into 1- 
hexanol, for example, by reaction of its Grignard reagent with ethylene 

oxide: 

-O 
* 1. Ether solvent 

CH,CH,CH,CH,MgBr = H,C— CH, TG) Gil 2 CH,CH,CH,CH,CH,CH,OH 

Butylmagnesium bromide Ethylene 1-Hexanol (62%) 

oxide 

PROBL EI aice chelate ale) charthe no falay oleic =o28i a sbasele ois neh clakes's) se) 916 010 aha diie)soj e000 ol c/n ee 

18.12 Show all of the steps involved in the acidic hydrolysis of cis-5,6-epoxydecane. What 

is the stereochemistry of the product, assuming normal back-side Sy2 attack? 
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PROBLEM... bi 8/0 06.0.8) ele Be be) Ble vel ee blei a! e6\ eleleleie! al veils) ele sul el oe) al erale ie «)ere Ne ee soa ap 

18.13 What is the stereochemistry of the product from acid-catalyzed hydrolysis of trans- 

PROBLEM... 

18.14 

een eee wens 

5,6-epoxydecane? Is the product the same as or different from the one formed in 

Problem 18.12? 

CeCe meee eee ee eeesrereeeeetneoneeeesEvresesevesransereenesess 

Acid-induced hydrolysis of a 1,2-epoxycyclohexane produces a trans-diaxial 1,2-diol. 

What product would you expect to obtain from acidic hydrolysis of cis-3-tert-butyl- 

1,2-epoxycyclohexane? (Recall that the bulky tert-butyl group locks the cyclohexane 

ring into a specific conformation.) 

COCO SHH RTCA TORK ETS C EE DRER OMe EEE TORE CECE CE ED ERS Cee eee 

REGIOCHEMISTRY OF EPOXIDE RING OPENING 

The direction in which an unsymmetrical epoxide ring is opened depends 

on the conditions used. If a basic nucleophile is used in a typical Sy2-type 

reaction, attack takes place at the less hindered epoxide carbon. For exam- 

ple, 1,2-epoxypropane is attacked by ethoxide ion exclusively at the less 

highly substituted, primary carbon to give 1-ethoxy-2-propanol. 

i 

H,C—( \,-H _CH,CH.OH , i iP C NG -OCH,CH, CH;CHCH,OCH,CH3 

H H 1-Ethoxy-2-propanol (83%) 

No attack 

here (2°) 

If acidic conditions are used, however, a different reaction course is 
followed, and attack of the nucleophile occurs primarily at the\more highly 

substituted carbon atom. 

O 1 ie 

H,C— as eal HCl 
C Fiher” CH,CHCH,OH oF CH;CHCH,Cl 

H H 

1,2-Epoxypropane 2-Chloro-1-propanol 1-Chloro-2-propanol 

(89%) (11%) 

Acid-catalyzed epoxide opening is particularly interesting from a mech- 
anistic viewpoint because it appears to be midway between a pure Syl 
reaction and a pure Sy2 reaction. Take the reaction of 1,2-epoxy-1-methyl- 
cyclohexane with HBr, for example. If this were a pure Sy2 reaction, bromide 
ion would attack the less highly substituted carbon atom, displacing the 
epoxide oxygen atom from the back side and yielding 2-bromo-1-methyl- 
cyclohexanol with the -Br and —OH groups trans to each other. On the other 

hand, if this were a pure Syl reaction, protonation of the epoxide oxygen 
atom followed by ring opening would yield a carbocation that could react 
with bromide ion from either side to give a mixture of two isomeric 2-bromo- 
2-methylcyclohexanols. One isomer would have the —Br and —OH groups 
cis; the other would have —Br and —OH trans (Figure 18.1). 
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3 
ber OH 

Sy2 reaction 

/ | Br u 

c Hs CH; 2-Bromo-1-methylcyclohexanol 
Re H hr . 
Ona Oro 

H H 

1,2-Epoxy-1-methylcyclohexane CH3 B 
‘ |~ebr . CH 

Br> 

Syl reaction it = 

H OH i OH 

2-Bromo-2-methylcyclohexanol 
(cis and trans isomers) 

os 

a a ET 

Figure 18.1 Reaction products from hypothetical S,1 and S,\2 

ring openings of 1,2-epoxy-1-methylcyclohexane. In practice, 

neither reaction course is followed. 

In fact, neither of the reaction courses in Figure 18.1 is followed. Instead, 
reaction of 1,2-epoxy-1-methylcyclohexane with HBr yields a single isomer 
of 2-bromo-2-methylcyclohexanol in which the bromo and hydroxyl groups 
are trans to each other. The observed regiochemistry can be accounted for 
by assuming that the reaction has characteristics of both Syl and Sy2 
reactions. The fact that the single product formed has the entering bromine 
and the leaving oxygen on opposite sides of the ring is clearly an Sy2-like 
result with back-side displacement of the leaving group. The fact that bro- 
mide ion attacks the tertiary side of the epoxide rather than the secondary 
side is clearly an Sy1-like result. 

Both facts can be accommodated by postulating that the transition state 
for acid-induced epoxide ring opening has an Sy2-like geometry but a high 
degree of Sy1-like carbocationic character. Although the protonated epoxide 
is not a full carbocation, it is strongly polarized so that the positive charge 
is shared by the more highly substituted carbon atom. Thus, attack of a 
nucleophile occurs at the more highly substituted site (Figure 18.2). 

PROBLEM re arrater ipl eye allaveisy a ole oleies aie in (eleieie val siayelieloKers ose ecelshalavelei) wee «(si isls) sm ess 

18.15 Predict the major product of each of these reactions: 

O O 
, ory sone: Z 
(a) CH3CH,CH—CHg = 2 (b) CH3;CH,CH— CH, 

H; 180+ 
a 

eee et eee wee 
SSNs wiiclia Clee 6 esters (eller alee Sells ole elolele le one) 6leleleleilee ieleieeneiesd 6 0) be (0) 6ieia, ee 4:8 eee ele 
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CHs 2° carbocation 2-Bromo-1-methylcyclohexanol 

% (not formed) 
O,—H — fe 

1,2-Epoxy-1-methylcyclohexane ‘oH, |\ Br CH Ch = Ce ‘ov oe 

H OH *OH 

3° carbocation 2-Bromo-2-methylcyclohexanol 

(more stable) 

SSS ee ee 

Figure 18.2 Acid-induced ring opening of 1,2-epoxy-1-methyl- 

cyclohexane. There is a high degree of S,,1-like carbocationic 

character in the transition state, leading to exclusive formation of 

the isomer of 2-bromo-2-methyicyclohexanol that has —-Br and -OH 
groups trans. 

18.9 Crown Ethers 

Crown ethers, discovered in the early 1960s by Charles Pedersen? at the 
Du Pont Company, are a relatively recent addition to the ether family. Crown 
ethers are named according to the general format x-crown-y, where x is the 
total number of atoms in the ring and y is the number of oxygen atoms. 
Thus, 18-crown-6 ether is an 18-membered ring containing 6 ether exygen 
atoms. 

18-Crown-6 ether 

3Charles John Pedersen (1904-1989); b. Pusan, Korea (U.S. citizen); M.Sc. Massachusetts 
Institute of Technology (1927); E. I. du Pont de Nemours & Co. (1927-1969); Nobel Prize (1987). 
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18.10 Spectroscopic Analysis of Ethers 683 

The importance of crown ethers derives from their extraordinary ability 
to solvate metal cations by sequestering the metal in the center of the 
polyether cavity. Different crown ethers solvate different metal cations, 
depending on the match between ion size and cavity size. For example, 18- 
crown-6 is able to complex strongly with potassium ion. 

Complexes between crown ethers and inorganic salts are soluble in 
nonpolar organic solvents, thus allowing many reactions to be carried out 
under aprotic conditions that would otherwise have to be carried out in 
aqueous solution. For example, the inorganic salt KMnO, actually dissolves 
in benzene in the presence of 18-crown-6. The resulting solution of “purple 
benzene” is a valuable reagent for oxidizing alkenes. 

Many other inorganic salts, including KF, KCN, and NaN3, can be made 
soluble in organic solvents by the use of crown ethers. The effect of using 
a crown ether to dissolve a salt in a hydrocarbon or ether solvent is similar 
to the effect of dissolving the salt in a polar aprotic solvent such as DMSO, 
DMF, or HMPA (Section 11.5). In both cases, the metal cation is strongly 
solvated, leaving the anion bare. Thus, the Syj2 reactivity of an anion is 
tremendously enhanced in the presence of a crown ether. 

Cee e reese ees eseresesseeeseseessseeseseseseseseeeeesesssecs 

15-Crown-5 and 12-crown-4 ethers complex Na* and Li*, respectively. Make models 

of these crown ethers, and compare the sizes of the cavities. 

pr sS/ Wie lo le da 0) 00h 10.0) 81000) #'-6)0) #)6).b)6) 01a) w\) ©1016 4, Vil) @) 0) 6) 0) 49:9 21018 8) 6/8 Ale eee ee @ 

18.10 Spectroscopic Analysis of Ethers 

INFRARED SPECTROSCOPY 

Ethers are difficult to distinguish by infrared spectroscopy. Although they 

_show an absorption due to carbon—oxygen single-bond stretching in the 

range 1050-1150 cm, many other kinds of absorptions occur in the same 

range. Figure 18.3 shows the infrared spectrum of diethyl ether and iden- 

tifies the C—O stretch. 
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Wave number (em!) 

5000 3000 1500 1300 1100 1000 900 

Transmittance (%) 

C — Ostretch 

Figure 18.3 The inf 

CH3CH2OCH,CH3. 

NUCLEAR MAG 
SPECTROSCOPY 

Proton shifted downfield from the 
normal alkane resonance and show absorptions in the region 3.4— 
4.5 6. This downfield shift is clearly indicated in the spectrum of dipropyl 
ether shown in Figure 18.4. 

Epoxides absorb at a slightly higher field than other ethers and show 
characteristic resonances at 2.5—3.5 5 in the 'H NMR, as indicated for 1,2- 

epoxypropane in Figure 18.5. { 
& 

CH,CHCHOCHCHLCH; 

iz 

a TMS 

Pel piperidine s\n ea ep! sire tan Abs ir 

L al 
10 8 6 4 2 0 ppm 

Chemical shift (5) 

Fn ES 

Figure 18.4 The proton NMR spectrum of dipropyl ether. Protons 

on carbon next to oxygen are shifted downfield to 3.4 6. 
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Intensity 

TMS 

0 ppm 

Chemical shift (6) 

SSS aE 

Figure 18.5 The proton NMR spectrum of 1,2-epoxypropane. 

Ether carbon atoms also exhibit a downfield shift in the !3C NMR spec- 
trum, where they usually absorb in the range 50-80 6. For example, the 
carbon atoms next to oxygen in methyl propyl ether absorb at 58.5 and 
74.8 6. Similarly, the methyl carbon in anisole absorbs at 54.8 6. 

129.5 
114.1 

58.5 74.8 10.7 120.7 [ ve ye 54.8 

\ \ OD ,0-ti Cro 0=-CH, CH, CH 

23.3 159.9 

ee ee ar) PROBLEM 

18.17 The!H NMR spectrum shown is that of a substance with the formula C,H,O. Propose 

a structure. 

2 

5 T™s 
S 

0 ppm 10 8 6 4 2 

Chemical shift (5) 
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18.11 Sulfides 

Sulfides, RSR’, are sulfur analogs of ethers. They are named by following 
the same rules used for ethers, with sulfide used in place of ether for simple 
compounds and alkylthio used in place of alkoxy for more complex 
substances. 

S—CHg, 

S—CH; 3 : 
CH, s—CH; CY 

Dimethyl sulfide Methyl phenyl sulfide 3-(Methylthio)cyclohexene 

Sulfides are prepared by treatment of a primary or secondary alkyl 
halide with a thiolate anion, RS~. The reaction occurs by an Sy2 mecha- 
nism, analogous to the Williamson synthesis of ethers (Section 18.4). Thio- 
late anions are among the best nucleophiles known (Section 11.5), and 
product yields are usually high in these substitution reactions. 

oN S S cH, 
ti Ghee arate + Nal 

Sodium benzenethiolate Methy! pheny] sulfide 

(96%) 

( 

Since the valence electrons on sulfur are farther from the nucleus and 
are less tightly held than those on oxygen (3p electrons versus 2p electrons), 
there are some important differences between the chemistries of ethers and 
sulfides. For example, sulfur is more polarizable than oxygen, and sulfur 
compounds are thus more nucleophilic than their oxygen analogs. Unlike 
dialkyl ethers, dialkyl sulfides are good nucleophiles that react rapidly with 
primary alkyl] halides by an Sy2 mechanism. The products of such reactions 
are trialkylsulfonium salts (R3S*). 

a Q CG H 3 

“3 Nery (q¥ THE = 
CH3;—S—CHg3 ot CH.—T ————> CH3—S*—-CHs3I 

Dimethyl] sulfide Iodomethane Trimethylsulfonium iodide 

Once formed, trialkylsulfonium salts are themselves good alkylating 
agents, since a nucleophile can attack one of the groups bound to the posi- 
tively charged sulfur, displacing a sulfide'as leaving group. Nature makes 
extensive use of the trialkylsulfonium salt S-adenosylmethionine, as a bio- 
logical methylating agent (Section 11.17). 
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i V | i 
| 

HOGCHOH Cer 8m SE SON ain 

NH, 

OH OH 

S-Adenosylmethionine (a sulfonium salt) 

A second difference between sulfides and ethers is that sulfides are easily 
oxidized. Treatment of a sulfide with hydrogen peroxide, H2O,, at room 

temperature yields the corresponding sulfoxide (R2SO), and further oxi- 
dation of the sulfoxide with a peroxyacid yields a sulfone (R2SOz). 

?O:- -:0: :0:- 
or | 7 
Ba a8 SS el CH, H,0> eae CH; CH3CO3H CY CH; 

————_—_——__ rd 
H.20, 25°C 

Methyl pheny] sulfide Methyl phenyl] sulfoxide Methyl] phenyl sulfone 

Dimethyl] sulfoxide (DMSO) is a particularly well known sulfoxide that 
finds wide use as a polar aprotic solvent. It must be handled with care, 
however, because it has a remarkable ability to penetrate the skin, carrying 
along whatever is dissolved in it. 

| Dimethy] sulfoxide 

St (a polar aprotic solvent) 

PROBL Eee peret aa cir ietelel | sie’ aioletals! = ollaja’ is)obe. et is! altefais!8 oe cinrulietal.s) 9) e(elele/elis)eie + merqiere 

18.18 Name the following compounds by IUPAC rules: 

(a) CH;CH,SCH3 (b) (CH3)sCSCH2CH3 

(c) SCH3 (d) S 

CH 

PIROBUEEIM are: oy cleo oho) sesrah tis sie, 1c osdejve lartea\ le) aio ellos je) ehivnataisiiayinia, aie ein « Terehalsa,(e ile #01 0,6)ie\ e's 

3 

18.19 Howcan you account for the fact that dimethyl] sulfoxide has a boiling point of 189°C 

and is miscible with water, whereas dimethy] sulfide has a boiling point of 37°C and 

is immiscible with water? 

aaluls)(elevelalalwiacelwieiecsritat a) pian! elaivtwthliwl evuralla (eaul elelterele)s\eierd: Sis erelerene eee) Sisieheue exer sieve eerece 
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18.12 Summary and Key Words 

Ethers are compounds that have two organic groups bonded to the same 
oxygen atom, ROR’. The organic groups may be alkyl, vinylic, or aryl, and 

the oxygen atom may be in a ring or in an open chain. 
Ethers are normally prepared in the laboratory either by a Williamson 

synthesis or by an alkoxymercuration—demercuration sequence. The Wil- 
liamson ether synthesis involves Sy2 attack of an alkoxide ion on a pri- 
mary alkyl halide. The reaction is thus limited to the preparation of ethers 
in which one organic group is primary. The alkoxymercuration—demer- 
curation sequence involves the formation of an intermediate alkoxy organo- 
mercury compound, followed by sodium borohydride reduction of the carbon— 
mercury bond. The net result is Markovnikov addition of an alcohol to an 

alkene. 
Ethers are inert to most common reagents but are attacked by strong 

acids to give cleavage products. Both HI and HBr are often used. The cleav- 
age reaction takes place by an Sy2 mechanism if primary and secondary 
alkyl groups are bonded to the ether oxygen, but by an Syl mechanism if 
one of the alkyl groups bonded to oxygen is tertiary. 

Epoxides, cyclic ethers with a three-membered oxygen-containing ring, 
differ from other ethers in their ease of cleavage. The high reactivity of the 
three-membered ether ring because of ring strain allows epoxide rings to 
be opened by nucleophilic attack of strong bases as well as by acids. Base- 
catalyzed epoxide ring opening occurs by Sy2 attack of a nucleophile at the 
less hindered epoxide carbon, whereas acid-induced epoxide ring opening 
occurs by Sy1-like attack at the more highly substituted epoxide carbon. 

Sulfides, RSR’, are sulfur analogs of ethers. They are prepared by a 
Williamson-type Sy2 reaction between a thiolate anion and a primary or 
secondary alkyl halide. Sulfides are much more nucleophilic than ethers 
and can be oxidized to sulfoxides (R2SO) and to sulfones (R2SOz). Sulfides 
can also be alkylated by reaction with a primary alkyl halide to yield sul- 
fonium salts, R3S*. 

Although not readily identifiable by infrared spectroscopy, ethers show 
characteristic downfield 'H NMR absorptions that are easily detected. Car- 
bon atoms bonded to oxygen show a similar downfield shift in the 13C NMR. 

18.13 Summary of Reactions 
SS a RS NE EG 

1. Preparation of ethers 
a. Williamson synthesis (Section 18.4) 

RO” + R'CH,X — > ROR’ + X- 

Alkyl halide should be primary. 

b. Alkoxymercuration—demercuration (Section 18.5) 
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H OR 

oe it Ih ROH > Hg(OoCCF3) bag ue 

z . 2. NaBH, aa ee 

Markovnikov orientation is observed. 
c. Epoxidation of alkenes with peroxyacids (Section 18.7) 

1 O 

aes a eo eee 
i x i \ 

2. Reaction of ethers 
a. Cleavage by HX (Section 18.6) 

HX 

H,O 

where HX = HBr or HI 
b. Base-catalyzed epoxide ring opening (Section 18.8) 

ROR’ RX + R/OH 

HO 
Jos 2 \ L- ~C—c— _RO-, ROH CC 

/ x T ‘Ns 
OR 

Reaction occurs at least hindered site. 

Y\ RMgX fy H.C ee CH, 1. Ether solvent RCH,CH,OH 

2. H30* 

c. Acid-catalyzed hydrolysis of epoxides (Section 18.8) 

O HO 
fi \ H.O+ N }- Se ee singe 

7 * T S 
OH 

Reaction occurs at more hindered site; trans 1,2-diols are pro- 
duced from cyclic epoxides. 

d. Acid-induced epoxide ring opening (Section 18.8) 

Reaction occurs at more hindered site. 

3. Preparation of sulfides (Section 18.11) 

RS. 4 R/CHoBr ——> RSCHOR’ + Br- 
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4. Oxidation of sulfides (Section 18.11) 
a. Preparation of sulfoxides 

ie 

Ss. H,0, St R~ ~R’ 002, poe sp 

b. Preparation of sulfones 

i es 
G+ RCO3H \/ 

Racal, R~ 2+ ~R’ 

ADDITIONAL PROBLEMG ...................00:ccccee scenes 

18.20 Draw structures corresponding to these IUPAC names: 
(a) Ethyl 1-ethylpropyl ether (b) Di(p-chlorophenyl]) ether 
(c) 3,4-Dimethoxybenzoic acid (d) Cyclopentyloxycyclohexane 
(e) 4-Allyl-2-methoxyphenol (eugenol; from oil of cloves) 

18.21 Provide correct IUPAC names for these structures: 

OCH3 
1 

2 (ee (b) (CH;),cH-O—<]_ @) ecuiiaibe 

OCHs3 4 3 

(d) oe: : (e) (CH3)2C(OCHs)2 (f) (Do 

SCH; 

(g) p-NO,CsH,OCH,CH; (h) (Fou 

18.22 When 2-methylpentane-2,5-diol is treated with sulfuric acid, dehydration occurs and 
2,2-dimethyltetrahydrofuran is formed. Suggest a mechanism for this reaction. 

Which of the two oxygen atoms is most likely to be eliminated, and why? 

Ov _CHs3 
CH3 

2,2-Dimethyltetrahydrofuran 

18.23 Predict the products of these ether cleavage reactions: 

OCH,CH, OC(CH,)s 
(a) i. Siva (b) CY _CF.COsH 

(©) H,C=CHOCH,CH, => (d) (CHs)3CCH,OCH,CH; > 
2 
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18.25 

18.26 

18.27 

18.28 

18.13 Summary of Reactions 691 

The Zeisel method is an analytical procedure for determining the number of methoxyl 
groups in a compound. A weighed amount of the compound is heated with concen- 
trated HI, ether cleavage occurs, and the iodomethane product is distilled off and 
passed into an alcohol solution of AgNO3. The silver iodide that precipitates is then 
collected and weighed, and the percentage of methoxyl groups in the sample is 
thereby determined. For example, vanillin, the material responsible for the charac- 
teristic odor of vanilla, gives a positive Zeisel reaction; 1.06 g vanillin yields 1.60 g 

Agl. If vanillin has a molecular weight of 152, how many methoxyls does it contain? 

How would you prepare these ethers? 

OCH,CH3 OCH(CHs3)2 
(a) (b) eh 

Ho OH 
\ oN i 

howe me 05 (a) (cHy,co—C 
H CH, 

H ad OCH, . Goa 
(e) aH 3 D 

OCH, = 

Meerwein’s reagent, triethyloxonium tetrafluoroborate, is a powerful ethylating 
agent that converts alcohols into ethyl ethers at neutral pH. Formulate the reaction 
of Meerwein’s reagent with cyclohexanol and account for the fact that trialkylox- 
onium salts are much more reactive alkylating agents than alkyl] iodides are. 

(CH3CH,)30* BF 47 Meerwein’s reagent 

How would you prepare these compounds from 1-phenylethanol? 
(a) Methyl 1-phenylethyl ether (b) Phenylepoxyethane 
(c) tert-Butyl 1-phenylethyl ether 

How would you carry out these transformations? More than one step may be required. 

OCH(CHs3)2 -O-C 
OCH; H 

(b) nol | “HH — el | “Br 

H H 

(c) ay 

C(CH3)s CiCH)s 

(d) CH;CH,CH,CH,C=CH -—> CH3CH,CH2,CH,CH2,CH,OCH3; 
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18.29 

18.30 

18.31 

18.32 

18.33 

18.34 

18.35 

18.36 

18.37 

18.38 

18.39 

OCH3 

(e) CH3;CH,CH,CH,C=CH se, CH;CH,CH,CH,CHCH3 

What product(s) would you expect from cleavage of tetrahydrofuran with HI? 

How could you prepare benzyl phenyl ether from benzene? More than one step is 
required. 

Methyl aryl ethers can be cleaved to iodomethane and a phenoxide anion by treat- 
ment with Lil in hot dimethylformamide solvent. Propose a mechanism for this 
reaction. What type of mechanism is involved? 

tert-Butyl ethers can be prepared by the reaction of an alcohol with 2-methylpropene 
in the presence of an acid catalyst. Propose a mechanism for this reaction. 

Safrole, isolated from oil of sassafras, is used as a perfumery agent. Propose a 
synthesis of safrole from catechol (1,2-benzenediol). 

O CH,CH —— CH, 

e Cy Safrole 

O 

Epoxides are reduced by treatment with lithium aluminum hydride to produce alco- 
hols. Propose a mechanism for this reaction. 

ped 

O t 1, LiAIH,, ether | ether 

2 aC ee 

‘H 

Show the structure and stereochemistry of the alcohol that would result if 1,2- 
epoxycyclohexane (Problem 18.34) were reduced with lithium aluminum deuteride, 

LiAID,. { 

Grignard reagents react with oxetane to produce primary alcohols, but the reaction 
is much slower than the corresponding reaction with ethylene oxide. Suggest a reason 
for the difference in reactivity between oxetane and ethylene oxide. 

O 4. RMgx 
ae =o RCH,CH,CH,OH 

. Hg 

Oxetane 

Treatment of trans-2-chlorocyclohexanol with NaOH yields 1,2-epoxycyclohexane, 
but reaction of the cis isomer under the same conditions yields cyclohexanone. Pro- 
pose mechanisms for both reactions, and explain why the different results are 
obtained. 

Ethyl vinyl ether reacts with ethanol in the presence of an acid catalyst to yield 
1,1-diethoxyethane, rather than 1,2-diethoxyethane. How can you account for the 
observed regioselectivity of addition? 

Anethole, Cj9H,0, a major constituent of oil of anise, has the 1H NMR spectrum 
shown here. On oxidation with hot sodium dichromate, anethole yields a compound 
identified as p-methoxybenzoic acid. What is the structure of anethole? Assign all 
peaks in the NMR spectrum, and account for the observed splitting patterns. 
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Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

How would you synthesize anethole (Problem 18.39) from benzene? 

The red fox (Vulpes vulpes) uses a chemical communication system based on scent 
marks in urine. Recent work has shown one component of fox urine to be a sulfide. 
Mass spectral analysis of the pure scent-mark component shows Mt’ = 116. Infrared 
spectroscopy shows an intense band at 890 cm™, and 1H NMR spectroscopy reveals 
the following peaks: 

3-proton singlet at 1.74 6; 3-proton singlet at 2.11 4; 2-proton triplet at 2.27 6, 
J = 4.2 Hz; 2-proton triplet at 2.57 5, J = 4.2 Hz; 2-proton broad peak at 4.73 6. 

Propose a structure consistent with these data. [Note: (CH3)2S absorbs at 2.1 6 in 
the 1H NMR.] 

How can you explain the fact that HC CH; 
treatment of bornene with a peroxy- 

acid yields a different epoxide from ae Epoxide A 
the one obtained by reaction of 
bornene with aqueous bromine, ae 

followed by base treatment? Propose CH, I Ta Epoxide B 
structures for epoxides A and B. 
{Build molecular models of bornene.] Bornene 

Disparlure, C;gH3,0, is a sex attractant released by the female gypsy moth, Lyman- 

tria dispar. The 1H NMR spectrum of disparlure shows a large absorption in the 
alkane region, 1—2 6, anda triplet at 2.8 5. Treatment of disparlure, first with aqueous 

acid and then with KMnO,, yields two carboxylic acids identified as undecanoic acid 

and 6-methylheptanoic acid. [KMnO, oxidatively cleaves 1,2-diols to yield carboxylic 

acids (Section 7.10).] Neglecting stereochemistry, propose a structure for disparlure 
consistent with these data. The actual compound is a chiral molecule with 7R,8S 
stereochemistry. Draw disparlure, showing the correct stereochemistry. 

How would you synthesize racemic disparlure (Problem 18.43) from compounds hav- 

ing 10 or fewer carbons? 

Treatment of 1,1-diphenyl-1,2-epoxyethane with aqueous acid yields diphenylacet- 
aldehyde as the major product. Propose a mechanism to account for this reaction. 

O I 
Ph _H30*, PhCHCH 

| Ph Ph 
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18.46 Propose structures for ethers that have the following 'H NMR spectra: 

(a) CyH,,BrO | i I 

2H| . As 5H 2H i 

2 
a 2H 
oD 

z 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

(b) C4H i002 

& 
a 

g 
5 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

(c) Cp9H,,0 

2B 
q 
2 
4 

Chemical shift (5) 



Chemistry of 
Carbonyl 
Compounds: 
An Overview 

In this and the next five chapters, we will discuss the most important func- 
tional group in organic chemistry: the carbonyl group, C=O (pronounced 
car-bo-neel). 

Carbonyl compounds are everywhere in nature. The majority of biolog- 
ically important molecules contain carbonyl groups, as do most pharmaceu- 
tical agents and many of the synthetic chemicals that touch our everyday 
lives. Acetic acid, the chief component of vinegar; acetaminophen, the active 
ingredient in many over-the-counter pain relievers; and Dacron, the poly- 
ester material used in clothing, all contain different kinds of carbonyl 
groups. 

i 0 
| 

ie | =O 
CHs OH HO CH; SS C iG) 

Acetic acid Acetaminophen I 

(a carboxylic acid) (an amide) 

Dacron 
(a polyester) 

I. Kinds of Carbonyl Compounds 
ee Pe Ee eS 

_ There are many different kinds of carbonyl compounds, depending on what 
groups are bonded to the C=O unit. The chemistry of carbonyl groups is 
similar, however, regardless of their exact structure. 

695 
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Table 1 shows some of the many different kinds of carbonyl compounds. 

All contain an acyl fragment, R- C-, bonded to another residue. The R 
group of the acyl fragment may be alkyl, aryl, alkenyl, or alkynyl; the other 
residue to which the acyl fragment is bonded may be a carbon, hydrogen, 
oxygen, halogen, nitrogen, sulfur, or other substituent. 

TABLE 1 Some Types of Carbonyl Compounds 

Name General formula Name ending 

1 
Aldehyde R—C—H -al 

1 
Ketone R—C—R’ -one 

1 
Carboxylic acid R—C—O—H -oic acid 

1 
Acid chloride R—C—Cl -yl or -oyl chloride 

1 
Acid anhydride R—C—O—C—R’ -oic anhydride 

: 

1 
Ester R—C—O—R'’ -oate 

7 Yo 
Lactone (cyclic ester) C—C—O None 

Cee 

i ; o 
Amide R—C—N -amide 

\ 

O 
>. Sie 

Lactam (cyclic amide) C—C—N None 
35 ae 

It’s useful to classify carbonyl compounds into two general categories, 
based on the kinds of chemistry they undergo: 
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The acyl groups in these two 
families are bonded to substituents 
(-H and -R, respectively) that 

Aldehydes (RCHO) can't stabilize a negative charge 
Ketones (RoCO) and therefore can’t act as leaving 

groups. Aldehydes and ketones 
behave similarly and undergo 
many of the same reactions. 

The acyl groups in carboxylic acids 
and their derivatives are bonded to 
substituents (oxygen, halogen, 
nitrogen) that can stabilize a 
negative charge and can serve as 
leaving groups in substitution 
reactions. The chemistry of these 
compounds is therefore similar. 

Carboxylic acids (RCOOH) 
Esters (RCOOR’) 
Acid chlorides (RCOC]I) 
Acid anhydrides (RCOOCOR’) 
Amides (RCONH,) 

Il. Nature of the Carbonyl Group 

The carbon—oxygen double bond of carbonyl groups is similar in many 
respects to the carbon—carbon double bond of alkenes (Figure 1). The car- 
bony] carbon atom is sp” hybridized and forms three sigma bonds. The fourth 
valence electron remains in a carbon p orbital and forms a pi bond to oxygen 
by overlap with an oxygen p orbital. The oxygen atom also has two non- 
bonding pairs of electrons, which occupy its remaining two orbitals. 

Carbonyl group Alkene 

See ee ee ee) 

Figure 1 Electronic structure of the carbonyl group. 

Like alkenes, carbonyl compounds are planar about the double bond 
and have bond angles of approximately 120°. Figure 2 shows the structure 
of acetaldehyde and indicates the experimentally determined bond lengths 
and angles. As you might expect, the carbon—oxygen double bond is both 

_shorter (1.22 A versus 1.43 A) and stronger [175 kcal/mol (732 kJ/mol) 
versus 92 kcal/mol (385 kJ/mol)] than a carbon—oxygen single bond. 
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Bond angle (°) Bond length (A) 

H—C-—©¢ 118 C=O 1.22 

C—C—O 121 C—C 1.50 

H—C—0oO 121 OC—H 1.09 

Figure 2 Structure of acetaldehyde. 

Carbon—oxygen double bonds are polarized because of the high electro- 
negativity of oxygen relative to carbon. Thus, all types of carbonyl com- 
pounds have substantial dipole moments, as shown in Table 2. 

TABLE 2 Dipole Moments of Some Carbonyl Compounds, RzCO 

Observed 
Type of carbonyl dipole moment 

Carbonyl compound group (D) 

HCHO Aldehyde 2.33 ( 
CH;CHO Aldehyde 2.72 

(CH3),CO Ketone 2.88 

PhCOCH3; Ketone 3.02 

Cyclobutanone Ketone 2.99 

CH3;COOH Carboxylic acid 1.74 

CH;COCI Acid chloride PLU 

CH;CO.2CH3 Ester 1.72 

CH;CONH2 Amide 3.76 

CH3CON(CH3)o Amide 3.81 

The most important consequence of carbonyl-group polarization is the 
chemical reactivity of the carbon—oxygen double bond. Since the carbonyl 
carbon carries a partial positive charge, it is an electrophilic site and is 
attacked by nucleophiles. Conversely, the carbonyl oxygen carries a partial 
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negative charge and is a nucleophilic (basic) site. We’ll see in the next five 
chapters that the majority of carbonyl-group reactions can be rationalized 
in terms of simple bond-polarization arguments. 

a pdie Nucleophilic oxygen reacts 

:QO: with acids and electrophiles 

ae nL Electrophilic carbon reacts 

with bases and nucleophiles 

lll. General Reactions of 
Carbonyl Compounds 

Most reactions of carbonyl] groups occur by one of four general mechanisms: 
nucleophilic addition, nucleophilic acyl substitution, alpha substi- 
tution, and carbonyl condensation. These mechanisms have many var- 
iations, just as alkene electrophilic addition reactions and Sy2 reactions do, 
but the variations are much easier to learn when the fundamental features 
of the mechanisms are understood. Let’s see what these four reaction mech- 
anisms are and what kinds of chemistry carbonyl groups undergo. 

NUCLEOPHILIC ADDITION REACTIONS 

The most common reaction of ketones and aldehydes is the nucleophilic 
addition reaction, in which a nucleophile adds to the electrophilic carbon 
of the carbonyl group. Since the nucleophile uses its electron pair to form 
a new bond to carbon, two electrons from the carbon—oxygen double bond 
must move onto the electronegative oxygen atom, where they can be sta- 
bilized in an alkoxide anion. The carbonyl carbon rehybridizes from sp? to 
sp® during the reaction, and the initial intermediate therefore has tetra- 
hedral geometry. 

o se 

:0: 70:7 

Ueno Nui 7 

PS ACE aN A> #48 ra Nu 

Carbonyl compound 

(sp?-hybridized carbon) Tetrahedral 
intermediate 

(sp?-hybridized carbon) 

Once formed, and depending on the nature of the nucleophile, the tetra- 
hedral intermediate can undergo either of the reactions shown in Figure 3. 
Often, the tetrahedral alkoxide intermediate is simply protonated by water 
or acid to form an alcohol product, as happens during Grignard addition 
-(Section 17.7). Alternatively, the tetrahedral intermediate can expel the 
oxygen completely to form a new double bond between the carbonyl-group 
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4 Ps Sh 

ON On 4 R/ ~Nu RY ~NuH, 
ees 

[uaa | 

we 7" 

wishes C + H5O RV Nu eee 2 

R’ 

=e ee ee 

Figure 3. The addition reaction of a nucleophile with a ketone or 

an aldehyde. 

carbon and the nucleophile. This second reaction is particularly common 
when amine nucleophiles are involved. 

Alcohol Formation The simplest reaction of a tetrahedral intermediate 
is protonation to yield an alcohol as final product. We’ve already seen two 
examples of this kind of process during reduction of ketones and aldehydes 
with hydride reagents such as NaBHy and LiAlH, (Section 17.6} and during 
Grignard reactions (Section 17.7). In the case of reduction, the nucleophile 
that adds to the carbonyl group is a hydride ion, H:~, while in the case 
of Grignard reaction, the nucleophile is a carbanion, R3C:~. 

Hydride reduction 

0: :O:7 Na* OH 
hese ‘ H,0+ fou 

A” (NaBH) H;CY ~H H.C / “i 
H3C CHs H, CH; 

Carbonyl Tetrahedral Stable alcohol 
compound intermediate 

Grignard reaction 

(0: 
Ne arte HO ee CH 

a aa 
CH: MgBr H,0 4 HOMgBr 

Carbonyl Tetrahedral Stable alcohol 

compound intermediate 
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Formation of C=Nu_ The second mode of nucleophilic addition, which 
often happens with amine nucleophiles, is that complete loss of oxygen 
occurs and a C=Nu double bond forms. For example, ketones and aldehydes 
react with primary amines, R’NHpg, to form imines, RyC=NR’. These reac- 
tions proceed through exactly the same kind of tetrahedral intermediate as 
that formed during hydride reduction and Grignard reaction, but the ini- 
tially formed product is not isolated. Instead, it loses water to form an imine, 
as shown in Figure 4. 

ng 
OSS SS: NHGR’ 

Addition to the ketone or aldehyde R R’ 
carbonyl group by the neutral 

amine nucleophile gives a dipolar l 
tetrahedral intermediate. 

Transfer of a proton from nitrogen to 
oxygen then yields a nonpolar amino ] 
alcohol intermediate. 

Dehydration of the amino alcohol 
intermediate gives neutral imine plus ] 
water as final products. 

SS en 

Figure 4 Mechanism of imine formation by reaction of an amine 

with a ketone or an aldehyde. 

NUCLEOPHILIC ACYL SUBSTITUTION REACTIONS 

The second fundamental reaction of carbonyl compounds, nucleophilic acyl] 
substitution, is related to the nucleophilic addition reaction just discussed 
but occurs only with carboxylic acid derivatives rather than with ketones 
and aldehydes. When the carbonyl group of a carboxylic acid derivative 
reacts with a nucleophile, addition occurs, but the initially formed tetra- 
hedral intermediate is not isolated. Since carboxylic acid derivatives have 

- a leaving group bonded to the carbonyl-group carbon, the tetrahedral inter- 
mediate can react further by expelling the leaving group and forming a new 
carbonyl compound: 
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Cy i— :Nu_ (or:Nu—H) GI I Sey 

no tn RY Nu Ree 
v2 

Tetrahedral New carbonyl 

intermediate compound 

where Y = —OR (ester), —Cl (acid chloride), — NH , (amide), or 

—OCOR’ (acid anhydride) 

The net effect of nucleophilic acyl substitution is the replacement of the 
leaving group by the attacking nucleophile. We'll see in Chapter 21, for 
example, that acid chlorides are rapidly converted into esters by treatment 
with alkoxide ions. This reaction is simply a nucleophilic acyl substitution 
in which alkoxide replaces chloride (Figure 5). 

Nucleophilic addition of alkoxide 
ion to an acid chloride yields a | 
tetrahedral intermediate. 

An electron pair from oxygen 
expels chloride ion and yields the | 
substitution product, an ester. 

10% 

| 
C eats R~ ~ ~or’ Cl 

Figure 5 Mechanism of the nucleophilic acyl substitution reaction 
of an acid chloride with an alkoxide ion to yield an ester. 

ALPHA-SUBSTITUTION REACTIONS 

The third major reaction of carbonyl compounds, alpha substitution, occurs 
at the position next to the carbonyl group, the alpha (a) position. These 
processes involve the substitution of an alpha hydrogen by some other group 
and take place by formation of intermediate enols or enolate ions: 
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oN fel 
Sort 

Che LS | Poe O 

| | 
An enolate i Dp rape enolate ion poe 

ee eae ah a 
= :OH 

A carbonyl | An alpha-substituted 
compound —. wp carbonyl compound 

| 

An enol 

For reasons that we'll explore in Chapter 22, the presence of a carbonyl 
group renders the protons on the alpha carbon acidic. Carbonyl compounds 
therefore react with strong base to yield enolate ions. 

oF o oe 

: Base 
re a aS SSS ON ee SS Boe, we + H— Base 

C C C 
la“ | | 

A carbonyl An enolate ion 
compound 

What chemistry might we expect of enolate ions? Since they carry neg- 
ative charges and have high electron density on the alpha carbon, enolate 
ions react as nucleophiles and undergo many of the reactions we’ve already 
studied. For example, enolates react with primary alkyl] halides in the Sy2 
reaction. The nucleophilic carbanion displaces halide ion and a new carbon— 
carbon bond forms: 

:O8 ) :O:- :O: 

| oo ae ea ia deli ! CHR + x- 
va nie EEA Sn2 reaction Pei ae 

i | Pe, 

A carbonyl An enolate ion 
compound 

For example: 

C20: oe 1 
H HW eee. a che! Hoe 

Cyclohexanone Cyclohexanone 2-Methylcyclohexanone 
enolate ion (65%) 
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The Sy2 alkylation reaction between an enolate ion and an alkyl halide 

is one of the most powerful methods available for making carbon—carbon 

bonds, thereby building up larger molecules from small precursors. We 

will study the alkylation of many kinds of carbonyl groups in detail in 

Chapter 22. 

CARBONYL CONDENSATION REACTIONS 

The fourth and last fundamental reaction of carbonyl groups, carbonyl 
condensation, takes place when two carbonyl compounds react with each 
other. For example, when acetaldehyde is treated with base, two molecules 

react with each other to yield the hydroxy aldehyde product known as aldol 
(aldehyde + alcohol): 

O O OH O 
| | ae : | 

CH;—C—H + CH;—C—H ——~> CH;CH—CH,CH 

Two acetaldehydes Aldol 

Although the carbonyl condensation reaction appears different from the 
three general carbonyl-group processes already discussed, it’s actually quite 
similar. A carbonyl condensation reaction is simply a combination of a 
nucleophilic addition step and an alpha-substitution step. The initially 
formed enolate ion of acetaldehyde acts as a nucleophile and adds to the 
carbonyl group of another acetaldehyde molecule. Reaction occurs by the 
pathway shown in Figure 6. 

IV. Summary 

The purpose of this short overview of carbonyl-group reactions is not to 
present details of specific reactions but rather to lay the groundwork for the 
following chapters. Although many of the reactions we'll see in the next 
five chapters appear unrelated at first glance, almost every reaction we'll 
encounter is a nucleophilic addition, a nucleophilic acyl substitution, 
an alpha substitution, or a carbonyl condensation. Knowing where we'll 
be heading should help you to keep matters straight on this most important 
of all functional groups, the carbonyl group. 
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CH,—C—H 

H -: OH/H.0 
Hydroxide ion abstracts an acidic 
alpha proton from one molecule of | 
acetaldehyde, yielding an enolate ion. 

E>... aa 

a 
H,C=C—H ote H,O 

:0:) 

ea 
CH;,—C—H 

The enolate ion adds as a nucleophile 
to the carbonyl! group of a second 

molecule of acetaldehyde, producing a 
tetrahedral intermediate. 

H 

The intermediate is protonated by Ld 
water solvent to yield the neutral 

H,O 
aldol product and regenerate 
hydroxide ion. 

OH 

Figure 6 Mechanism of a carbonyl condensation reaction 

between two molecules of acetaldehyde. 
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Chapter 19 

Aldehydes 
and Ketones: 
Nucleophilic 
Addition 
Reactions 

Aldehydes and ketones are among the most important of all compounds, 
both in nature and in the chemical industry. In nature, many substances 
required by living systems are aldehydes or ketones. In the chemical indus- 
try, simple aldehydes and ketones are synthesized in large quantities for 
use both as solvents and as starting materials for a host of other products. 
For example, approximately 3.4 million tons per year of formaldehyde, 
H,C=O, are manufactured for use in building insulation materials and in 
the adhesive resins that bind particle board and plywood. Concern over the 
possible toxicity of such materials may sharply curtail their uses, however. 
Acetone, (CH3)2C=O, is also widely used in industry, with some 1.2 million 
tons per year prepared for use as a solvent. 

Formaldehyde is synthesized industrially by catalytic dehydrogenation 
(oxidation) of methanol, and one method of acetone preparation involves 
dehydrogenation of 2-propanol. These methods are of little use in the lab- 
oratory, however, because of the high temperatures required. 

i" Catalyst 
Pea ee ee + ‘Ho 

H 

Methanol Formaldehyde 
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io 

ZnO | 
H;C—C—CH; -————> + Hy, 

380°C H3C go NN CH; 2 

H 

2-Propanol Acetone 

19.1 Properties of Aldehydes 
and Ketones 

As we saw in the previous overview, the carbony] functional group is planar, 
with bond angles of approximately 120°, and the carbon—oxygen double bond 
is polar. 

0 120° Sic | po” 8 
Cc a0 
eee, Rs 

120° 

One consequence of carbonyl bond polarity is that aldehydes and ketones 
are weakly associated and therefore have higher boiling points than alkanes 
of similar molecular weight. have. Since ketones and aldehydes can’t form 
hydrogen bonds, however, their boiling points are lower than those of the 
corresponding alcohols. Formaldehyde, the simplest aldehyde, is a gas at 
room temperature, but other simple aldehydes and ketones are liquid (Table 
19.1). 

19.2 Nomenclature of Aldehydes 
and Ketones 

ALDEHYDES 

Aldehydes are named by replacing the terminal -e of the corresponding 
alkane name with -al. The longest chain selected as the base name must 
contain the -CHO group, .and the -CHO carbon is always numbered as 

carbon 1. For example: 

O CHs 

eee neeecn cuL.cHcH,cricH 

CH,CH3 

Ethanal Propanal 2-Ethyl-4-methylpentanal 
(acetaldehyde) (propionaldehyde) 
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TABLE 19.1 Physical Properties of Simple Aldehydes and Ketones 
ee es cn AR Na Nc a | 

Boiling Melting 

Compound name _ Structure point (°C) point (°C) 

Formaldehyde HCHO =—21 —92 

Acetaldehyde CH3;CHO 21 = 121 

Propanal CH3;CH,CHO 49 —81 

Butanal CH3(CH2)2CHO 76 —99 

Pentanal CH3(CH,)3;CHO 103 = ep 

Benzaldehyde C.H;CHO 178 —26 

Acetone CH3COCH3 56 —95 

2-Butanone CH3CH,COCH3 80 —86 

2-Pentanone CH3;CH,CH,COCH3 102 ne 

3-Pentanone CH3;CH,COCH,CH3 102 —40 

Cyclohexanone i) O 156 —16 

Note that the longest chain in 2-ethyl-4-methylpentanal is a hexane but 
that this chain does not include the -CHO group and thus is not considered 
the parent. 

For more complex aldehydes in which the -CHO group is attached to 
a ring, the suffix -carbaldehyde is used: 

fame Cpe 

Cyclohexanecarbaldehyde 2-Naphthalenecarbaldehyde 

Certain simple and well-known aldehydes have common names that 
are recognized by IUPAC. Some of the more important common names are 
given in Table 19.2. 

KETONES 

Ketones are named by replacing the terminal -e of the corresponding alkane 
name with -one (pronounced own). The chain selected for the base name is 
the longest one that contains the ketone group, and the numbering begins 
at the end nearer the carbonyl carbon. For example: 

O 
Propanone | 
(acetone) CH;CCH3 CHsCH,CCH2CH2CHs 3-Hexanone 

4 
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TABLE 19.2 Common Names of Some Simple Aldehydes 
I OS ES I EES PTET I 

Formula Common name Systematic name 

HCHO Formaldehyde Methanal 

CH3;CHO Acetaldehyde Ethanal 

CH3;CH,CHO Propionaldehyde Propanal 

CH3CH,CH,CHO Butyraldehyde Butanal 

CH3;CH,CH,CH,CHO Valeraldehyde Pentanal 

H,C—CHCHO Acrolein 2-Propenal 

CY CHO Benzaldehyde Benzenecarbaldehyde 

O O 

cHICA—cHCHeH — cHILCoHCct 
4-Hexen-2-one 2,4-Hexanedione 

Certain ketones are allowed by IUPAC to retain their common names, 
though these are few: 

1 1 l 
CH;CCH; C C 

Acetone 

Acetophenone Benzophenone 

When it becomes necessary to refer to the RCO- group as a substituent, 
the term acy] (a-sil) is used and the name ending -y/ is attached. For exam- 
ple, the CH3CO- group is an acetyl group. Similarly, -CHO is called a 
formyl] group, and ArCO- is referred to as an aroyl group. 

O O O 

| | I I I 
C C 

rg ee ee = 

An acyl group Acetyl Formyl Aroyl 

(R = alkyl, alkenyl) 
Benzoyl 

If other functional groups are present and the doubly bonded oxygen 

must be considered a substituent, the prefix oxo- is used. For example: 

| 
CH3CH2CH2CCH2CO CH; Methyl 3-oxohexanoate 
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PROBLEM « 5:6(6:s0e Seine: <0 overa w alate Mimiplinloletalofacel ssc aymintealatsts’ enalata;ava latatn) Simiets (ela lots) sis 

19.1 Name these aldehydes and ketones according to IUPAC rules: 

: CH,CH,CHO 

(a) CHyCH,CCH(CH3). (b) CT 

| 
(c) CHyCCH,CH,CH,CCH,CHy (d) 

(e) OHCCH,CH,CH,CHO (f) 

feel 
(g) CH;CH,CHCHCCH3 (h) CH;CH=CHCH,CH,CHO 

CH,CH2CH3 

PPR TVA atrataiga airero etna ni orate (a leyo ta" etait a reeves) eoiet aseytoy eiaiet el uje ota (a/ate (oh aueteeta mtayal crate eae eae 

19.2 Draw structures corresponding to these names: 
(a) 3-Methylbutanal (b) 4-Chloro-2-pentanone 
(c) Phenylacetaldehyde (d) cis-3-tert-Butylcyclohexanecarbaldehyde 
(e) 3-Methyl-3-butenal (f) 2-(1-Chloroethyl)-5-methylheptanal 

i ed 

{ 

19.3. Preparation of Aldehydes 

We’ve already discussed two of the best methods of aldehyde synthesis: 
oxidation of primary alcohols and oxidative cleavage of alkenes. Let’s review 
them briefly. 

1. Primary alcohols can be oxidized to give aldehydes (Section 17.9). 
The reaction is often carried out using pyridinium chlorochromate 
(PCC) in dichloromethane solvent at room temperature, and high 
yields are usually obtained. 

nck Berne ORE ae ~~ is 0 et eee eae Ss CH,Cl, — 

Citronellol Citronellal (82%) 

2. Alkenes with at least one vinylic hydrogen undergo oxidative cleav- 
age when treated with ozone to yield aldehydes (Section 7.9). If the 
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ozonolysis reaction is carried out on cyclic alkenes, dicarbonyl com- 
pounds result. 

CH, i ° 
LO; 

SI. 2. In, CH,cooH ~CHsCCH,CH,CH,CH,CH 
H 

1-Methylcyclohexene 6-Oxoheptanal (86%) 

Yet a third method of aldehyde synthesis is one that we’ll mention here 
just briefly and then return to for a more detailed explanation in Section 
21.5. Certain carboxylic acid derivatives can be partially reduced to yield 
aldehydes. 

For example, the partial reduction of esters by diisobutylaluminum hydride 
(DIBAH) is an extremely important laboratory-scale method of aldehyde 
synthesis. The reaction is normally carried out at —78°C (dry-ice temper- 
ature) in toluene solution, and yields are often excellent. 

| mae | 
CH,(CH,),(COCH, tenes SIPC, CH,(CH,)10CH 

- Tg 

Methy! dodecanoate Dodecanal (88%) 

H 

| 
where DIBAH = (CH;),CHCH;—Al—CH,CH(CHs). 
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19.3. How would you prepare pentanal from these starting materials? 
(a) 1-Pentanol (b) 1-Hexene (c) CH3;CH,CH,CH,COOCH3 

Sees e eee eee eee eee ee EEE EEE HEHEHE EEE HEHEHE EH EHH HEHEHE EEE EHH HEHE EEE 

19.4 Preparation of Ketones 

For the most part, methods of ketone synthesis are analogous to those for 
aldehydes: 

1. Secondary alcohols are oxidized by a variety of reagents to give 
ketones (Section 17.9). Jones’ reagent (CrO3 in aqueous sulfuric 
acid), pyridinium chlorochromate, and sodium dichromate in aque- 
ous acetic acid are all effective, and the specific choice of reagent 
depends on such factors as reaction scale, cost, and acid or base 
sensitivity of the alcohol. 
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PCC Hye on aor ccHye{ =o 

4-tert-Butylcyclohexanol 4-tert-Butylcyclohexanone (90%) 

2. Ozonolysis of alkenes yields ketones if one of the unsaturated carbon 
atoms is disubstituted (Section 7.9): 

O 

He pip o,be 

Dy 2. Zn/H,0* + CH20 
CH3 

70% 

3. Aryl ketones are prepared by Friedel—Crafts acylation of an aro- 
matic ring with an acid chloride in the presence of AlCl; catalyst 

(Section 16.4): 

1 —Hes, OI +. CH,GCl 
osha 

Benzene Acetyl Acetophenone (95%) 
chloride 

4. Methyl ketones are prepared by hydration of terminal alkynes in 
the presence of mercuric ion as catalyst (Section 8.5). Internal al- 
kynes can also be hydrated, but a mixture of ketone products usually 
results. 

{ 

CH;(CH.);C =CH aie CH;(CH.)sC —CH; 

1-Hexyne 2-Hexanone (78%) 

5. Ketones can be prepared from certain carboxylic acid derivatives, 
just as aldehydes can. We'll discuss this subject in more detail in 
Section 21.5. 

hn te aging 
C a ee C Toa 

Reta toe fe 
Among the most useful syntheses of this type is the reaction between 
an acid chloride and a diorganocopper reagent. This process is rem- 
iniscent of the coupling reaction between alkyl halides and dior- 
ganocoppers that we saw in Section 10.10: 

0 
| 

CH,(CH2),CCl + (CH3),CaLit —> CH,(CH,),CCH, 

Hexanoyl chloride Dimethylcopper 2-Heptanone (81%) 
lithium 
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19.4 How would you carry out these reactions? More than one step may be required. 

eee wwe eae 

(a) 3-Hexyne ——~ 3-Hexanone 
(b) Benzene —> m-Bromoacetophenone 
(c) Bromobenzene ——> Acetophenone 
(d) 1-Methyleyclohexene ——> 2-Methylcyclohexanone 

SOS 8 OOM) SO) OS 6 SERS Le, 0 0.1010 6 ele Ba) 8 06 Gee! © 2 0 616.00 6b 8:85) .6.0 00 © a awe 8 BS 

19.5 Oxidation of Aldehydes 
and Ketones 

SSS a EY 

Aldehydes are readily oxidized to yield carboxylic acids, but ketones are 
unreactive toward oxidation except under the most vigorous conditions. This 
difference in behavior is a consequence of the structural difference between 
the two functional groups: Aldehydes have a —CHO proton that can be 
readily abstracted during oxidation, but ketones do not. 

O Hydrogen here O O No hydrogen 

¢ al i here 
C pox BA Oe Ro OH R R’ 

An aldehyde A ketone 

Many oxidizing agents such as hot nitric acid and potassium perman- 
ganate convert aldehydes into carboxylic acids, but the Jones reagent, CrO3 
in aqueous sulfuric acid, is a more common choice on a small laboratory 
scale (Section 17.9). Jones oxidations occur rapidly at room temperature and 
give good yields of product. 

i i | ; 
CH,(CH,),CH ———“"". CH,(CH),COH 

Hexanal Hexanoic acid (85%) 

One drawback to the Jones oxidation is that the conditions under which 
it occurs are acidic, and sensitive molecules sometimes undergo acid- 
catalyzed decomposition. Where such decomposition occurs, aldehyde oxi- 
dations are often carried out using a dilute ammonia solution of silver oxide, 
Ag,O (the Tollens! reagent). Aldehydes are oxidized by the Tollens reagent 
in high yield without harming carbon-carbon double bonds or other func- 
tional groups in the molecule. 

1Bernhard Tollens (1841-1918); b. Hamburg, Germany; Ph.D. Gottingen; professor, Univer- 
sity of Géttingen. 
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O O 

| I 
C 
~H Agy0 OH eee eee + Ag 

NH,OH, H,O, 

ethanol 

Benzaldehyde Benzoic acid 

A shiny mirror of metallic silver is deposited on the walls of the flask 
during a Tollens oxidation, forming the basis of a qualitative test for the 
presence of an aldehyde functional group in a molecule of unknown struc- 
ture. A small sample of the unknown is dissolved in ethanol in a test tube, 
and a few drops of the Tollens reagent are added. If the test tube becomes 
silvery, the unknown is presumed to be an aldehyde. 

Aldehyde oxidations occur through intermediate 1,1-diols or hydrates, 
which are formed by a reversible nucleophilic addition of water to the car- 
bonyl group. Even though present in small amounts at equilibrium, the 
hydrate reacts like any normal primary or secondary alcohol and is oxidized 
to a carbonyl compound (Section 17.9). 

i I H,O CrO 

— -C 3 C 
Ray Ro/. Ore) eh eee 

H 

An aldehyde A hydrate A carboxylic acid 

Ketones are inert to most common oxidizing agents but undergo a slow 

cleavage reaction when treated with hot alkaline KMnQ,. The carbon— 
carbon bond next to the carbonyl group is broken and carboxylic acid frag- 
ments are produced. The reaction is useful only for symmetrical ketones 
such as cyclohexanone, however, since product mixtures are formed from 
unsymmetrical ketones. 

O 1. KMnO,, H,0, 
NaOH COOH 

2. H,0+* COOH 

Cyclohexanone Hexanedioic acid (79%) 

19.6 Nucleophilic Addition Reactions of 
Aldehydes and Ketones 

The most important reaction of ketones and aldehydes is the nucleophilic 
addition reaction. A nucleophile attacks the electrophilic carbon atom of 
the polar carbonyl group from a direction approximately perpendicular to 
the plane of the carbonyl sp? orbitals. Rehybridization of the carbonyl] carbon 
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from sp” to sp? then occurs, and a tetrahedral alkoxide ion intermediate is 
produced (Figure 19.1). 

Nu 

pie) 

R~ / 

R 

Carbonyl compound Tetrahedral intermediate 

(sp? hybridized) (sp® hybridized) 

Figure 19.1. A nucleophilic addition reaction to a ketone or an 

aldehyde. 

The attacking nucleophile can be either negatively charged (Nu:~) or 
neutral (: Nu—H). If it’s neutral, however, the nucleophile is usually attached 
to a hydrogen atom that can subsequently be eliminated. For example: 

HO:> (hydroxide ion) 

H:~ (hydride ion) 

Some negatively charged nucleophiles R3C +” (a carbanion) 

RO: (an alkoxide ion) 
N=C:- (cyanide ion) 

HOH (water) 

ROH (an alcohol) 
Some neutral nucleophiles 

H3N : (ammonia) 

RNH, (an amine) 

Nucleophilic additions to ketones and aldehydes have two variations, 
as shown in Figure 19.2: (1) The tetrahedral intermediate can be protonated 
by water or acid to give an alcohol, or (2) the carbonyl oxygen atom can be 
expelled as HO™ or H2O to give a new carbon-nucleophile double bond. 

In the remainder of this chapter, we’ll examine some specific examples 
of nucleophilic addition reactions. In looking at the details of each reaction, 
we'll be concerned with two key points: the reversibility of a given reaction 
and the acid or base catalysis of that reaction. Some nucleophilic addition 
reactions take place without catalysis, but many others require acid or base 

to proceed. 
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gee 
R/ “Nu R- a ~NuH, 
ie 

| ua 
a Nu 

| 
aC CG + H,O RS hin Rr Sp 2 

Figure 19.2 Two possible reaction pathways following addition 

of a nucleophile to a ketone or an aldehyde. 

emer ewer sree resercese sheers reese eeereerreseeeseseseseresees 

19.5 What product would you obtain if cyanide ion (~: C=N) were added to acetone and 

ewes eee eee sere e eraser ereeseseenseeeeeseseesessaesseesssesses 

the tetrahedral intermediate were protonated? 

19.7. Relative Reactivity of Aldehydes 
and Ketones 

Aldehydes are generally more reactive than ketones in nucleophilic addition 
reactiorts for both steric and electronic reasons. Sterically, the presence of 
two relatively large substituents in ketones versus only one large substit- 
uent in aldehydes means that attacking nucleophiles are able to approach 
aldehydes miore readily. Thus, the transition state leading to the tetrahedral 
intermediate is less crowded and lower in energy for aldehydes than for 
ketones (Figure 19.3). 

Electronically, aldehydes are more reactive than ketones because of the 
greater degree of polarity of aldehyde carbonyl groups. The easiest way to 
see this polarity difference is to recall the stability order of carbocations 
(Section 6.11). Primary carbocations are less stable than secondary ones 
because there is only one alkyl group inductively stabilizing the positive 
charge, rather than two. For similar reasons, aldehydes are less stable (and 
therefore more reactive) than ketones because there is only one alkyl group 
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Figure 19.3 Nucleophilic attack on a ketone (a) is sterically 

hindered because of the two relatively large substituents attached 

to the carbonyl-group carbon. An aldehyde (b) has only one large 
substituent and is less hindered. 

inductively stabilizing the partial positive charge on the carbonyl carbon, 
rather than two. 

f : | ? 
in 3 

fH ay 

1° carbocation 2° carbocation 

(less stable, more reactive) (more stable, less reactive) 

oF O 
| | ot On 

7c EC 
ee ee Ro oR! 

Aldehyde Ketone 

(less stabilization of 5*, more reactive) (more stabilization of 6°, less reactive) 
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19.6 Aromatic aldehydes such as benzaldehyde are less reactive in nucleophilic addition 
reactions than aliphatic aldehydes are. Explain. 

19.7 Which would you expect to be more reactive toward nucleophilic additions: p- 
methoxybenzaldehyde or p-nitrobenzaldehyde? Explain. 

wee eee eee reer eee sees rere ereeeereseseseeeseeseseeeeeeseseserEeeeeeeee 
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19.8 Nucleophilic Addition of H,O: 
Hydration 

Cr err ne eg TLE ES IE I EE 

Aldehydes and ketones undergo reaction with water to yield 1,1-diols, or 

geminal (gem) diols. The hydration reaction is reversible, and gem diols 

can eliminate water to regenerate ketones or aldehydes. 

i i. 
C lS 

HC “CH, +) H,0 == HiG@/. 208 
H;C 

Acetone 
Acetone hydrate 

(a gem diol) 

The exact position of the equilibrium between gem diols and ketones 
or aldehydes depends on the structure of the carbonyl compound. Although 
the equilibrium strongly favors the carbonyl compound in most cases, the 
gem diol is favored for a few simple aldehydes. For example, an aqueous 
solution of acetone consists of about 0.1% gem diol and 99.9% ketone, 
whereas an aqueous solution of formaldehyde consists of 99.9% gem diol 
and 0.1% aldehyde. 

i 1 
C + H,O <= 26 

Oa CH: H,C“/ ~OH 
H3C 

Acetone (99.9%) Acetone hydrate (0.1%) __ 

‘ 

i le 
C + HO 2 WC 

Hity iH Hd OH 

Formaldehyde (0.1%) Formaldehyde hydrate (99.9%) 

The nucleophilic addition of water to ketones and aldehydes is slow in 
pure water but is catalyzed by both acid and base. Like all catalysts, acid 
and base don’t change the position of the equilibrium; they affect only the 
rate with which the hydration reaction occurs. 

The base-catalyzed reaction takes place in several steps, as shown in 
Figure 19.4. The attacking nucleophile is the negatively charged hydroxide 
ion, rather than neutral water. 

The acid-catalyzed hydration reaction also takes place in several steps. 
Acid catalyst first protonates the Lewis-basic oxygen atom of the carbonyl 
group, placing a positive charge on oxygen and thus making the carbonyl 
group more electrophilic. Subsequent nucleophilic addition of water to the 
protonated ketone or aldehyde then occurs to yield a protonated gem diol. 
Loss of a proton from oxygen then gives the neutral gem diol product (Figure 
19.5). 



Hydroxide ion nucleophile adds to rs > 
the ketone or aldehyde carbonyl group || °OH 
to yield an alkoxide ion intermediate. c 

The basic alkoxide ion intermediate 
abstracts a proton (H*) from water l| ERY 

: : H 
to yield gem diol product and 
regenerate hydroxide ion catalyst. 

BC 1° 4TH 
fi SN 
/ OH 

a ei 

Figure 19.4 Mechanism of base-catalyzed hydration of a ketone 

or an aldehyde. The purpose of the base is to act as a more 

reactive nucleophile than neutral water. 

( \ Acid catalyst protonates the basic 4 Wa ee 
carbonyl oxygen atom, making the | TK | —H 
ketone or aldehyde a much better H 

acceptor of nucleophiles. 
+ 

ia 

nw 

Nucleophilic addition of neutral Ws 
: : H,O: 

water yields a protonated gem diol. 

OH 
| aN 

eee + vH os 

i OH, 

H 
pee ee es 

Loss of a proton regenerates the 
acid catalyst and gives neutral | 
gem diol product. , 

OH 

| 
0 + HOF 
On 

(ES 

Figure 19.5 Mechanism of acid-catalyzed hydration of a ketone 

or an aldehyde. The purpose of the acid catalyst is to protonate the 

carbonyl starting material, thus making it more electrophilic and 

more reactive. 
719 
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Note the important difference between the acid-catalyzed and base- 

catalyzed processes. The base-catalyzed reaction takes place rapidly because 

water is converted into hydroxide ion, a much better nucleophilic donor. 

The acid-catalyzed reaction takes place rapidly because the carbonyl com- 

pound is converted by protonation into a much better electrophilic acceptor. 

The hydration reaction just described is typical of what happens when 

a ketone or an aldehyde is treated with a nucleophile of the type H-Y, where 

the Y atom is electronegative and can stabilize a negative charge (oxygen, 

halogen, or sulfur, for example). In such reactions, nucleophilic addition is 
reversible, with the equilibrium favoring the carbonyl starting material 
rather than the tetrahedral adduct. Thus, treatment of ketones and alde- 

hydes with reagents such as H2O, HCl, HBr, or H2SO, does not normally 

lead to addition products. 

I a 
C +H—Y <= $ oa ~R’ 7 y 

SSS — R’ 

Favored when 

Y = —OH, —Br, —Cl, HSO; 
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19.8 When dissolved in water, trichloroacetaldehyde (chloral, CCl;CHO) exists primarily 

as the gem diol, chloral hydrate, CCl;CH(OH)2, better known by the non-I[UPAC 
name “knockout drops.” Show the structure of chloral hydrate. 
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19.9 The oxygen in water is primarily (99.8%) 160, but water enriched with the heavy 
isotope 18O is also available. When a ketone or an aldehyde is dissolved in 180- 
enriched water, the isotopic label becomes incorporated into the carbonyl group: 
R,C=O + H,O* — R,C=O* + H,O, where O* = 180. Explain. 

19.10 How can you explain the observation that Sy2 reaction of (dibromomethy])benzene, 
CgH;CHBr., with NaOH yields benzaldehyde rather than (dihydroxymethyl)ben- 
zene, CgH;CH(OH),? 
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19.9 Nucleophilic Addition of HCN: 
Cyanohydrins 

Aldehydes and unhindered ketones react with HCN to yield cyanohydrins, 
RCH(OH)CEN. For example, benzaldehyde gives the cyanohydrin man- 
delonitrile in 88% yield on treatment with HCN: 
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O BO. .CN 
I nt 

ei “Ny HON CY Nu 

Benzaldehyde Mandelonitrile (88%) 
(a cyanohydrin) 

Detailed studies carried out by Arthur Lapworth? in the early 1900s 
showed that cyanohydrin formation is reversible and base catalyzed. Reac- 
tion occurs very slowly when pure HCN is used, but rapidly when a trace 
amount of base or cyanide ion is added. We can understand this result by 
recalling that HCN, a weak acid with pK, = 9.1, is neither dissociated nor 
nucleophilic. Cyanide ion, however, is strongly nucleophilic, and addition 
to ketones and aldehydes occurs by a typical nucleophilic addition pathway. 
Protonation of the anionic tetrahedral intermediate yields the tetrahedral 
cyanohydrin product plus regenerated cyanide ion: 

Be =O. CN HO CN 
i So a 

ra :C=N an HCN ae a 

Benzaldehyde Tetrahedral Mandelonitrile (88%) 

intermediate (a cyanohydrin) 

In order to avoid the dangers inherent in handling such a toxic gas as 
hydrogen cyanide, HCN is usually generated during the reaction by adding 

a mineral acid like H2SO, to a mixture of carbonyl compound and excess 
sodium cyanide. 

Cyanohydrin formation is particularly interesting because it is one of 
the few examples of the addition of an acid to a carbonyl group. As noted 
earlier, acids such as HBr, HCl, H2SO4, and CH3;COOH don’t form carbonyl] 
adducts because the equilibrium constant for reaction is unfavorable. With 
HCN, however, the equilibrium lies in favor of the adduct. 

Cyanohydrin formation is useful because of the further chemistry that 
can be carried out. For example, nitriles (RCN) can be reduced with LiAlH, 
to yield primary amines (RCH2NH ) and can be hydrolyzed by aqueous acid 
to yield carboxylic acids. Thus, cyanohydrin formation provides a method 
for transforming a ketone or aldehyde into a different functional group while 
lengthening the carbon chain by one unit. 

' 2Arthur Lapworth (1872-1941); b. Galashiels, Scotland; D.Sc., City and Guilds Institute, 
London; professor, University of Manchester (1909-1941). 
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OH 
| 
CHCH,NH, 

1. LiAIH,, THF 

2. H,O 

O ite 

: CHCN 2-Amino-1-phenylethanol 
PS H HCN 

Cy * = on 
CHCOOH 

Benzaldehyde Mandelonitrile ey: 

Mandelic acid (90%) 
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19.11 How can you account for the observation that cyclohexanone forms a cyanohydrin 

in good yield but that 2,2,6-trimethylcyclohexanone appears to be unreactive to 

HCN/KCN? 

i 

19.10 Nucleophilic Addition of Grignard 
Reagents: Alcohol Formation 

Although we didn’t point it out earlier, the synthesis of alcohols by reaction 
of Grignard reagents with ketones and aldehydes (Section 17.7) is simply a 
nucleophilic addition reaction. Unlike the nucleophilic additions of water 
and HCN, though, Grignard additions are generally irreversible. 

Grignard reagents are nucleophiles because the carbon—magnesium 
bond is strongly polarized, with a high electron density on carbon. Thus, 
Grignard reagents react as if they were carbanions, R3C :~. Acid—base com- 
plexation of magnesium ion with the carbonyl oxygen atom first serves to 
make the carbonyl group a better electrophile, and nucleophilic addition 
then produces a tetrahedrally hybridized magnesium alkoxide intermediate. 
Protonation of this intermediate by addition of aqueous acid yields the neu- 
tral alcohol (Figure 19.6). 

re Ae MgX oH 

os Ro MX ahs 
C eee aC, 3 ae a 

aes Nucleophilic 4 Wr Y \R HOMgxX 

addition 

Carbonyl Tetrahedral . Alcohol 

intermediate 

aaa eee 

Figure 19.6 Mechanism of the Grignard reaction. 
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19.11 Nucleophilic Addition of Hydride: 
Reduction 

SSS I FIO ITT I I TN ER 

The reduction of ketones and aldehydes to yield alcohols (Section 17.6) is 
another nucleophilic addition reaction whose mechanism we didn’t point 
out earlier. The exact details of carbonyl-group reduction by hydride agents 
such as LiAlH, and NaBH, are complex because there is no such species as 
a discrete hydride ion, H:~. Nevertheless, the common reducing agents 
function as if they were “hydride ion equivalents,’ and the fundamental 
step in carbonyl-group reduction is a nucleophilic addition (Figure 19.7). 
Addition of water or aqueous acid after the hydride addition step protonates 
the tetrahedral alkoxide intermediate and gives the alcohol product. 

Go: :O:7 OH 

! x oe | : 
Ord Wea oC eae sole. ioe E@ 

ih Rt from NaBH, RY pet RVG BS 2 

Figure 19.7 Mechanism of carbonyl-group reduction by 

nucleophilic addition of “hydride ion” from NaBH, or LiAIH,. 

19.12 Nucleophilic Addition of Amines: 
Imine and Enamine Formation 

ep 

Primary amines, RNHg, add to aldehydes and ketones to yield imines, 

R,C=NR. Secondary amines add similarly to yield enamines (-ene + amine; 

unsaturated amine). 

O 

I 

RNH, 9 \ R,oNH 

R J SS R R 
za a 

N A ketone or N 

H,O + | an aldehyde | + HO 

C H C 

aX | 

An imine An enamine 

These two reactions appear different, since one leads to a product with 

a carbon—nitrogen double bond and the other leads to a product with a 
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: | | Ketone/aldehyde 

ow 

Nucleophilic attack on the ketone or 
aldehyde by the lone-pair electrons of 
an amine leads to a dipolar || a 

tetrahedral intermediate. 

:O:- 
| 

Sf 
/ ~NH,R 

A proton is then transferred from 

nitrogen to oxygen, yielding a neutral || Proton transfer 

carbinolamine. 

:OH 
| 

ji 
/ ~NHR 

Carbinolamine 

Acid catalyst protonates the hydroxyl a 
oxygen. | a 

+ ° a 

-CY) pao 
/ ~NHR 

The nitrogen lone-pair electrons expel 
water, giving an iminium ion. | = { 

ia eih No EA. ene ‘ “OH 

wae C ~ 

Iminium ion 

Se 

Loss of H+ from nitrogen then gives 
the neutral imine product. | 

R 
Nye 

Ihgas ets 
a Cw 

Imine 

a NG SE 

Figure 19.8 Mechanism of imine formation by reaction of a 

ketone or an aldehyde with a primary amine. 
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carbon-carbon double bond, but they’re actually quite similar. Both are 
typical examples of nucleophilic addition reactions in which the initially 
formed tetrahedral intermediate can’t be isolated. Instead, water is elimi- 
nated, and a new carbon-nucleophile double bond is formed. 

Imines are formed by a reversible, acid-catalyzed process involving 
nucleophilic attack on the carbonyl group by the primary amine, followed 
by transfer of a proton from nitrogen to oxygen to yield a neutral amino 
alcohol (a carbinolamine). Protonation of the carbinolamine oxygen by the 
acid catalyst then converts the hydroxyl] into a better leaving group, and 
E1-like loss of water produces an iminium ion. Loss of a proton then gives 
the final product and regenerates acid catalyst (Figure 19.8 on page 724). 

Imine formation is normally an acid-catalyzed process. Studies have 
revealed a pH versus rate profile indicating that reaction is very slow at 
both high and low pH but reaches a maximum rate at weakly acidic pH. 
For example, Figure 19.9 shows the profile obtained for reaction between 
acetone and hydroxylamine, H,.NOH, indicating that maximum reaction 
rate is obtained at pH 4.5. 

We can explain the observed maximum at pH 4.5 by looking at each 
individual step in the mechanism. As indicated in Figure 19.8, acid is 
required to protonate the intermediate carbinolamine, thereby converting 
the hydroxy] into a better leaving group. Thus, reaction can’t occur if there 
is not enough acid present (high pH). On the other hand, if too much acid 

Reaction rate 

Figure 19.9 Dependence on pH of the rate of reaction between 

‘acetone and hydroxylamine, HJNOH: (CH3),C=O + H2,NOH — 

(CH3),C=NOH ate H,O. 
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is present (low pH), the attacking amine nucleophile is completely proton- 
ated and the initial nucleophilic addition step can’t occur. 

(\ gE ch as + 

Base Acid Nonnucleophilic 

Evidently, pH 4.5 represents a compromise between the need for some 
acid to catalyze the rate-limiting dehydration step and the need for not too 
much acid to avoid complete protonation of the amine. Each individual 
nucleophilic addition reaction has its own specific requirements, and reac- 
tion conditions must be controlled for maximum reaction rates to be 

obtained. 
Imine formation from such reagents as hydroxylamine (NH,OH), 

semicarbazide (NHz,NHCONHsg), and 2,4-dinitrophenylhydrazine are par- 
ticularly useful because the products of these reactions—oximes, semi- 

carbazones, and 2,4-dinitrophenylhydrazones (2,4-DNPs)—are usually 
crystalline and easy to handle. Such crystalline derivatives are sometimes 
prepared as a means of identifying liquid ketones or aldehydes. 

@=: +  NH,OH ==> ( )=n—on + 41,0 

Oxime 

Cyclohexanone Hydroxylamine Cyclohexanone oxime 

(mp 90°C) 

Semicarbazone 

H ‘ 

N NH 2 i Ne WE 

E ana 
i Tl Se O 

+ H,NNHCNH, —— 

Benzaldehyde Semicarbazide Benzaldehyde semicarbazone 

(mp 222°C) 

2,4-Dinitrophenylhydrazone 

i NO, i NO, 
| N 

ce + H,N~ No Pee 
Bice ca Bs ee! 

NO, C NO, 
HO“ @Hy 

Acetone 2,4-Dinitrophenylhydrazine Acetone 2,4-dinitrophenyl- 

hydrazone (mp 126°C) 
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Enamines are formed when a ketone or an aldehyde reacts with a sec- 
ondary amine, R.NH. The process is identical to imine formation up to the 
iminium ion stage, but at this point there is no proton on nitrogen that can 
be lost to yield neutral product. Instead, a proton is lost from the alpha- 
carbon atom, yielding an enamine (Figure 19.10). 

O 
| 

ie CL C7 H 

Nucleophilic addition of a secondary aN 
amine to the ketone or aldehyde, 

followed by proton transfer from [Jose 
nitrogen to oxygen, yields an 
intermediate carbinolamine in the 
normal way. OH 

| 
oie vi 

RN /\ 
Protonation of the hydroxyl by acid 
catalyst converts it into a better || 
leavin oup. g group +OH, 

S| 
aps On H 

R,N:— / \ 

Elimination of water by the lone- 
pair electrons on nitrogen then | 
yields an intermediate iminium ion. 

Re ih UR 
N 
| as 

aes >OH, 

ye 

Loss of a proton from the alpha- 
carbon atom yields the enamine | 

product and regenerates the acid 
catalyst. J Re wb 

| + H,O* 

| 

An enamine 

ee ee ee ee 

Figure 19.10 Mechanism of enamine formation by reaction of a 

- ketone or an aldehyde with a secondary amine. 
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ey 

19.13 

Seem r emer erases eeeereeereseseeseeseseeeeeseeesseseeseseoese 

Show the products you would obtain by reaction of cyclohexanone with ethylamine, 

CH;CH,NHp, and with diethylamine, (CH3CH2)2.NH. 

See meee emer eres errr nese eeeereseeeeeeeeeseeHeseeHeeeeeeee 

Imine formation is reversible. Show all the steps involved in the hydrolysis of an 

imine to yield a ketone or an aldehyde plus primary amine. 

Pee meee rere reer reser ones eeeeeeeEeHseeEeHeHEeeeHeeeeeeees 

Nucleophilic Addition of 
Hydrazine: The Wolff—Kishner 
Reaction 

An important variant of the imine-forming reaction just discussed involves 
the treatment of a ketone or an aldehyde with hydrazine, HyNNHag, in the 
presence of KOH. This reaction, discovered independently in 1911 by Ludwig 
Wolff? in Germany and N. M. Kishner‘* in Russia, is an extremely valu- 
able synthetic method for converting ketones or aldehydes into alkanes, 
R,C=O ae R,CHp. 

O H H 
I ie 
oS SS 

CH,CH3 H,NNHy, CH,CH3 ei evar ta + Ny + HO 

Propiophenone Propylbenzene (82%) { 

O 

¢ H C oe 3 

ie H H)NNH, ca 
oe + N, + H,O 

Cyclopropanecarbaldehyde Methylceyclo- 

propane (72%) 

The Wolff—Kishner reaction is often carried out at 240°C in boiling diethy]- 
ene glycol solvent, but a modification in which dimethyl sulfoxide is used 
as solvent allows the process to take place near room temperature. 

The Wolff—Kishner reaction involves formation of a hydrazone inter- 
mediate, followed by base-catalyzed double-bond migration, loss of Ng gas, 
and formation of alkane product (Figure 19.11). The double-bond migration 

3Ludwig Wolff (1857-1919); b. Neustadt/Hardt; Ph.D. Strasbourg (Fittig); professor, Uni- 
versity of Jena. 

4N. M. Kishner (1867-1935); b. Moscow; Ph.D. Moscow (Markovnikov); professor, universities 
of Tomsk and Moscow. 
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Reaction of the ketone or aldehyde 

with hydrazine yields a hydrazone in 
the normal way. 

Base then abstracts one of the weakly 
acidic protons from —NHg, yielding a 

hydrazone anion. This anion has an 
“allylic” resonance form that places 

the negative charge on carbon and 
the double bond between nitrogens. 

Protonation of the hydrazone anion 

takes place on carbon to yield a 
neutral intermediate. 

Base-induced loss of nitrogen then 
gives a carbanion... 

... that is protonated to yield neutral 
alkane product. 

| 
ioederie) ar H,NNH, 

| 

7N—H N—H 
Ne Na 
| lee 

ge i ae a 

fs 
NH 

N*w/ ee 
rr =:OH 

Po Oe ee 

R/ -H 
R’ 

| H,0 

H 

~ + /HOR 
| 

RY ~H 
! 

Figure 19.11 Mechanism of the Wolff—Kishner reduction of a 

ketone or an aldehyde to yield an alkane. 

takes place when base removes one of the weakly acidic NH protons to 
generate a hydrazone anion. Since the hydrazone anion has an allylic res- 
onance structure that places the double bond between nitrogens and the 

- negative charge on carbon, protonation can occur on carbon to generate the 
double-bond migrated product. The second-to-last step-loss of nitrogen to 

\ 
‘1 
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give an alkyl anion that is then protonated—is an unusual reaction, driven 

primarily by the large thermodynamic stability of the Nz molecule. 
Note that the Wolff—Kishner reduction accomplishes the same overall 

transformation that we saw earlier during catalytic hydrogenation of acyl 
benzenes to alkylbenzenes (Section 16.12). The Wolff—Kishner reduction is 
more general and more useful than catalytic hydrogenation, however, since 
it works well with both alkyl and aryl ketones. 

In addition to the Wolff—Kishner reaction, another process called the 
Clemmensen’ reduction also accomplishes the conversion of a ketone or 
an aldehyde to an alkane. The Clemmensen reduction, whose mechanism 
is complex and not fully understood, involves treatment of the carbonyl 
compound with amalgamated zinc, Zn(Hg), and concentrated aqueous HCl. 
It is used primarily when the ketone or aldehyde starting material is sen- 
sitive to the strongly basic conditions required by Wolff—Kishner reduction. 

O Hee 
I \Y 

~CH,CH, _ zn(ig) CH,CH, 
H30* 

Propiophenone Propyibenzene (86%) 

19.14 Nucleophilic Addition of Alcohols: 
Acetal Formation 

Ketones and aldehydes react reversibly with alcohols in the presence of an 
acid catalyst to yield acetals, R2zC(OR’)2, also called ketals in older 
literature. 

i OR’ 
Acid 

ee ‘| eee ox + 2ROH = ANS + HO 

Ketone/aldehyde An acetal 

Acetal formation is similar to the hydration reaction studied in Section 
19.8. Like water, alcohols are relatively weak nucleophiles that add to 
ketones and aldehydes only slowly under neutral conditions. Under acidic 
conditions, however, the nucleophilic carbonyl oxygen is protonated, and 
the resultant protonated carbonyl compound is much more reactive than its 
neutral counterpart. Addition of alcohol therefore occurs rapidly. 

5E. C. Clemmensen (1876-1941); b. Odense, Denmark; Ph.D. Copenh - Cl 
Chemical Corp., Newark, NY. peniapen, ssemmensen 
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ed H 
"0 0 Oo 

| H—A 

Neutral carbonyl group Protonated carbonyl group 

(moderately nucleophilic) (strongly electrophilic and highly 

reactive toward nucleophiles) 

The initial nucleophilic addition of alcohol to the carbonyl group yields 
a hydroxy ether called a hemiacetal, analogous to the gem diol formed by 
addition of water (Section 19.8). Hemiacetals are formed reversibly, with 
the equilibrium normally favoring the carbonyl compound. In the presence 
of acid, however, a further reaction can occur. Protonation of the hydroxyl 
group, followed by an E1-like loss of water, leads to a cation (an oxonium 
ion, R30*) that then adds a second equivalent of alcohol to yield the acetal. 
For example, reaction of cyclohexanone with methanol yields the dimethyl 
acetal. The full mechanism is shown in Figure 19.12 on page 732. 

Q —CHsO#H OH CH,OH OCH; ae 
H* catalyst OCH; H* catalyst OCH; 20 

A ketone A hemiacetal An acetal 

Since all the steps of acetal formation are reversible, the reaction can 
be driven either forward (from carbonyl compound to acetal) or backward 
(from acetal to carbonyl compound), depending on the conditions chosen. 
The forward reaction is favored by choosing conditions that remove water 
from the medium and thus drive the equilibrium to the right. In practice, 
this is often done by distilling off water as it forms. The reverse reaction is 
favored by treating the acetal with mineral acid and a large excess of water 
to drive the equilibrium to the left. 

Acetals are extremely useful compounds because they can serve as pro- 
tecting groups for ketones and aldehydes in the same way that trimethylsilyl 
ethers serve as protecting groups for alcohols (Section 17.10). As we saw 
previously, it sometimes happens that one functional group might interfere 
with intended chemistry elsewhere in a complex molecule. For example, if 
we wanted to reduce only the ester group of ethyl 4-oxopentanoate, the 
ketone would interfere. Treatment of the starting keto ester with LiAlH, 
would reduce both the keto and the ester groups to give a diol product: 

eal. 1 
CH;CCH,CH,COCH,CH; —> CH,CCH,CH,CH,OH 

Ethyl 4-oxopentanoate 5-Hydroxy-2-pentanone 

By protecting the keto group as an acetal, however, the problem can be 
- circumvented. Like other ethers, acetals are inert to bases, hydride reducing 



ll + H—cl 
Pe 

Protonation of the carbonyl oxygen 

strongly polarizes the carbonyl group | 

and 7 ex 
H + 

| 

... activates the carbonyl group for = 
nucleophilic attack by oxygen lone- | ROH 
pair electrons from alcohol. 

oh 
? 
Cw + 
df cor 

| Wa : OH, 

H 
Loss of a proton yields a neutral 
hemiacetal tetrahedral intermediate. | 

:OH 
| Hemiacetal 

ZA C el ee 

“7 ~ORS?_H.07 
Protonation of the hemiacetal fi 
hydroxyl converts it into a good ||H#—a 
leavin oup. ee & group Cou, 

we ds x 7 wy OR 

Dehydration yields an intermediate | 
oxonium ion. 

R 
+07 

| + H,O 

Addition of a second equivalent of | R—O—H 
alcohol gives protonated acetal. a 

Loss of a proton yields neutral acetal I 
product. 

Acetal 

Figure 19.12 Mechanism of acid-catalyzed acetal formation by 
reaction of a ketone or an aldehyde with an alcohol. 
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19.14 Nucleophilic Addition of Alcohols: Acetal Formation 733 

agents, Grignard reagents, and catalytic reducing conditions, but they’re 

acid-sensitive. Thus, we can accomplish the selective reduction of the ester 
group in ethyl 4-oxopentanoate by first converting the keto group to an 
acetal, then reducing the ester with LiAlH,, and then removing the acetal 
by treatment with aqueous acid. 

H.C in CH, 

I I HOCH,CH,OH Jb a 1 CH;CCH,CH,COCH,CH; = GE Gale We ! W 

Ethyl 4-oxopentanoate us CH,CH,COCH,CH; 

{Can't be done 1, LiAIH, 
i directly 2. H30* 

He@— CH 

0 ae 
] H.O+ Dm ye HOCH,CH,OH + CH,CCH,CH,CH,OH 22 — Sc@ 

CH; CH,CH,CH,OH 

In practice, it’s convenient to use ethylene glycol as the alcohol and to 
form a cyclic acetal. The mechanism of cyclic acetal formation using one 
equivalent of ethylene glycol is exactly the same as that using two equiv- 
alents of methanol or other monoalcohol. The only difference is that both 
alcohol groups are now in the same molecule rather than in different mol- 
ecules. 

O 
_HOCH,CH,OH + H,0 

(Hp mc Acid catalyst (CH3)3C Lio 8 r 

4-tert-Butylcyclohexanone 4-tert-Butylcyclohexanone 
ethylene acetal (88%) 

Cece eee meses ese e reese ee essere sesesesesseseseseseseeversese 

Show all of the steps in the acid-catalyzed formation of a cyclic acetal from ethylene 

glycol and a ketone or an aldehyde. 

sie wivlele @ o als)e.s S16) 6.6) a o'a) 10) o\ 5) 0)19)0 0) 0)'6)9,,0 ¥ \nr6 Sle 0 © a a \alaus a\ 0, #100 (eel ee 6.@ (sie, 

We saw in Section 19.7 that aldehydes are more reactive than ketones toward nucleo- 

philic addition. How might you use this knowledge to carry out the following selective 

transformations? One of the two schemes requires a protection step. 

(a) CH;COCH,CH,CH,CHO eae CH3;COCH,CH,CH,CH,0H 

-(b) CH;COCH,CH,CH,CHO —~ CH;CH(OH)CH,CH,CH,CHO 

a) bilelalslisie|eiusnt tata liewe)vel es ieice)(s)in{70)'8) 6) 6)\) e)i8\'e)\n)(b)\e)\h! oe. 0).0).6 01 Ob) 8) 6% Be 6/106) \¥) 10) © (0) 0.0/0 
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19.15 Nucleophilic Addition of Thiols: 
Thioacetal Formation 

Thiols, RSH, add to ketones and aldehydes by a reversible, acid-catalyzed 
pathway to yield thioacetals, R’2C(SR)2. As you might expect, the mech- 
anism of thioacetal formation is identical in all respects to that of acetal 
formation (Figure 19.12) except that a thiol is used in place of an alcohol. 
Ethanedithiol is often chosen, and the resultant cyclic thioacetals form rap- 
idly in high yield. 

a S 
Hc )=0 a nc—{ a + H,0 

S 
4-Methylcyclohexanone A thioacetal (96%) 

Thioacetals are useful because they undergo desulfurization when 
treated with a specially prepared nickel powder known as Raney’® nickel 
(Raney Ni). Since desulfurization removes sulfur from a molecule, replacing 
it by hydrogen, thioacetal formation followed by Raney nickel desulfuri- 
zation is an excellent method for reducing ketones or aldehydes to alkanes. 

O / \ 
| S S H H 
C No” Raney Ni Yom + : 

oes os Ethanol es NaS 

Aldehyde/ketone Thioacetal Alkane 

For example, 

S con H 
Hc Raney Ni no-{ X au NiS 

Ss H 

Raney nickel desulfurization is a general method for reducing any R-S 
group to an R-H group. The mechanism of the process is not fully understood 
but undoubtedly involves radical intermediates. The hydrogen atoms in the 
desulfurized products come from hydrogen gas, which is adsorbed onto the 
Raney nickel surface during preparation. 

Overall, the thioacetal desulfurization sequence is competitive with the 
Wolff—Kishner and Clemmensen reactions (Section 19.13) for accomplishing 
the reduction of a ketone or an aldehyde to an alkane. Note, however, that 
each of the three methods has its own advantages. The Wolff—Kishner reac- 
tion occurs under basic conditions, the Clemmensen reaction occurs under 

®Murray Raney (1885-1966); b. Tennessee; B.A. University of Kentucky; D.Sc. (Hon.) Uni- 
versity of Kentucky; Gilman Paint and Varnish Company (1925-1950); Raney Catalyst Com- 
pany (1950-1966). 
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acidic conditions, and the Raney nickel desulfurization reaction occurs under 
neutral conditions. 

ee Se ee SAD ON a eae ee) LOO 80 8 615) 9 oe: 6'm by a) a) Ss Opiate lel elle eure) the. 

Show three different methods by which you might prepare cyclohexane from 
cyclohexanone. 

MGR = FS Qe ee 6 6 WU eae) ab Rivie es PRs cleo Foc Vedeesce we Biaweneeeveses 

How might you use Raney nickel desulfurization of a thioacetal to carry out the 
following reduction? 

onc{ =o ney Hc =o 

Ce rd 

Nucleophilic Addition of 
Phosphorus Ylides: 
The Wittig Reaction 

Ketones and aldehydes are converted into alkenes by means of the Wittig’ 
reaction. In this process, a phosphorus ylide, R,C=P(CgHs)s3 (also called a 
phosphorane), adds to a ketone or an aldehyde, yielding a dipolar inter- 
mediate called a betaine. (An ylide—pronounced ill-id—is a dipolar com- 
pound with adjacent plus and minus charges; a betaine—pronounced bay- 
ta-een—is a dipolar compound in which the charges are nonadjacent.) 

The betaine intermediate in the Wittig reaction is not isolated; rather, 

it decomposes to yield alkene and triphenylphosphine oxide. The net result 
is replacement of carbony! oxygen by the organic fragment originally bonded 
to phosphorus (Figure 19.13). 

The phosphorus ylides necessary for Wittig reaction are easily prepared 
by Sy2 reaction of primary and some secondary (but not tertiary) alkyl 
halides with triphenylphosphine, followed by treatment with base. Trior- 
ganophosphines, R3P, are generally excellent nucleophiles in Sy2 reactions, 
and yields of crystalline tetraorganophosphonium salts are high. The proton 
on the carbon next to the positively charged phosphorus is weakly acidic 
and can be removed by a base such as sodium hydride or butyllithium (BuLi) 
to generate the neutral ylide. For example: 

7Georg Wittig (1897-1987); b. Berlin; Ph.D. Marburg (von Auwers); professor, universities 
- of Freiburg, Tubingen, and Heidelberg; Nobel Prize (1979). 
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. re Cor i" PCoHs Ys 

| THF 
Sat) nfs ic P(C 6Hs): Ps ee 

R 
Ketone/aldehyde An ylide 

A betaine 

C=C da (Celle )gP =O»... »C—C. 
me Np 7 . R 

R 
Alkene Triphenylphosphine 

oxide 

Figure 19.13 The mechanism of the Wittig reaction between a 

ketone or an aldehyde and a phosphorus ylide. 

CP on hs oe. cris CH, “ uy CH, 

Bromo- 

methane 

Triphenylphosphine Methyltripheny]l- Methylenetripheny]- 
phosphonium bromide phosphorane 

The Wittig reaction is extremely useful, and a great many mono-, di-, 

and trisubstituted alkenes can be prepared from the appropriate combina- 
tion of phosphorane and ketone or aldehyde. Tetrasubstituted alkenes can’t 
be prepared, however, presumably because of steric hindrance during the 
reaction. 

The great value of the Wittig reaction is that pure alkenes of known 
structure are prepared. The alkene double bond is always exactly where the 
carbonyl group was in the precursor, and no product mixtures (other than 
E,Z isomers) are formed. For example, Wittig reaction of cyclohexanone 
with methylenetriphenylphosphorane yields only the single pure alkene 
product, methylenecyclohexane, whereas addition of methylmagnesium bro- 
mide to cyclohexanone followed by dehydration with POC]g yields a mixture 
of two alkenes, 1-methylcyclohexene and methylenecyclohexane. 
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CH3 CHe 

es ene 
1-Methylcyclohexene Methylenecyclohexane 

CH, 
Cyclohexanone (CoH; \;P—CHp, 

THF solvent solven i. (C,H; ee) 

Methylenecyclohexane 

(84%) 

Wittig reactions are so important that they’re even used commercially 
in a number of pharmaceutical applications. For example, the Swiss chem- 
ical firm of Hoffmann-LaRoche prepares f£-carotene, a yellow food-coloring 
agent and dietary source of vitamin A, by Wittig reaction between retinal 

and retinylidenetriphenylphosphorane. 

a: 

eee 
pee + 

Retinal Retinylidenetriphenylphosphorane 

Wittig 

reaction 

ee oe 

B-Carotene 

PROBLEM Cece eee ese rere rae reeeeeeseeeeseseseseeseseeeseseesrEseresesee 

19.18 What carbonyl compounds and what phosphorus ylides might you use to prepare 

these compounds? 

H ‘a ifs () Cy: 

~ (c) 2-Methyl-2-hexene (d) CgH;CH=C(CHs3)2 

(e) 1,2-Diphenylethylene 
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PROBLEM... 

19.19 

Seem ew wren 

Cee eee ee em meee emer eee ee eeeeeeeeeeeeeeeeseeeeeseeeeeene 

Why do you suppose triphenylphosphine, rather than, say, trimethylphosphine, is 
used to prepare Wittig reagents? What problems might you run into if trimethyl- 

phosphine were used? 

ee 

Another route to B-carotene involves a double Wittig reaction between two equiv- 
alents of B-ionylideneacetaldehyde and a diylide. Formulate the reaction, and show 
the structure of the diylide. 

CHO 

B-Ionylideneacetaldehyde 

ey 

19.17. The Cannizzaro Reaction 

We said in the overview of carbonyl chemistry that nucleophilic addition 
reactions are characteristic of ketones and aldehydes, but not of carboxylic 
acid derivatives. The reason for the difference is structural. As shown by 
the general reaction scheme in Figure 19.14, tetrahedral intermediates pro- 
duced by addition of a nucleophile to a carboxylic acid derivative can elim- 
inate a leaving group, leading to a net nucleophilic acyl substitution 
reaction. Tetrahedral intermediates produced by addition of a nucleophile 
to a ketone or an aldehyde have only alkyl and hydrogen substituents, 
however, and thus can’t usually expel a leaving group. The Cannizzaro® 
reaction, discovered in 1853, is one exception to this rule. 

(0 _ (er ° 
C 

RTS Nu R vor 

Figure 19.14 The mechanism of nucleophilic acyl substitution 

reactions. Carboxylic acid derivatives have an electronegative group 

Y (-Br, —Cl, -OR’, -NH,) that can act as a leaving group. Ketones 
and aldehydes have no such group. 

When an aldehyde such as benzaldehyde that has no hydrogens on the 
carbon next to the -CHO group is heated with hydroxide ion, a dispropor- 

’Stanislao Cannizzaro (1826-1910); b. Palermo, Italy; studied at Pisa (Piria); professor, uni- 
versities of Genoa, Palermo, and Rome. 
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tionation reaction occurs, yielding one equivalent of carboxylic acid and one 
equivalent of alcohol. 

pre Caz CH,OH 
1. OH, H,O 2 OH HO e 
2, H30* CY 

Benzaldehyde Benzoic acid Benzyl alcohol 

The Cannizzaro reaction takes place by nucleophilic addition of hydrox- 
ide ion to the aldehyde to give a tetrahedral intermediate, which expels 
hydride ion as a leaving group. A second equivalent of aldehyde then accepts 
the hydride ion in another nucleophilic addition step. The net result is that 
one molecule of aldehyde undergoes an acyl substitution of hydroxide for 
hydride and is thereby oxidized to an acid, while a second molecule of alde- 
hyde undergoes an addition of hydride and is thereby reduced to an alcohol. 

O 

I 

eae OH 

oy :O:- o I 
| SSP Soe te ie ; 
C . Cas a ee (oxidized) as or “OH OH = 

2. H3;0* Hs 
eee 

Na 
Tetrahedral CL 
intermediate er OH 

(reduced) 

The Cannizzaro reaction has few practical applications and is effectively 

limited to formaldehyde and substituted benzaldehydes. It is interesting 

mechanistically, however, because it serves as a simple model for an impor- 

tant biological pathway by which reductions occur in living organisms. In 

nature, the most important reducing agent is a complex molecule named 

nicotinamide adenine dinucleotide phosphate, abbreviated NADPH. 

OPO,2-OH H H 
SS 

oe 
es ate eo eye 

| 2 
N 

O 

Nw 

NH, OH’ 0H 

Nicotinamide adenine dinucleotide phosphate (NADPH) 
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NADPH functions as a hydride donor in much the same way the tetra- 

hedral intermediate in a Cannizzaro reaction does. The electron lone pair 

on nitrogen expels H:~, which then adds to a carbonyl group in another 

molecule to effect a reduction. This is one of the key steps in the lipigenesis 

pathway by which organisms synthesize fatty acids. 

1 WH i Cc | H OH Cc 

N R~ R R~ ~R oe 

1 1 
R R 

NADPH A ketone An alcohol NADP* 

PROBLEM cis ie semis 07515 <1 0) Sfisis-aipie aS ns) 670 (6\'s ns minivan /atniiel la fal Ini Siw ola shavuis sieieceipleie 

19.21 When o-phthalaldehyde is treated with base, o-(hydroxymethyl)benzoic acid is 

formed. Show the mechanism of this reaction. 

CHO CO,H Cre —_—___ 
2. H30* 

CHO CH,OH 

o-Phthalaldehyde o-(Hydroxymethyl)benzoic acid 

Seem meee eee meee wee eee eee eee eee eeeeneeeeeeeeeseeeseeeeeeeeseeeeses 

19.18 Conjugate Nucleophilic Addition to 
a, B-Unsaturated Carbonyl Groups 

Addition of nucleophiles to carbonyl groups is one of the most important 
reactions in organic chemistry. Closely related to the direct additions we’ve 
been discussing is the conjugate addition of nucleophiles to a,B-unsatu- 
rated ketones and aldehydes (Figure 19.15). The two processes are often 
distinguished by calling them 1,2 addition and 1,4 addition, respectively. 

The conjugate addition of nucleophiles to a,8-unsaturated carbonyl 
groups is caused by exactly the same electronic factors that are responsible 
for direct addition. We’ve seen that carbonyl groups are polarized so that 
the carbonyl carbon is electropositive, and we can even draw a dipolar 
resonance structure to underscore the point: 

Onn 0:) f =i 

|< 
Carbonyl group eo ae 

$+ Cid 



19.18 Conjugate Nucleophilic Addition to a,B-Unsaturated Carbonyl Groups 741 

Direct addition 

a a 1 
C 

H,0+* 
> 

=— Nu- 
C ——— C 

ae NS Lp AG 
1 4 “Nu / N u 

A direct addition 

product 

Conjugate addition 

4 se 
| | sf i 

a Ne Ne ; 
ee — Cy LC — ee YN ZL 3 “OF tos oe meen hg a RSGe Sones 

- | 

An a, B-unsaturated An enolate ion 

carbonyl group intermediate 

Figure 19.15 A comparison of direct (1,2) and conjugate (1,4) 

nucleophilic addition reactions. 

A conjugate 

addition product 

When a similar resonance structure is drawn for an a,G6-unsaturated 
carbonyl compound, however, the positive charge is part of an allylic cation 
and is shared by the beta carbon. In other words, the beta carbon of an a,B- 
unsaturated ketone is an electrophilic site that can react with nucleophiles: 

ons O 
a,B-Unsaturated l. B | | | | | x 
carbonyl group oe pe ea Z OE is er 

Co eC, C 

| ie tied 
‘lic 53 

Recall Electrophilic sites 

ie usta el 
ow C7 eS Oe Sc7 Cw 

Allyl cation 

Conjugate addition of a nucleophile to the beta carbon of an enone leads 
to an enolate ion intermediate, which is then protonated on the alpha carbon 
to give the saturated ketone product (Figure 19.15). The net effect is addition 

- of the nucleophile to the carbon—carbon double bond, with the carbonyl 
group itself unaffected. In fact, of course, the carbonyl group is crucial to 
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the success of the reaction. The carbon—carbon double bond would not be 
polarized, and no reaction would occur, without the carbonyl group. 

O O 
| meee Ba es 

Activated double bond Be a wus, 2 HO” Zo Nor Cw x 

| \ 
H 

2 i ai La No reaction 
Unactivated double bond 2: 

CONJUGATE ADDITION OF AMINES 

Primary and secondary amines add to a,B-unsaturated carbonyl compounds, 
yielding B-amino ketones and aldehydes. Reaction occurs rapidly under mild 
conditions, and yields are generally excellent. Note that, if only one equiv- 
alent of amine is used, the conjugate addition product is obtained to the 
complete exclusion of the direct addition product. 

O 

| ae Ethanol ! 
CH;CCH=CH, + HN(CH.CH.)> === CH3;CCH,CH, N(CH2CH3)2 

3-Buten-2-one Diethylamine 4-N,N-Diethylamino-2-butanone 

(92%) 

NHCH; 

2-Cyclohexenone Methylamine 3-(N-Methylamino)cyclohexanone 

CONJUGATE ADDITION OF HCN 

The elements of HCN can be added to a,B-unsaturated ketones and alde- 
hydes, giving saturated keto nitriles: 

O 

HCN WA | 
eee, Te Ciel 

Ketone/aldehyde 

Although this process can be carried out using sodium cyanide in aque- 
ous alcohol, higher yields are obtained using a method introduced in 1966 
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by Wataru Nagata. The Nagata procedure for conjugate addition of HCN 
involves the use of diethylaluminum cyanide as the active reagent. Yields 
are generally excellent, as the following examples indicate. Note that only 
conjugate addition is observed; no cyanohydrin products of direct addition 
are formed. 

| | e 1. (C.H;)2Al—CN, tol CH;CCH=—C(CH;), 552° CHCCH,C(CHs)2 

4-Methyl-3-penten-2-one 2,2-Dimethy]l-4-oxopentanenitrile 

(88%) 

1. (C.H;),A1—CN 

2. H30* 

O O CN 

H H H 

89% 

CONJUGATE ADDITION OF ALKYL GROUPS: 
ORGANOCOPPER REACTIONS 

Conjugate addition of an alkyl group to an a,B-unsaturated ketone is one 
of the most important 1,4-addition reactions, just as direct addition of a 
Grignard reagent is one of the most important 1,2 additions. 

eerea! aoe ste 1, “Ro 
Erie ar ee hoe 

i EX 
H 

a, B-Unsaturated 
ketone/aldehyde 

Conjugate addition of an alkyl group is carried out by treating the a,f- 
unsaturated ketone with a lithium diorganocopper reagent. As we saw in 
Section 10.10, a wide variety of diorganocopper reagents can be prepared 
by reaction between one equivalent of cuprous iodide and two equivalents 
of organolithium: 

RX eae ex 
Pentane 

2 Ri, Lit(RCURY Lit 1 
Ether 

A lithium 

diorganocopper 

(Gilman reagent) 

°Wataru Nagata (1922— ); b. Kohmoto, Hyogo Prefecture, Japan; Ph.D. University of Tokyo 
(Tsuda), 1961; Shionogi & Co. (1945-1988). 
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Primary, secondary, and even tertiary alkyl groups undergo the addition 
reaction, as do aryl and alkenyl groups. Alkynyl groups, however, react 
poorly in the conjugate addition process. 

i 
CH3;CCH= CH, 

3-Buten-2-one 

O 

1. Li(CH3)2Cu, ether 
| 

CH3CCH,CH,CH ee 3CCH,CHCH; 

2-Pentanone (97%) 

O O 

1. Li(H,C—CH),Cu, ether 

2. H30* H 3 f oe 

2-Cyclohexenone C 
Hinyi eet 

3-Vinylcyclohexanone 

(65%) 

O O 

1 Li(CgH;)2Cu, ether 
ey 

2. H30* 

2-Cyclohexenone 

3-Phenylcyclohexanone 

(70%) 

Diorganocopper reagents are unique in their ability to give conjugate 
addition products. Other organometallic reagents such as ofganomagne- 
siums (Grignard reagents) and organolithiums normally give direct car- 
bonyl addition on reaction with a,B-unsaturated ketones. 

HO CH3 

1. CH3MgBr, ether or CHsLi 

1-Methyl-2-cyclohexen-1-ol 

(95%) 

O 

2-Cyclohexenone 
1. Li(CH;),Cu, ether 

2. H,0* 
CHs 

3-Methylcyclohexanone 

(97%) 

The mechanism of diorganocopper addition is not fully understood but 
probably involves radicals. The reaction is not a typical polar process like 
other nucleophilic additions are. 
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PROBLEM ievartamtetstetatetetarerate ts ere ee iaiyielere soca aievaih Gare sieeia wyalod ase ears, OV GEIS sa 

19.22 Show how conjugate addition reactions of lithium diorganocopper reagents might 

be used to synthesize these compounds: 
(a) 2-Heptanone (b) 3,3-Dimethylcyclohexanone 

(c) 4-tert-Butyl-3-ethylcyclohexanone (d) C CH=CH, 

cy 

19.19 Some Biological Nucleophilic 
Addition Reactions 

Nature synthesizes the molecules of life using many of the same reactions 
that chemists use in the laboratory. This is particularly true of carbony]l- 
group reactions, where nucleophilic addition steps play a critical role in the 
biosynthesis of many vital molecules. For example, one of the pathways by 
which amino acids are made in the body involves nucleophilic addition of 
ammonia to a-keto acids. To choose one specific case, alanine is synthesized 
from pyruvic acid and ammonia by bacterial enzymes from Bacillus subtilis: 

° NH, 

CH,CCOOH +:NH, —-@“8, cH,CHCOOH 

Pyruvic acid Alanine 

(an a-keto acid) (an amino acid) 

The key step in this biological transformation is the nucleophilic addi- 
tion of ammonia to the ketone carbonyl group of pyruvic acid. The tetra- 
hedral intermediate loses water to yield an imine, which is further reduced 
(a second nucleophilic addition step) by an enzymatic reaction to yield 
alanine. 

a) na NH, 
sduci 

CH,CCOOH +: NH, —> | CH,CCOOH Sanaa CH,CHCOOH 

Pyruvic acid : An imine Alanine 

Another nucleophilic addition reaction—this time in reverse—plays an 

interesting role in the chemical defense mechanisms used by certain plants 

and insects to protect themselves against predators. When the millipede 

Apheloria corrugata is attacked by ants, it secretes the cyanohydrin man- 

-delonitrile and an enzyme that catalyzes the decomposition of mandeloni- 

trile into benzaldehyde and HCN. The millipede actually protects itself by 

discharging poisonous HCN at would-be attackers. 
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NC OH O 
by I 

Ge sii Enzyme CY ep + HCN 

Mandelonitrile 

(from Apheloria corrugata) 

19.20 Spectroscopic Analysis of Ketones 
and Aldehydes 

INFRARED SPECTROSCOPY 

Ketones and aldehydes show a strong C=O bond absorption in the infrared 
region 1660-1770 cm™!, as the spectra of benzaldehyde and cyclohexanone 
(Figures 19.16 and 19.17) demonstrate. In addition, aldehydes show two 
characteristic C-H absorptions in the range 2720—2820 cm“, due to stretch- 
ing of the aldehyde -CO-H bond. The exact position of the C=O bond absorp- 
tion varies slightly from compound to compound but is highly diagnostic of 
the exact nature of the carbonyl group. Table 19.3 shows the correlation 
between the infrared absorption maximum and carbonyl-group structure. 

5000 

Transmittance (%) 

Wave number (cm +) 

3000 2000 1500 13800 1100 1000 900 800 700 

Wavelength (um) 

Figure 19.16 Infrared spectrum of benzaldehyde. 

As the data in Table 19.3 indicate, saturated aldehydes usually show 
carbonyl absorptions near 1730 cm~! in the infrared spectrum, but conju- 
gation of the aldehyde to an aromatic ring or a double bond lowers the 
absorption by 25 cm! to near 1705 cm~!. Saturated aliphatic ketones and 
cyclohexanones both absorb near 1715 cm™!, and conjugation with a double 
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Wave number (cm™*) 

5000 3000 2000 1500 1300 1100 1000 900 800 700 

Transmittance (%) 

Wavelength (um) 

Figure 19.17 Infrared spectrum of cyclohexanone. 

TABLE 19.3 Infrared Absorptions of Some Ketones and Aldehydes 

Carbonyl type Example Infrared absorption (cem-1) 

Aliphatic aldehyde Acetaldehyde 1730 

Aromatic aldehyde Benzaldehyde 1705 

a,B-Unsaturated aldehyde H,C—CH—CHO 1705 

Aliphatic ketone Acetone 1715 

Six-membered-ring ketone Cyclohexanone 1715 

Five-membered-ring ketone Cyclopentanone 1750 

Four-membered-ring ketone Cyclobutanone 1785 

O 

CCH, 
Aromatic ketone CT 1690 

O 

a,B-Unsaturated ketone eeennar 1685 

bond or an aromatic ring again lowers the absorption by 30 cm™! to 1685- 

1690 cm~!. Additional angle strain in the carbonyl] group, caused by reduc- 

ing the ring size of cyclic ketones to four or five, results in a marked raising 

of the absorption position. 
The values given in Table 19.3 are remarkably constant from one ketone 

-to another or from one aldehyde to another. As a result, infrared spectroscopy 

is an extraordinarily powerful tool for diagnosing the nature and chemical 
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PROBLEM... 

19.23 

PROBLEM... 

19.24 

eee ee ewe nee 

environment of a carbonyl group in a molecule of unknown structure. An 
unknown that shows an infrared absorption at 1730 cm! is almost certainly 
an aldehyde rather than a ketone; an unknown that shows an infrared 
absorption at 1750 cm™! is almost certainly a cyclopentanone, and so on. 

ee ey 

How might you use infrared spectroscopy to determine whether reaction between 2- 

cyclohexenone and lithium dimethylcopper gives the direct addition product or the 

conjugate addition product? 

Seem m em meee rere ewe reer e reese eeeee Heese eeeeeeeeseeeeeee 

Tell where you would expect each of these compounds to absorb in the infrared 
spectrum: 

(a) 4-Penten-2-one (b) 3-Penten-2-one 
(c) 2,2-Dimethylcyclopentanone (d) m-Chlorobenzaldehyde 

(e) 3-Cyclohexenone (f) 2-Hexenal 

Pw ee ee eee eee eee eee EEE eee 

Dehydration of 3-hydroxy-3-phenylcyclohexanone by treatment with acid leads to 
an unsaturated ketone. What possible structures are there for the product? At what 
position in the infrared spectrum would you expect each to absorb? If the actual 
product has an absorption at 1670 cm~!, what is its structure? 

Cee mee eee eee eee reese reese teers eee eesenseeseeeeeeeeeeseeee 

NUCLEAR MAGNETIC RESONANCE 
SPECTROSCOPY 

Carbonyl-group carbon atoms show readily identifiable and highly char- 
acteristic 13C NMR resonance peaks in the range 190—215 6. Since no other 
kinds of carbons absorb in this range, the presence of an NMR absorption 
near 200 6 is strong evidence for a carbonyl group. Isolated ketone or alde- 
hyde carbons usually absorb in the 200—215 6 region, while a,8-unsaturated 
carbonyl carbons absorb in the 190—200 6 region. Table 19.4 lists some 
specific examples. 

Proton NMR is also of considerable use for analysis of aldehydes, though 
less so for ketones. Aldehyde protons (RCHO) absorb near 10 6 in the 1H 
NMR spectrum and are highly distinctive since no other kind of proton 
absorbs in this region. The aldehyde proton usually shows spin-spin cou- 
pling to neighbor protons, with coupling constant J ~ 3 Hz. Observation of 
the splitting pattern of the aldehyde proton tells the degree of substitution 
at the alpha position. Acetaldehyde, for example, shows a quartet at 9.8 § 
for the aldehyde proton, indicating that there are three protons neighboring 
the -CHO group (Figure 19.18). 
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TABLE 19.4 Carbon-13 NMR Absorptions of Some 
Ketones and Aldehydes 
Se ee 

Carbonyl compound Carbon-13 NMR absorption of 

\ 
C=O (6) 
- 

Acetaldehyde 201 

Benzaldehyde 192 

2-Butanone 207 

Cyclohexanone 911 

Acetophenone 196 
rE 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

Figure 19.18 Proton NMR spectrum of acetaldehyde. 

Protons on the carbon next to a carbonyl group are slightly deshielded 
and normally absorb near 2.0—2.3 6. (Note that the acetaldehyde methyl 
group in Figure 19.18 absorbs at 2.20 6.) Methyl ketones are particularly 
distinctive, since they show a large sharp three-proton singlet near 2.1 6. 
Complex spin-spin splittings often obscure the absorption patterns of other 
ketones, however, and reduce the diagnostic usefulness of 1H NMR. 

MASS SPECTROSCOPY 

Aliphatic ketones and aldehydes that have hydrogens on their gamma- 
carbon atoms undergo a characteristic mass spectral cleavage called the 
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19.21 

McLafferty!° rearrangement. A hydrogen atom is transferred from the 
gamma carbon to the carbonyl-group oxygen, the bond between the alpha 
and beta carbons is broken, and a neutral alkene fragment is produced. The 
charge remains with the oxygen-containing fragment. 

R’ H js R’ H 
S| , ~~ 
Y oe os McLafferty > ‘ie = , 

t B CH, Cc rearrangemen B CH, Cc 

oe NEC OR a 2 

In addition to fragmentation by the McLafferty rearrangement, ketones 
and aldehydes undergo cleavage of the bond between the alpha carbon and 
the carbonyl-group carbon, a so-called alpha-cleavage reaction. Alpha cleav- 
age yields a neutral radical, while the charge remains with the oxygen- 
containing cation. 

O # - i 
| ey Alpha cleavage é | — CH 6h) RCH eee 

Fragment ions resulting from both alpha cleavage and McLafferty rear- 
rangement can be seen in the mass spectrum of 5-methyl-2-hexanone in 
Figure 19.19. Alpha cleavage occurs primarily at the more substituted side 
of the carbonyl group, leading to a [CH3;CO]* fragment with m/z = 48. 
McLafferty rearrangement and loss of 2-methylpropene yields a fragment 
with m/z = 58. 

eee eee eee ee eee eee tease eee eee HEHEHE eee EEE HEHEHE EEE ESE 

How might you use mass spectroscopy to distinguish between these pairs of isomers? 
(a) 3-Methyl-2-hexanone and 4-methyl-2-hexanone 
(b) 3-Heptanone and 4-heptanone 
(c) 2-Methylpentanal and 4-methylpentanal 

Ce ee er ad 

1-Methyl-2-cyclohexen-1-ol 

Summary and Key Words cell 

Aldehydes and ketones are among the most important of all compounds, 
both in biochemistry and in the chemical industry. Aldehydes are normally 
prepared in the laboratory by oxidative cleavage of alkenes, by oxidation of 

10F'red Warren McLafferty (1923— ); b. Evanston, Ill.; Ph.D. Cornell University (1950); 
Dow Chemical (1950-1964); professor, Purdue University (1964-1968), Cornell University 
(1968—_ ). 
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20 40 60 80 100 120 140 

Alpha cleavage 
O|+ 

| . a CH,—C} + -CH,CHCH(CHs), 

CH,—C—CH,CH,CHCH; m/z = 43 

C 

on McLafferty 
» rearrangement | ’ Be ¢: 

CH;—C=CH, at H,C—C(CHs3)o 

miz = 58 

miz = it4 

Figure 19.19 Mass spectrum of 5-methyl-2-hexanone. The 

abundant peak at m/z = 43 is due to alpha cleavage at the more 

highly substituted side of the carbonyl group. The peak at m/z = 

58 is due to McLafferty rearrangement. Note that the peak due to 

the molecular ion is very small. 

primary alcohols with pyridinium chlorochromate (PCC), or by partial 
reduction of esters. Ketones are similarly prepared by oxidative cleavage of 
alkenes, by oxidation of secondary alcohols, or by addition of diorganocopper 
reagents to acid chlorides. 

The nucleophilic addition reaction is the most important reaction of 
aldehydes and ketones. As shown in Figure 19.20 on the following page, 
many different product types can be prepared by nucleophilic additions. The 
reactions are applicable to ketones and aldehydes, but aldehydes are gen- 
erally more reactive for both steric and electronic reasons. 

Ketones and aldehydes are reduced by NaBH, or LiAlH, to yield sec- 
ondary and primary alcohols, respectively. Addition of Grignard reagents 
to ketones and aldehydes also gives alcohols (tertiary and secondary, respec- 
tively), and addition of HCN yields cyanohydrins. Primary amines add to 
carbonyl compounds yielding imines, and secondary amines yield en- 
amines. Reaction of a ketone or an aldehyde with hydrazine and base yields 
an alkane (the Wolff—Kishner reaction). Alcohols and thiols add to car- 

bonyl groups to yield acetals and thioacetals, respectively. Acetals are 
‘valuable as protecting groups, and thioacetals are useful because they can 
be desulfurized by Raney nickel treatment to produce alkanes. Phosphoranes 
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OH ee 

| 
-C ro 

*/ “i [o = 

Alcohol Alcchol OH 

noe Us | 

5 
I ‘| CN 

ea NaBH, RMgX 
Cyanohydrin 

Alkene 

Ph;sP—CR> HCN 

SR 

I 1. HSCH,CH,SH rien, We I 

“Yop Raney Ni oe a 

Imine 
Alkane 

ROH R.NH 

NoHg, 

KOH 

ie NR, 

-C C 

Acetal | 

oe — H Enamine 

Alkane : 

aS eee eed 

Figure 19.20 Some nucleophilic addition reactions of ketones and 

aldehydes. 

add to ketones and aldehydes, giving alkenes (the Wittig reaction) in which 
the new C=C in the product is exactly where the C=O bond in the starting 
material was. 

a,B-Unsaturated ketones and aldehydes often react with nucleophiles 
to give the product of conjugate addition, or 1,4 addition. Particularly 
important is the reaction with diorganocopper reagents, which results in 

the addition of alkyl, aryl, and alkenyl (but not alkynyl) groups. 
Ketones and aldehydes can be analyzed by infrared and nuclear mag- 

netic resonance spectroscopy. Carbonyl groups absorb in the range 1660— 
1770 cm™!, with the exact infrared absorption position highly diagnostic of 
the precise kind of carbonyl group present in the molecule. Carbon-13 NMR 
spectroscopy is also useful for aldehydes and ketones since carbonyl carbons 
show resonances in the 190-215 6 range. Proton NMR is useful largely for 
analysis of aldehydes since aldehyde protons (R-CHO) absorb near 10 6. 
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Ketones and aldehydes undergo two characteristic kinds of fragmentation 
in the mass spectrometer: alpha cleavage and McLafferty rearrange- 
ment. 

19.22 Summary of Reactions 

1. Preparation of aldehydes (Section 19.3) 
a. Oxidation of primary alcohols (Section 17.9) 

HOH O 
ve oe | 

RO “y (CHeCh Rp 

b. Ozonolysis of alkenes (Section 7.9) 

R H R H 
ee oe / 

ae 2. Zn, CH,;COOH oe a 
H R’ H iy 

c. Partial reduction of esters (Section 19.3) 

1 1. DIBAH, toluene 
> C + R’OH 

Bee OR ie Tent 

2. Preparation of ketones (Section 19.4) 
a. Oxidation of secondary alcohols (Section 17.9) 

a ie i 

yee Sein ES 
R R’ R R 

b. Ozonolysis of alkenes (Section 7.9) 

R R R R 

‘oad 2D c=0 + 0 ra — —  —_ oe a 

ie Ue 2. Zn, CH;COOH jf a \ 

R R R R 

c. Friedel—Crafts acylation (Section 16.4) 
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d. Alkyne hydration (Section 8.5) 

Hy? | 

R—C=C—H 80, 1,0” H,0 n~° cH, 

e. Diorganocopper reaction with acid chlorides (Section 19.4) 

O 
I Pe | 
C + RCo ——+ C 

Ros oO : noe eu 

3. Reactions of aldehydes 
a. Oxidation (Section 19.5) 

O 

Jones’ reagent 

Hor Ag*, NH,OH Re es 

O 
l 

Re 

b. Cannizzaro reaction (Section 19.17) 

He 

9 ] 1. NaOH, H,O I * a 
Ar’ “y® Hs0* ac On ee On 

4. Nucleophilic addition reactions of aldehydes and ketones 
a. Addition of hydride: reduction (Section 19.11) 

( 
H OH 

| 1. NaBHy,, ethanol \ 

RR 2 H:0* R~ R’ 

b. Addition of Grignard reagents (Section 19.10) 

R” OH 

] 1. R’MgxX, ether Bee 

RR 2 Hs0* R~ YR’ 

c. Addition of HCN: Cyanohydrins (Section 19.9) 

CN OH 
sea 

G > Gc 

Roan Ri R” - oR 

d. Addition of primary amines: Imines (Section 19.12) 
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| | R’NH, 

Ro oR Riot R 

For example: oximes, RXAC=N-—OH 

semicarbazones, RgC=N-NHCONH, 
2,4-dinitrophenylhydrazones, 
R2C=N-NH-C,.H4(NO_)2 

. Addition of secondary amines: Enamines (Section 19.12) 

| HNR’, | 
He 

Wolff—Kishner reaction (hydrazine addition) (Section 19.13) 

1 a, H2NNHg, 

Feil KORE gage a nee 

. Addition of alcohols: Acetals (Section 19.14) 

O ROR ORG 

: - ORO o. HO R Cie oa R’ catalyst R a R’ 2 

. Addition of thiols: Thioacetals (Section 19.15) 

RS SR’ 

i -OR'SH i = 0 
R Z ip! catalyst R Oe R’ 2 

. Desulfurization of thioacetals with Raney nickel (Section 19.15) 

R’S SR’ H H 

i Raney Ni y Ni : 

sansa ethanol ae + Ni8 

Addition of phosphorus ylides: Wittig reaction (Section 19.16) 

O R R 

ane a 
+ A(0,H.),2—CHR’ ————> pO + CH.) —O 

R’ H 

7 on 
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5. Conjugate additions to a,6-unsaturated ketones and aldehydes (Sec- 

tion 19.18) 

a. Addition of HCN 

O O 

I | 1. (CoHs),AICN I Vi 
R~ No Dl Os R~ Sor Son 

| Ta 
H 

b. Addition of amines 

O O 

I I R'NH, | ae 

jax 
H 

c. Addition of alkyl groups: Diorganocopper reaction 

O 
| 

R C 

ADDITIONAL PROBLEMG....................... 

19.27 Draw structures corresponding to these names: 
(a) Bromoacetone 

(c) 2-Methyl-3-heptanone 
(e) 2,2,4,4-Tetramethyl-3-pentanone 

(g) Butanedial 
(i) 6,6-Dimethyl-2,4-cyclohexadienone 
(k) (S)-2-Hydroxypropanal 

C I 1. R’,CuLi, ether 

oe nO ee 

eee ee eee ees 

(b) a Dunitenbeumenete heldeRade 
(d) 3,5-Dimethylcyclohexanone 
(f) 4-Methyl-3-penten-2-one 
(h) 3-Phenyl-2-propenal 

(j) p-Nitroacetophenone 
(l) (2S,3R)-2,3,4-Trihydroxybutanal 

19.28 Draw and name the seven ketones and aldehydes having the formula C;H,,0O. 

19.29 Provide IUPAC names for these structures: 

(a) O 

CH3 

(c) O 

(b) CHO 
Ha} 20H 

CH.OH 

(d) CH3;CH(CH3)COCH,2CHs 
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19.31 

19.32 

19.33 

19.34 

19.35 

19.36 
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(e) CH;CH(OH)CH,CHO (f) CHO 

CHO 

Give structures that fit these descriptions: 
(a) An a,B-unsaturated ketone, CsH,O (b) An a-diketone 
(c) An aromatic ketone, CgH,)O (d) A diene aldehyde, C7HgO 

Predict the products of the reaction of phenylacetaldehyde with these reagents: 
(a) NaBHy, then H30+ (b) Tollens’ reagent 
(c) Hydroxylamine, HCl (d) Methylmagnesium bromide, then 

H3;0* 
(e) Methanol plus acid catalyst (f) H,NNH2/KOH 
(g) Methylenetriphenylphosphorane (h) HCN, KCN 

Answer Problem 19.31 for reaction with acetophenone. 

How would you prepare the following substances from 2-cyclohexenone? More than 
one step may be required. 

(a) Cc] (b) O 

«) oO (@) CH; 

CeHs 

(two ways) 

COOH 

How can you account for the fact that glucose reacts with the Tollens reagent to 
give a silver mirror, but glucose a-methyl glycoside does not? 

CH,OH CH,OH 

HO 0 HO O 

HO HO 

my OH oe OCH; 

Glucose Glucose a-methyl glycoside 

Reaction of 2-butanone with NaBH, yields a chiral product. What stereochemistry 

does the product have? Is it optically active? 

Show how the Wittig reaction might be used to prepare these alkenes. Identify the 

alkyl halide and the carbonyl components that would be used. 
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19.37 

19.38 

19.39 

19.40 

19.41 

19.42 

How would you use a Grignard reaction on a ketone or an aldehyde to synthesize 
these compounds? 
(a) 2-Pentanol (b) 1-Butanol 
(c) 1-Phenylcyclohexanol (d) Diphenylmethanol 

The Wittig reaction can be used to prepare aldehydes by using (methoxy- 
methylene)triphenylphosphorane as the Wittig reagent and hydrolyzing the product 
with acid. For example: 

H OCH 
ce ae CHO 

+ (CcHsisP=CGHOCH) + ues o OS 2 

(Methoxymethylene)- 
triphenylphosphorane 

(a) How would you prepare the required phosphorane? 
(b) Propose a mechanism for the hydrolysis step. 

When 4-hydroxybutanal is treated with methanol in the presence of an acid catalyst, 
2-methoxytetrahydrofuran is formed. Explain. 

O. LOCH, 
HOCH,CH,CH,CHO SHOE, ann 

When crystals of pure a-glucose are dissolved in water, isomerization slowly occurs 
to produce B-glucose. Propose a mechanism to explain this isomerization. 

ie CH,OH a CH,OH 

HO n°? 0 TO) n°? 
HoH no” Po Hos OH 

H HO OH H HO H 

a-Glucose B-Glucose 

Give four methods for reducing a carbonyl group to a methylene group, Rx,C=O > 
R2CH,. What are the advantages and disadvantages of each? 

Carvone is the major constituent of spearmint oil. What products would you expect 
from reaction of carvone with these reagents? 

O 

Carvone 
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19.44 

19.45 

19.46 

19.47 
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(a) (CH3)2Cu~ Li*, then H3;0* (b) LiAlHy,, then H3;0* 
(c) (CgHs)2AICN, then H30+ (d) CH3NH,2 
(e) CgHsMgBr, then H;0+ (f) Hs/Pd .. 
(g) Jones’ reagent (h) (CgHs)3PCHCH3 
(i) HSCH,CH,SH, then Raney nickel (j) HOCH,CH,OH, HCl 

Compound A, mol wt = 86, shows an infrared absorption at 1730 cm~! and a very 
simple 1H NMR spectrum with peaks at 9.7 6 (1 H, singlet) and 1.2 6 (9 H, singlet). 
Propose a structure for A. 

Compound B is isomeric with A (Problem 19.43) and shows an infrared peak at 1715 
cm~!. The 1H NMR spectrum of B has peaks at 2.4 5 (1 H, septet, J = 7 Hz), 2.1 6 
(3 H, singlet), and 1.2 6 (6 H, doublet, J = 7 Hz). What is the structure of B? 

How would you synthesize these compounds from cyclohexanone? 
(a) 1-Methylcyclohexene (b) 2-Phenylcyclohexanone 

(c) cis-1,2-Cyclohexanediol (d) 1-Cyclohexylcyclohexanol 

At what position would you expect to observe infrared absorptions for the following 

molecules? 

(a) O (b) O 

agt 1-Indanone 

O 

4-Androstene-3,17 dione 

(c) (d) CH3 

eae O 
OHC 

2-Indanone 

Each of the following reaction schemes contains one or more flaws. What is wrong 

in each case? How would you correct each scheme? 

(a) oe Ag, NH,OH ea 1. CH,MgBr ey 
2. H,0* 

HO O O 
CHs 

(b) C,H,;CH=CHCH,OH —+ C,H;CH=CHCHO 
reagent 

| H*, CH;0H 

CgH;CH=CHCH(OCHs)2 

O OH of 
| | i 

eoNGH Chee. = CH,CCH, => CH,CCH, 
Ethanol | 

CN CH,NHe2 



760 CHAPTER 19 Aldehydes and Ketones: Nucleophilic Addition Reactions 

H,N—NH, Raney Ni 
os rd 

19.48 6-Methyl-5-hepten-2-one is a common constituent of many essential oils, particularly 
the lemongrass species. How could you synthesize this natural product from methyl 

4-oxopentanoate? 

| 
CH3;CCH,CH,COCH3 

Methy] 4-oxopentanoate 

19.49 Ketones react with dimethylsulfonium methylide to yield epoxides. Suggest a mech- 
anism for this reaction. 

O H.C —_ O 

aie DMSO 
at CH.S(CH3 Jo Sree + (CH3)2S 

Dimethylsulfonium 
methylide 

19.50 When cyclohexanone is heated in the presence of a large amount of acetone cyano- 
hydrin and a small amount of base, cyclohexanone cyanohydrin and acetone are 
formed. Propose a mechanism for this transformation. 

O HO CN 
OH 0 

i = + CH ae 
wey CN... ae 

CH, 

19.51 The NMR spectrum shown is that of a compound with formula CgH,)90. How many 
double bonds and/or rings does this compound contain? If the unknown has an 
infrared absorption at 1690 cm“, what is a likely structure? 

Ger ali) 

TMS 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 
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19.52 The NMR spectrum shown is that of a compound isomeric with the one in Problem 
19.51. This isomer has an infrared absorption at 1725 cm7!. Propose a suitable 
structure. 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

19.53 Propose structures for molecules that meet the following descriptions, where s = 
singlet, d = doublet, t = triplet, and q = quartet. 
(a) CgH,20; IR: 1715 cm"; 

proton-coupled 18C NMR: 8.0 6 (q), 18.5 6 (q), 33.5 6 (t), 40.6 5 (d), 214.0 6 (s) 
(b) CH, 0; IR: 1725 em-1; 

proton-coupled 18C NMR: 22.6 6 (q), 23.6 6 (d), 52.8 6 (t), 202.4 6 (d) 
(c) CgHgO; IR: 1680 cm~}; 

proton-coupled 18C NMR: 22.9 6 (t), 25.8 6 (t), 38.2 6 (t), 129.8 6 (d), 150.6 6 (d), 
198.7 6 (s) 

19.54 Compound A, CgH, 02, has an intense infrared absorption at 1750 cm~! and gives 
the 18C NMR spectrum shown. Propose a suitable structure for A. 

—— 

2 

& 219 6 

i TMS 

200 180 160 140 120 100 80 60 40 20 0 ppm 
Chemical shift (5) 
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19.55 The Meerwein—Ponndorf—Verley reaction involves reduction of a ketone by treat- 

ment with an excess of aluminum triisopropoxide. The mechanism of the process is 
closely related to the Cannizzaro reaction, in which a hydride ion serves as leaving 
group. Formulate a reasonable mechanism. 

O HO H 

1. ((CH3)2CHO]3Al1 
—_—— are + CH3COCH; 

19.56 Propose structures for ketones or aldehydes that show the following 1H NMR spectra: 

(a) C;H C10; 

IR: 1710 cm~1 3H 

2H 

2H 2H 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

(b) C7H,,40; 

IR: 1710 cm-! 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (6) 



Additional Problems 763 

(c) CgH190y; 
IR: 1695 cm-! 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

19.57 Propose structures for ketones or aldehydes that have the following 'H NMR spectra: 

(a) Cy9H120; 

TR: 1710 cm7! 

& 

g 
& 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

(b) CgH 203; 
IR: 1715 em=! 

fey 

8 
5 

10 8 6 4 2 0 ppm 

Chemical shift (6) 
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(c) C4H,O; 

IR: 1690 cm! 
3H 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

19.58 Propose a mechanism to account for the formation of 3,5-dimethylpyrazole from 
hydrazine and 2,4-pentanedione. Look carefully to see what has happened to each 
carbonyl carbon in going from starting material to product. 

CH, 

| | aN Sg eee 
CH,CCH,CCH, —- a H 

HC 
2,4-Pentanedione 

3,5-Dimethylpyrazole 

19.59 In light of your answer to Problem 19.58, propose a mechanism for the formation of 

3,5-dimethylisoxazole from hydroxylamine and 2,4-pentanedione. 

CH3 

0 
/ 

—N 
H3C 

3,5-Dimethylisoxazole 

19.60 Trans alkenes are converted into their cis isomers and vice versa on epoxidation 
followed by treatment of the epoxide with triphenylphosphine. Propose a mechanism 
for the epoxide — alkene reaction. 

= a De = ft RCO; 3 o=e |) SS, d—-o. -= cHac | whe —o 
Ve .S 4 jee “R’ NY 

H R R H R R’ 



Carboxylic acids occupy a central place among acyl] derivatives. Not only 
are they important compounds themselves, they also serve as building blocks 
for preparing related derivatives such as esters and amides. Among impor- 
tant examples are cholic acid, a major component of human bile, and long- 
chain aliphatic acids such as oleic acid and linoleic acid, which are biological 
precursors of fats and other lipids. 

COOH 

H H H 

Cholic acid 

H HH H 
ax yo 5 SS Ze a 
yo — oe ye = oe C=C 

CH3(CH2)7 (CH,)7; COOH CH3(CH2)4 CH, (CH,)7; COOH 

Oleic acid Linoleic acid 

Many simple saturated carboxylic acids are also found in nature. For 

example, acetic acid, CH;COOH, is the chief organic component of vinegar; 
butanoic acid, CH3CH,CH2,COOH, is responsible for the rancid odor of sour 
butter; and hexanoic acid (caproic acid), CH3(CH2)4COOH, is responsible 
for the unmistakable aroma of goats and dirty gym socks (Latin caper, 

“goat”). 

765 
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20.1 

CHAPTER 20 Carboxylic Acids 

Some 1.6 million tons per year of acetic acid are produced industrially 
for a variety of purposes, including use as a raw material for preparing the 
vinyl acetate polymer used in paints and adhesives. The industrial method 
of acetic acid synthesis involves a cobalt acetate—catalyzed air oxidation of 
acetaldehyde, but this method is not used in the laboratory. 

1 1 
CH,CH <0; ae CH,COH 

The Monsanto Company has developed an even more efficient synthesis 
involving a direct rhodium-catalyzed carbonylation of methanol: 

O 
| Rh catalyst CH;C OH 

CH;0H + CO 

Nomenclature of Carboxylic Acids 

IUPAC rules allow for two systems of nomenclature, depending on the com- 
plexity of the acid molecule. Carboxylic acids that are derived from open- 
chain alkanes are systematically named by replacing the terminal -e of the 
corresponding alkane name with -oic acid. The carboxyl carbon atom is 
always numbered C1 in this system. 

Tecra kat b eoweig 
CH;CH,COH = CH,CHCH,CH,COH #= HOCCH,CHCH,CH,CHCH,COH 

De & 3 2 1 12 3. 4 5 6 7 8 

Propanoic acid 4-Methylpentanoic acid 3-Ethyl-6-methyloctanedioic acid 

Alternatively, compounds that have a-COOH group bonded to a ring 
are named using the suffix -carboxylic acid. The carboxylic acid carbon is 
attached to Cl and is not itself numbered in this system. 

COOH 
COOH 

1 

5 2 

4 3 

3-Bromocyclohexanecarboxylic acid 1-Cyclopentenecarboxylic acid 

For historical reasons having to do with the fact that many carboxylic 
acids were among the first organic compounds to be isolated and purified, 
IUPAC rules make allowance for a large number of well-entrenched common 
names, some of which are given in Table 20.1. We’ll use systematic names 
in this book, with the exception of formic (methanoic) acid and acetic (etha- 

noic) acid, whose names are so well known that it makes little sense to refer 



20.1 Nomenclature of Carboxylic Acids 767 

to them any other way. Also listed in Table 20.1 are the common names 

used for acyl groups derived from the parent acids. 

TABLE 20.1 

Carboxylic acid 

Structure Structure 

HCOOH 

CH;COOH 

CH;CH,COOH 

CH;CH,CH,COOH 

CH3;CH2,CH,CH,COOH 

(CH3)3;CCOOH 

HOOCCOOH 

HOOCCH,COOH 

HOOCCH,CH,COOH 

HOOCCH,CH,CH2COOH 

HOOCCH,CH,CH,CH,COOH 

H,C=CHCOOH 

CH;CH=CHCOOH 

H,C—C(CH;)COOH 

HC=CCOOH 

HOOCCH=CHCOOH 

COOH 

cr 
ao 

COOH 

Name 

Formic 

Acetic 

Propionic 

Butyric 

Valeric 

Pivalic 

Oxalic 

Malonic 

Succinic 

Glutaric 

Adipic 

Acrylic 

Crotonic 

Methacrylic 

Propiolic 

cis-Maleic 

trans-Fumaric 

Benzoic 

Phthalic 

Acyl group 

Name 

Formyl HCO— 

Acetyl CH;CO— 

Propionyl CH;CH,CO— 

Butyryl CH3(CHe2)2CO— 

Valeryl CH3(CH2)3CO— 

Pivaloyl (CH3)3CCO— 

Oxalyl —OCCO— 

Malonyl —OCCH,CO— 

Succinyl — OC(CH2)2.CO— 

Glutaryl —OC(CH2)3CO— 

Adipoyl — OC(CH2),4,CO— 

Acryloyl H,C—CHCO— 

Crotonoyl CH;CH=CHCO— 

Methacryloyl H,C—C(CH3;)CO— 

Propioloyl HC=CCO— 

Maleoyl —OCCH=CHCO— 

Fumaroyl O 

i 
Benzoyl CY 

O 
| 
C — 

Phthaloyl aie 
C= 

20.1 Give IUPAC names for these compounds: 

(a) (CHs3),CHCH,COOH 

Some Common Names of Carboxylic Acids and Acyl Groups 

(b) CH;CHBrCH,CH,COOH 
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COOH 

(c) CH3CH=CHCH=CHCOOH (d) erence errcns 

(e) (f) CH3 

COOH 

Comes eee rere r esse essere seseeresseseesesessesseseseseesese 

Draw structures corresponding to these IUPAC names: 
(a) 2,3-Dimethylhexanoic acid (b) 4-Methylpentanoic acid 
(c) trans-1,2-Cyclobutanedicarboxylic acid (d) o-Hydroxybenzoic acid 

(e) (9Z,12Z)-9,12-Octadecadienoic acid 

ee ee 

20.2 Structure and Physical Properties of 
Carboxylic Acids 

Since carboxylic acid functional groups are structurally related to both 
ketones and alcohols, we might expect to see some familiar properties. Car- 
boxylic acids are indeed similar to both ketones and alcohols in some ways, 
though there are also major differences. Like ketones, the carboxyl carbon 
is sp? hybridized. Carboxylic acid groups are therefore planar, with C-C—O 
and O-C-O bond angles of approximately 120°. The physical parameters 
of acetic acid are given in Table 20.2. 

Like alcohols, carboxylic acids are strongly associated because of hydro- 
gen bonding. Most carboxylic acids exist’ as dimers held together by two 
hydrogen bonds: 
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TABLE 20.2 Physical Parameters for Acetic Acid 
ae 

Bond angle (degrees) Bond length (A) 

C—C=0O HRS C—C 1.52 

C—C—OH 119 C=O 1.25 

O—C—OH 122 C—OH Leo 

Oo sistaiacainis H—oO 

4 2 
H,C—C G——CH, 

\ 1 
O—H s:slegTaare O 

Acetic acid dimer 

This strong hydrogen bonding has a noticeable effect on boiling points, 
making carboxylic acids much higher boiling than the corresponding alco- 
hols. Table 20.3 lists the properties of some common acids. 

TABLE 20.3 Physical Constants of Some Carboxylic Acids 
aa aaa a a a a a SY 

Melting point Boiling point 
Structure Name (°C) Co) 

HCOOH Formic 8.4 100.5 

CH3;COOH Acetic 16.6 118 

CH;CH,COOH Propanoic ee 141 

CH;CH,CH,COOH Butanoic = Ai? 163 

FCH,COOH Fluoroacetic 35.2 165 

BrCH,COOH Bromoacetic 50 208 

HOCHsCOOH Glycolic 80 Decomposes 

H,C—CHCOOH Propenoic 13 141 

C,H;COOH Benzoic 122.4 249 

HOOCCOOH Oxalic 189.5 Decomposes 

HOOCCH,COOH Malonic 135 Decomposes 

HOOCCH,CH,COOH Succinic 188 Decomposes 

(Z)-HOOCCH=CHCOOH Maleic 139 Decomposes 
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20.3 Dissociation of Carboxylic Acids 

As their name implies, carboxylic acids are acidic. They therefore react with 
bases such as sodium hydroxide and sodium bicarbonate to give metal car- 
boxylate salts. Although carboxylic acids with more than six carbons are 
only slightly soluble in water, alkali metal salts of carboxylic acids are 
generally quite water-soluble because of their ionic structure. It’s often 
possible to take advantage of this solubility to purify acids by extracting 
their salts into aqueous base, then reacidifying and extracting the pure acid 
back into an organic solvent. 

| | H,0 
C + NaOH —=> C + H,O 

R~ ~OH R~ ~O-Nat 

A carboxylic acid A carboxylic acid salt 
(water-insoluble) (water-soluble) 

Like other Brgnsted—Lowry acids discussed in Section 2.6, carboxylic 
acids dissociate slightly in dilute aqueous solution to give H30* and car- 
boxylate anion, RCOO-. f 

1 i 
C Rogie es Cc + HOt 

RAN OE? vies Washes 

As with all acids, we can define an acidity constant, K,: 

_ [RCOO-][H,0*] 
Ka [RCOOH] 

and pK, = —log K, 

For most carboxylic acids, the acidity constant K, is on the order of 
10-°. Acetic acid, for example, has K, = 1.8 x 10-5, which corresponds to 
a pK, of 4.72. In practical terms, K, values near 10~° mean that only about 
1% of the molecules in a 0.1 M solution are dissociated, as opposed to the 
100% dissociation found with strong mineral acids such as HCl and H2SO,. 

Although much weaker than mineral acids, carboxylic acids are nev- 
ertheless much stronger acids than alcohols are. The K, of ethanol, for 
example, is approximately 10-16, making ethanol a weaker acid than acetic 
acid by a factor of 101. 

| 
HCl CH;COH CH;CH,0H 

pK, = -7 pK, = 4.72 pK, = 16 

a ea 
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Why are carboxylic acids so much more acidic than alcohols even though 
both contain O—-H groups? The easiest way to answer this question is to 
look at the relative stability of carboxylate anions versus alkoxide anions. 
Alkoxides are oxygen anions in which the negative charge is localized on a 
single electronegative atom: 

CH,CH,OH + H,O = CH;CH,0:- + H,0+ 
Alcohol Unstabilized 

alkoxide ion 

Carboxylates are also oxygen anions, but the negative charge is delocalized 
over both oxygen atoms, resulting in stabilization of the ion. In resonance 
terms (Section 10.7), a carboxylate ion is a stabilized resonance hybrid of 
two equivalent Kekulé structures: 

:O:- 
4 4 V; 

CH3;—C al H,O — CH3;—C <=> CH;—C =e H,0+t 
Nes Nis \ 
o— H O = si(@i2 

Carboxylic acid Resonance-stabilized carboxylate ion 
(two equivalent resonance forms) 

Since a carboxylate ion is more stable than an alkoxide ion, it is lower 
in energy and is present in greater amount at equilibrium, as shown on the 
reaction energy diagrams in Figure 20.1. Dissociation of a carboxylic acid 
has a smaller AG° than dissociation of an alcohol has, leading to a larger 
equilibrium constant, K,. 

Resonance 

stabilization 

A “RCOO- + H,0* 

AG 

RCOOH + H,O 

Reaction progress ———> 

[ae ee ee a eee) 

Figure 20.1 A reaction energy diagram for the dissociation of 

an alcohol (green curve) and a carboxylic acid (red curve). 

Resonance stabilization of the carboxylate anion lowers AG® for 

dissociation of the acid, leading to a larger K,. (The starting energy 
levels of alcohol and acid are shown at the same point for ease of 

comparison.) 
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PROBLEM... 

eee teeters 

We can’t really draw an accurate representation of the carboxylate 
resonance hybrid using Kekulé structures, but an orbital picture of acetate 
ion is helpful in making it clear that the carbon—oxygen bonds are equiv- 
alent and that each is intermediate between single and double bonds (Figure 
20.2). The p orbital on the carboxylate carbon atom overlaps equally well 
with p orbitals from both oxygens, and the four p electrons are delocalized 
throughout the three-atom pi electron system. 

\ 

Figure 20.2 An orbital picture of acetate ion, showing the 

equivalence of the two oxygen atoms. 

Evidence for the equivalence of the two carboxylate oxygens comes from 
X-ray studies on sodium formate. Both carbon—oxygen bonds are 1.27 Ain 
length, midway between the C=O double bond (1.20 A) and C-O single bond 
(1.34 A) of formic acid. ( 

eS 

O v0 f ; oe 1.20A 

Hoe Na H—C. ~-—1344 

O O—H 

Sodium formate Formic acid 

CORO m Heme meee Hee eee eee eee EERE EHH EEE EEE EE HERE EE 

Use the expression AG° = —2.303 RT log K, to calculate values of AG®° for the 
dissociation of ethanol (pK, = 16.0) and acetic acid (pK, = 4.72) at 300 K (27°C). 
The gas constant R has the value 1.98 cal/mol - K. 

ee a iy 

Assume that you had a mixture of naphthalene and benzoic acid that you wanted 
to separate. How might you take advantage of the acidity of one component in the 
mixture to effect a separation? 

Ce CC ee ee rr a a a rd 

The K, for dichloroacetic acid is 5.5 x 1072. Approximately what percentage of the 
acid is dissociated in a 0.1 M aqueous solution? 

Ce PP eee Ree eee eH HEE HEE EHH EEE HERE HOE EEE EE HERE EEE ES 
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20.4 Substituent Effects on Acidity 
SSR a a TS SF" 

The pK, values listed in Table 20.4 indicate a substantial difference in acid- 
ities for different carboxylic acids. For example, trifluoroacetic acid (K, = 
0.59) is more than 32,000 times as strong as acetic acid (K, = 1.8 x 1075). 
How can we account for such differences? 

TABLE 20.4 Acidity of Some Carboxylic Acids 
a a SS EY 

Structure K, pK, 

HCl (hydrochloric acid)* (107) (7) 

F;CCOOH 0.59 0.23 

Cl;CCOOH 0.23 0.64 Stronger 

Cly,CHCOOH 5.5 x 1072 1.26 acid 
FCH,COOH 2.6 x 1073 2.59 

ClICH,COOH 149x710" 2.85 

BrCH,COOH 1.3°% 107° 2.89 

ICH,COOH 7.5 10." 3.12 

HCOOH 1:77.32 1058 3.75 

HOCH,COOH LS a0 3.83 

C1ICH,CH,COOH Ode 10 3.98 

Cs.H;COOH 6.46 x 107° 4.19 

H,C=CHCOOH 5.00 10-7 4.25 

CsH;CH,COOH 4.9 x 10-5 4.31 Weaker 

CH,COOH 1.8 x 1075 4.72 og 

CH;CH,COOH 1.34 x 10-5 4.87 

CH;CH,OH (ethanol)* (105) (16) 

¢Values for hydrochloric acid and ethanol are shown for reference. 

Since the dissociation of a carboxylic acid is an equilibrium reaction, 
any factor that stabilizes the carboxylate anion product relative to undis- 
sociated carboxylic acid will drive the equilibrium toward increased disso- 
ciation and result in increased acidity. Conversely, any factor that desta- 
bilizes carboxylate relative to undissociated acid will result in decreased 
acidity. For example, an electron-withdrawing group attached to the car- 
boxy] should inductively withdraw electron density, thereby delocalizing the 
negative charge, stabilizing the carboxylate anion, and increasing acidity. 
An electron-donating group, however, should have exactly the opposite effect 
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PROBLEM... 

by concentrating the charge, destabilizing the carboxylate, and decreasing 

acidity. 

1 1 
“9 C—O7 CED@) ww ‘C—O- 

Electron-withdrawing group Electron-donating group 

stabilizes carboxylate destabilizes carboxylate 
and strengthens acid and weakens acid 

The pK, data in Table 20.4 show exactly the predicted effect. Highly 
electronegative substituents such as the halogens tend to make the carboxyl- 
ate anion more stable by inductively withdrawing electrons. Thus fluoro- 
acetic, chloroacetic, bromoacetic, and iodoacetic acids are all stronger than 

acetic acid by factors of 50-150. Introduction of two electronegative sub- 
stituents makes dichloroacetic acid some 3000 times stronger than acetic 
acid, and introduction of three substituents makes trichloroacetic acid more 

than 12,000 times stronger (Figure 20.3). 

O O O O 

H : Cl i Me ws i i Cl 

ix i ras Ls 
H H H H Cl H CISC 

pK, = 4.72 pKa = 2.85 pK = 1.26 pK, = 0.64 

Weaker Stronger 
acid acid - 

( 
an SSS eee 

Figure 20.3 Relative strengths of chlorosubstituted acetic acids. 

Since inductive effects are strongly dependent on distance, the effect of 
halogen substitution decreases as the substituent is moved farther from the 
carboxyl. The chlorobutanoic acids show clearly what happens as the elec- 
tronegative substituent is moved successively farther from the carbonyl 
group (Table 20.5). 2-Chlorobutanoic acid has a pK, of 2.86, the 3-substituted 
acid has a pK, of 4.05, and the 4-substituted acid, with a pK, of 4.52, has 
an acidity similar to that of butanoic acid itself. 

COCR HELE O COE e eee eH ene HORE THe HHO Ren eeHeHeCrOerenes 

Rank the acids in the following groups in order of increasing acidity, without looking 
at a table of pK, values: 

(a) CH;CH,COOH, BrCH,COOH, FCH,COOH 
(b) Benzoic acid, p-nitrobenzoic acid, p-methoxybenzoic acid 
(c) CH;,CH,OH, CH;CH,NHp, CH;CH,COOH 
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TABLE 20.5 Acidity of Chlorosubstituted Butanoic 
Acids 
a ee a ee 

Structure K, pK, 

. 

CH;CH,CHCOOH 1.89 x 1073 2.86 

a 

CH;CHCH,COOH 8.9 x 10-5 4.05 

Cl1CH,CH,CH,COOH 3°x 105 4.52 

CH;CH,CH,COOH 1.5°x 1075 4.82 

ee eC ee er ad 

20.7 Dicarboxylic acids have two dissociation constants: one for the initial dissociation 

into a monoanion and one for the second dissociation into a dianion. For oxalic acid, 

HOOC-COOK, the first ionization constant has a pK, of 1.2, and the second ioni- 

zation constant has a pK of 4.2. Why is the second carboxyl group so much less 
acidic than the first? 

BREE I as an oat conte Fal ars re eae Pa te afew) oo ino a sole Mn see WIM eRe ore isiarare lala oe 

20.8 Shown here are some pK, data for simple dibasic acids. How do you account for the 
fact that the difference between the first and second ionization constants decreases 
with increasing distance between the carboxyl groups? 

Name Structure pK, pK2 

Oxalic HOOCCOOH 1.2 4.2 
Succinic HOOCCH,CH,COOH 4.2 5.6 
Adipic HOOC(CH,)4,COOH 4.4 4.4 

CeCe See H ORE HOMES OSCE EEOC EEOC TET EHH EHH OL OTH OH COE EEF O OEE EHO OEE 

20.5 Substituent Effects in Substituted 
Benzoic Acids 
(Ee ee ee SS ee 

We saw during the discussion of electrophilic aromatic substitution (Section 

16.5) that substituents on the aromatic ring play a large role in determining 

reactivity. Aromatic rings with electron-donating groups are activated 

toward further electrophilic substitution, and aromatic rings with electron- 
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withdrawing groups are deactivated. Exactly the same effects are noticed 

on the acidity of substituted benzoic acids (Table 20.6). 

TABLE 20.6 Substituent Effects on Acidity of Para-substituted 

Benzoic Acids 

yr \-coon 

= K, pK, 

—OH 28exn105% 4.55 

Weaker — OCH3 Oe el ae 4.46 Activating 

acid 
groups 

— CH; 43 xed * 4.34 

== Ell 6.46 x 107° 4.19 

— Br yal ae Wiig 3.96 

=] tunes 20 3.96 

Stronger —CHO 18 x 1074 3.75 Deactivating 

acid ‘ groups 

— CN 2.8% 10% 3.55 

— NO, 3.9" 10-7 3.41 

As Table 20.6 shows, electron-withdrawing (deactivating) groups in- 
crease acidity by stabilizing the carboxylate anion, and electron-donating 
(activating) groups decrease acidity by destabilizing the carboxylate anion. 
Thus, an activating group such as methoxy decreases the acidity of benzoic 
acid, but a deactivating group such as nitro increases the acidity. 

O O O 

Cr en CY OF oll OH 

a 
CH,0 O.N 

p-Methoxybenzoic acid Benzoic acid p-Nitrobenzoic acid 

(pKa = 4.46) (pK, = 4.19) (pK, = 3.41) 

Weaker Stronger 

acid acid 

Since it’s much easier to measure the acidity of a substituted benzoic 

acid than to determine the relative electrophilic reactivity of a substituted 
benzene, the correlation between the two effects can be valuable in pre- 
dicting reactivity. If we want to know the effect of a certain substituent on 
electrophilic reactivity, we can simply find the acidity of the corresponding 
benzoic acid: 
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PROBLEM... 
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O Finding the Ka ... lets us predict 
| a ofthis acid... the reactivity of this 
Cd substituted benzene 

OH to electrophilic attack. feet 

® Y 

PROBLEM ed Ventenes cas Car eure ar taeny eer e neues: 

The pK, of p-(trifluoromethyl)benzoic acid is 3.6. Would you expect the trifluoro- 
methyl substituent to be an activating or deactivating group in the Friedel—Crafts 
reaction? 

Solution A pK, of 3.6 means that p-(trifluoromethyl)benzoic acid is stronger than 
benzoic acid, whose pK, is 4.19. Thus, the trifluoromethyl substituent is favoring 
dissociation by helping to stabilize negative charge. Trifluoromethyl must therefore 
be an electron-withdrawing, deactivating group. 

Oem eee ee EH EOE EEE EEE HEHEHE HEHE EEO EEE EEE 

The pK, of p-cyclopropylbenzoic acid is 4.45. Is cyclopropylbenzene likely to be more 
reactive or less reactive than benzene toward electrophilic bromination? Explain. 

ec 

Rank the following compounds in order of increasing acidity. Don’t look at a table 

of pK, data to help with your answer. 
(a) Benzoic acid, p-methylbenzoic acid, p-chlorobenzoic acid 

(b) p-Nitrobenzoic acid, acetic acid, benzoic acid 

Smee we wee were sere eee eee eeeeseseeeeereseeesesereseseessene 

20.6 Preparation of Carboxylic Acids 

We’ve already seen most of the common methods for preparing carboxylic 
acids, but let’s review them briefly: 

1. Oxidation of substituted alkylbenzenes with potassium perman- 
ganate or sodium dichromate gives substituted benzoic acids (Sec- 
tion 16.11). Both primary and secondary alkyl groups can be 
oxidized in this manner, but tertiary groups are not affected. 

i 
KMnO,4 

ON <<) CH; 0, 95°C ON <)> COH 

p-Nitrotoluene p-Nitrobenzoic acid (88%) 

2. Oxidative cleavage of alkenes gives carboxylic acids if the alkene 
has at least one vinylic hydrogen (Section 7.9). The reaction can be 
carried out with sodium dichromate or potassium permanganate. 
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CH,(CH,),COOH 

Nonanoic acid 

CHICH. CH CHICH, COOH 9 Fe 3( 2)7 17 ( 2/7 HO, K,COs; 

Olele acid HOOC(CH,);COOH 

Nonanedioic acid 

3. Oxidation of primary alcohols and aldehydes yields carboxylic acids 
(Sections 17.9 and 19.5). Primary alcohols are often oxidized with 
Jones’ reagent (CrO3, HzO, H2SO,4), and aldehydes are oxidized with 
either Jones’ reagent or basic silver oxide (Tollens’ reagent). Both 
oxidations take place rapidly and in high yield. 

i CrO 
OH H3(CH,2)3sCOH CH;(CH2)sCH2 “H,0, H,S0, C 3( 2)8 

1-Decanol Decanoic acid (93%) 

O O 

ae 
CH;CH,CH,CH,CH,CH NHLOH CH;CH,CH,CH,CH,COH 

4 

Hexanal Hexanoic acid (85%) 

HYDROLYSIS OF NITRILES 

Nitriles, R-C=N, can be hydrolyzed by strong aqueous acid or base to yield 
carboxylic acids. Since nitriles themselves are usually prepared by Sy2 
reaction between an alkyl halide and cyanide ion, the two-step'sequence of 
cyanide displacement followed by nitrile hydrolysis is an excellent method 
for preparing carboxylic acids from alkyl halides (RBr — RC=N —> 
RCOOH). Note that the product acid has one more carbon than the starting 
alkyl halide has. 

Na* -CN 

(Sy2) 
RCH,C=N —2°. RCH,COOH + NH, RCH,Br 

The method works best with primary halides, since a competitive E2 
elimination reaction can occur when a secondary or tertiary alkyl halide is 
used. Nevertheless, some unhindered secondary halides react well. A good 
example of the reaction occurs in the commercial synthesis of the antiar- 
thritic drug fenoprofen. 

CL lei 2 OH CL (oe 

nee 

2. -OH/H,O 
O ii ta 3. H30* O iol An 

Br CH; 

Fenoprofen 
(an antiarthritic agent) 
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CARBOXYLATION OF GRIGNARD REAGENTS 

PROBLEM... 

20.12 

eee reer eee 

Yet another method for preparing carboxylic acids is by reaction of organo- 
metallic reagents with carbon dioxide. Both organomagnesium (Grignard) 
and organolithium reagents react with carbon dioxide to yield carboxylate 
salts, which can be protonated to give carboxylic acids. This carboxylation 
reaction is carried out either by pouring the Grignard reagent over dry ice 
(solid COg) or by bubbling a stream of dry CO, through the Grignard reagent 
solution. Grignard carboxylation generally gives good yields of acids from 
alkyl halides but is clearly limited in use to only those alkyl halides that 
can form Grignard reagents in the first place (Section 17.7). 

Br Mg Br COOH 

H3C CH; H3C CH; H3C CH; 
Mg : 1. COg, ether 

Ether 2. H;0* 

CH; Che CH; 

1-Bromo-2,4,6-trimethyl- 2,4,6-Trimethylbenzoic acid 

benzene (87%) 

M : ; CH,CH,CH,CH,C}—> CH,CH,CH,CH,Mg0]—""S CH,CH2CH,CH,COOH 
» ts 

1-Chlorobutane Pentanoic acid 

(73%) 

The mechanism of Grignard carboxylation is similar to that of other 
Grignard reactions (Section 19.10). The organomagnesium halide adds to 
one of the C=O bonds of carbon dioxide in a typical nucleophilic addition 
reaction. Protonation of the carboxylate by addition of aqueous HCl then 
gives the free carboxylic acid product: 

:O: 

a aeld fe Toes | a I 
o— + —— — Rook Ne Os Oe th ee Saree ee 

Sa © oe 6150 610 6 © 616 oles © 6s bad Sia se 0p'e 0614 6 010 6 6 0' 0010818 08 6 Bee 6 6 8 8 

We’ve seen two methods for converting an alkyl halide into a carboxylic acid having 

one more carbon atom: (1) substitution with cyanide ion followed by hydrolysis and 

(2) formation of a Grignard reagent followed by carboxylation. What are the 

strengths and weaknesses of the two methods? Under what circumstances might 

one method be better than the other? 

a) aliale! He) els) vidi) 6) owes © eins) hialelm sd) e)i6/e)el0) a 6 eee Cele (eis 692 6 Ses ereheree.ete 

In light of your answer to Problem 20.11, what methods would you use to prepare 

the following carboxylic acids from organohalides? 

- (a) Benzoic acid from bromobenzene 

(b) (CHs)3CCOOH from (CH3)3CC1 

(c) CH;CH,CH,COOH from CH;CH,CH2Br 

BVellainlicletuiel elatetelvtets! 014) 2161s ele|e: e019 610) 616) 6 .6)0:¥ 6) .9)\610/0) 66,0019 ee 0.0 4 6 0) 9) 6) 96 
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20.7 Reactions of Carboxylic Acids 

We commented earlier in this chapter that carboxylic acids are structurally 
similar to both alcohols and ketones. As you might expect, there are also 
chemical similarities. Like alcohols, carboxylic acids can be deprotonated 
to give anions, which are good nucleophiles in Sy2 reactions. Like ketones, 
carboxylic acids undergo attack by nucleophiles on their carbonyl] group. In 
addition, carboxylic acids undergo other reactions characteristic neither of 
alcohols nor of ketones. Figure 20.4 shows some of the general types of 
reactions of carboxylic acids. 

I 
H C iH oH 

\ A Hey Cop 
CO, + = EOrmx% C OH 

“i Deprotonation fo 

Decarboxylation Reduction 

O % O 

: not R C 
E46 0H 

Alpha 

substitution 

Nucleophilic acyl 

substitution 

LSS SS Se Ee 

Figure 20.4 Some general reactions of carboxylic acids. 

Reactions of carboxylic acids can be grouped into the five categories 
indicated in Figure 20.4. Of the five, we’ve already discussed the acidic 
behavior of carboxylic acids in Sections 20.3—20.5, and we'll discuss the 
decarboxylation reaction and reduction reaction later in this chapter. The 
remaining two general reactions of carboxylic acids—nucleophilic acyl sub- 
stitution and alpha substitution—are two of the four fundamental carbony]l- 
group reaction mechanisms and will be discussed in detail in Chapters 21 
and 22. 

20.8 Reduction of Carboxylic Acids 
LES EE EN 

Carboxylic acids are reduced by powerful hydride reagents such as lithium 
aluminum hydride (but not NaBHy) to yield primary alcohols (Section 17.6). 
The reaction is difficult, however, and often requires heating in tetrahydro- 
furan solvent to go to completion. 
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O 
| : 

CH,(CH,);CH=CH(CH),COH + a CH,(CH,);CH=CH(CH,),CH, OH 

Oleic acid cis-9-Octadecen-1-ol (87%) 

Borane, BHs, is also used for converting carboxylic acids into primary 
alcohols. Reaction of an acid with borane occurs rapidly at room temperature, 
and the procedure is often preferred to reduction with LiAlH, because of its 
relative ease, safety, and specificity. Borane reacts with carboxylic acids 
faster than with any other functional group, thereby allowing selective 
transformations such as that shown below on p-nitrophenylacetic acid. Were 
the reduction of p-nitrophenylacetic acid tried with LiAlH,, both nitro and 
carboxyl groups would be reduced. 

O 

| 
CH,COH CH,CH,OH 

1, BH3, THF 

2. H30+ 

O.N O.N 

p-Nitrophenylacetic acid 2-(p-Nitrophenyl)ethanol 

(94%) 

20.9 Decarboxylation of Carboxylic Acids: 
The Hunsdiecker Reaction 

Carboxylic acids undergo decarboxylation—the loss of carbon dioxide— 
under certain conditions to give a product having one less carbon atom than 
the starting acid has. In the Hunsdiecker!? reaction, which involves heat- 
ing a heavy-metal salt of a carboxylic acid with bromine or iodine, carbon 
dioxide is lost and an alkyl halide having one less carbon atom than the 
starting acid is formed. The metal may be silver ion, mercuric ion, or 

lead(IV); all work equally well. 

O 

| HgO Bro 

CH;(CH2);;CH,COH CCl CH3(CH2);5;CH2Br a CO, 
4 

Octadecanoic acid 1-Bromoheptadecane (93%) 

O 

I 
G I 

ASS OH ppv), lb ale 
it CCl iaeCO? 

Cyclobutanecarboxylic Iodocyclobutane 

acid (100%) 

_ 1Heinz Hunsdiecker (1904—_ ); b. Kéln, Germany; Ph.D. Kéln (Wintgen); private laboratory, 
Kéln, Germany. 

2Clare Hunsdiecker (1903-— ); b. Kiel; Ph.D. Kéln (Wintgen); private laboratory, Kéln, 
Germany. 
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The Hunsdiecker reaction occurs by the radical chain pathway shown 
in Figure 20.5. The heavy-metal salt of the carboxylic acid reacts with 
bromine to form an acyl hypobromite, RCOOBr, a small amount of which 
undergoes homolytic cleavage of its weak O-Br bond to yield a carboxyl 
radical in the initiation step. The carboxy] radical then loses carbon dioxide 
in the first of two propagation steps to form an alkyl radical that abstracts 
a bromine from a second molecule of acyl hypobromite. This second prop- 
agation step yields the product bromoalkane and produces another alkyl 
radical to carry on the chain reaction. 

O O 
| | 
C C Br 

R~ ~“OAg + Bro —> R~ -~O~ + AgBr 

A silver carboxylate An acyl hypobromite 

i i Initiation step: C Br C 
Ree eo <R~ SO: + Br’ 

A carboxyl radical 

aeons : 
I : R~ Pe mare lv a CO, 

Propagation steps: at en 

QE B r | : fs Pr hr ere Cc | 
Ried hOte bR’ Oo 

Figure 20.5 The mechanism of the Hunsdiecker reaction. 

20.10 Spectroscopic Analysis of 
Carboxylic Acids 

INFRARED SPECTROSCOPY 

Carboxylic acids show two highly characteristic absorptions in the infrared 
spectrum that make this functional group easily identifiable. The O-H bond 
of the carboxyl group gives rise to a very broad absorption over the range 
2500-3300 cm™!, and the C=O bond shows an absorption between 1710 
cm~! and 1760 cm7!. The exact position of carbonyl absorption depends both 
on the structure of the molecule and on whether the acid is free (monomeric) 
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or associated (dimeric). Free carboxy] groups absorb at 1760 cm7!, but the 
more commonly encountered associated carboxyl groups absorb in a broad 
band centered around 1710 cm~!. 

Free carboxy] eS C7 
(uncommon), 1760 cm! x 

OTH 

O-“H—O 
Associated carboxyl R— C7 s C—R 
(usual case), 1710 cm™! NE fo yy 

O—H.::::O 

The infrared spectrum of butanoic acid shown in Figure 20.6 has both 
the broad O-H absorption and the C=O absorption at 1710 cm~! (associated) 
identified. 

Wave number (em? ) 

5000 3000 2000 1500 1300 1100 1000 900 800 700 
100 : ee 

80 

60 

Transmittance (%) 

- CH3CH.CH,COOH 

Wavelength (um) 

Figure 20.6 Infrared spectrum of butanoic acid, 

CH3CH2CH,COOH. 

NUCLEAR MAGNETIC RESONANCE 
SPECTROSCOPY 

Carboxylic acid groups can be detected by both 'H and 18C NMR spectros- 
copy. Carboxyl] carbon atoms absorb in the range 165-185 6 in the *’C NMR 
spectrum, with aromatic and a,B-unsaturated acids near the upfield end of 
the range (~165 5) and saturated aliphatic acids near the downfield end 
(~185 6). The acidic -COOH proton normally absorbs near 12 6 in the 1H 
NMR spectrum. Since the carboxylic acid proton has no neighbor protons, 

. it is unsplit and occurs as a singlet. As with alcohols (Section 17.11), the 

-—COOH proton can be replaced by deuterium when D,0O is added to the 
sample tube, causing the -COOH absorption to disappear from the NMR 
spectrum. 
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Figure 20.7 indicates the positions of the %C NMR absorptions for 
several carboxylic acids, and Figure 20.8 shows the 1H NMR spectrum of 
phenylacetic acid. Note that the carboxyl proton occurs at 10.6 6 and that 
all five aromatic ring protons show an accidental overlap as an apparent 
singlet at 7.3 6. 

178 6 173 6 174 6 

COOH 

CH;COOH H,C =C(CH3)COOH CH3;CH,CH,COOH 

SSS a 

Figure 20.7 Carbon-13 NMR absorptions of some carboxylic 

acids. 

Intensity ———~ 

10 8 6 4 2 

Chemical shift (5) 

Saas 

Figure 20.8 Proton NMR spectrum of phenylacetic acid. 

20.11 Summary and Key Words 
SSS Se ee ee ay 

Carboxylic acids are among the most important building blocks for syn- 
thesizing other molecules, both in nature and in the chemical laboratory. 
They are named systematically by replacing the terminal -e of the corre- 
sponding alkane name with -oic acid. Like ketones and aldehydes, the car- 
bonyl carbon atom is sp? hybridized; like alcohols, carboxylic acids are 
associated via hydrogen bonding and therefore have high boiling points. 
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The distinguishing characteristic of carboxylic acids is their acidity. 
Although weaker than mineral acids such as HCl, carboxylic acids never- 
theless dissociate far more readily than alcohols. The reason for this differ- 
ence lies in the stability of carboxylate ions: Carboxylate ions are stabilized 
by resonance between two equivalent forms: 

O: O:- 
Vj /* 

Ra G <— R—C 
Ge \ 
7>Or- O: 

Most alkanoic acids have pK, values near 5, but the exact acidity con- 
stant of a given acid varies depending on structure. Carboxylic acids sub- 
stituted by electron-withdrawing groups are more acidic (have a lower pK,) 
because their carboxylate ions are stabilized. Carboxylic acids substituted 
by electron-donating groups are less acidic (have a higher pK,) because their 
carboxylate ions are destabilized. 

Methods of synthesis for carboxylic acids include: (1) oxidation of alkyl- 
benzenes with sodium dichromate or potassium permanganate; (2) oxidative 
cleavage of alkenes; (3) oxidation of primary alcohols or aldehydes with 
Jones’ reagent; (4) hydrolysis of nitriles; and (5) reaction of Grignard 
reagents with CO, (carboxylation). The last two methods are particularly 
useful because they allow alkyl halides to be transformed into carboxylic 
acids with the addition of one carbon atom, RBr — RCOOH. 

General reactions of carboxylic acids include: (1) loss of the acidic proton; 
(2) nucleophilic acyl substitution at the carbonyl group; (3) loss of COg by 
a decarboxylation reaction; (4) substitution on the alpha carbon; and (5) 
reduction. 

Carboxylic acids are easily distinguished spectroscopically. They show 
characteristic infrared absorptions at 2500-3300 cm~! (due to the O—H) and 
at 1710-1760 cm™! (due to the C=O). Acids also show !2C NMR absorptions 
at 165-185 5 and 'H NMR absorptions near 12 6. 

20.12 Summary of Reactions 

1. Preparation of carboxylic acids (Section 20.6) 
a. Oxidation of alkylbenzenes (Section 16.11) 

H R O 
oy | 

C @ 
R KMn0, OH 

H,0, A 

b. Oxidative cleavage of alkenes (Section 7.9) 

x 7, | | KMn0O, Ce h eS tet + 
H20 Ro “OH Ri OH te \ 

H R’ 
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c. Oxidation of primary alcohols (Section 17.9) 

H H O 
pA Jones’ reagent I 

R~ OH (CrO3, H30*) R~ OH 

d. Oxidation of aldehydes (Section 19.5) 

O O 

| Jones’ reagent I 

Be or Agt, NH,OH Res OH 

e. Hydrolysis of nitriles (Section 20.6) 

| ie H,0+ 
R—C=N GeNAOH, HO | qian Non 

f. Carboxylation of Grignard reagents (Section 20.6) 

O 

avira 
then H,O+ R a OH 

R—MgX + O=C=O 

2. Reactions of carboxylic acids 
a. Deprotonation (Section 20.3) 

O 
| | Base fe} 

ng 2s 
R OH R O- 

b. Reduction to primary alcohols (Section 20.8) 

O H. 4H 
I ie LiAlH, or BH3 ey 

Ro OH 2.H30* Rn, OR 

c. Decarboxylation: Hunsdiecker reaction (Section 20.9) 

! Hg0 
OH Br, CCh R—Br + COs 

ADDITIONAL PROBLEMS 

20.13 Give IUPAC names for these compounds: 

COOH COOH 
| 

(a) CH;CHCH,CH,CHCH, (b) (CH3)s;CCOOH 

OCC Oe eee ree eres reereeeesesesenes 
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20.15 

20.16 

20.17 

20.18 

20.19 

20.20 

20.21 

20.22 

20.23 

20.24 

20.25 
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ae ioe 

(c) CHs;CH,CH,CH (d) 

CH,COOH 

NO, 

(e) sont (f) BrCH,CHBrCH,CH,COOH 

Draw structures corresponding to these IUPAC names: 
(a) cis-1,2-Cyclohexanedicarboxylic acid (b) Heptanedioic acid 
(c) 2-Hexen-4-ynoic acid (d) 4-Ethyl-2-propyloctanoic acid 
(e) 3-Chlorophthalic acid (f) Triphenylacetic acid 

Acetic acid boils at 118°C, but its ethyl ester boils at 77°C. Why is the boiling point 
of the acid so much higher, even though it has the lower molecular weight? 

Draw and name the eight carboxylic acid isomers having the formula CgH,.0p. 

Order the compounds in each set with respect to increasing acidity: 
(a) Acetic acid, oxalic acid, formic acid 

(b) p-Bromobenzoic acid, p-nitrobenzoic acid, 2,4-dinitrobenzoic acid 

(c) Phenylacetic acid, diphenylacetic acid, 3-phenylpropanoic acid 
(d) Fluoroacetic acid, 3-fluoropropanoic acid, iodoacetic acid 

Arrange the compounds in each set in order of increasing basicity: 
(a) Magnesium acetate, magnesium hydroxide, methylmagnesium bromide 
(b) Sodium benzoate, sodium p-nitrobenzoate, sodium acetylide 
(c) Lithium hydroxide, lithium ethoxide, lithium formate 

Account for the fact that phthalic acid (1,2-benzenedicarboxylic acid) has pK2 = 5.4 
but terephthalic acid (1,4-benzenedicarboxylic acid) has pK» = 4.8. 

How could you convert butanoic acid into the following compounds? Write out each 
step showing the reagents needed. 
(a) 1-Butanol (b) 1-Bromobutane (c) Pentanoic acid 
(d) 1-Butene (e) 1-Bromopropane (f) Octane 

How could you convert each of the following compounds into butanoic acid? Write 

out each step showing all reagents. 
(a) 1-Butanol (b) 1-Bromobutane (c) 1-Butene 
(d) 1-Bromopropane (e) 4-Octene (f) Pentanoic acid 

How would you prepare these compounds from benzene? More than one step is 

required in each case. 
(a) m-Chlorobenzoic acid (b) p-Bromobenzoic acid 
(c) Phenylacetic acid, CgH;CH,COOH 

Calculate pK,’s for these acids: 
(a) Lactic acid, K, = 8.4 x 1074 (b) Acrylic acid, pK, = 5.6 x 10-6 

Calculate K,’s for these acids: 
(a) Citric acid, pK, = 3.14 (b) Tartaric acid, pK, = 2.98 

Predict the product of the reaction of p-methylbenzoic acid with each of the following 

reagents: 
(a) BH3, then H3;0* (b) N-Bromosuccinimide in CCl, 

~ (c) HgO, I, in CCl, (d) CH3MgBr in ether, then H3;0* 
(e) KMnO,, H30* (f) LiAlH,, then H;0* 
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20.26 

20.27 

20.28 

20.29 

20.30 

20.31 

20.32 

Using !8CO, as your only source of labeled carbon, how would you synthesize these 

compounds? 
(a) CH;CH,°COOH (b) CH3!8CH,COOH 

Propose a structure for an organic compound, CgH 202, that dissolves in dilute 
sodium hydroxide and that shows the following 1H NMR spectrum: 1.08 6 (9 H, 
singlet), 2.2 5 (2 H, singlet), and 11.2 6 (1 H, singlet). 

How would you carry out these transformations? 

CH,COOH 

? 
CH, Vidalia (a) 

H,C. .COOH 

Re tty ot (b) os 

What spectroscopic method could you use to distinguish among the following three 
isomeric acids? Tell exactly what characteristic features you would expect for each 
acid. 

CH;3(CH2)3;COOH (CH3),CHCH,COOH (CH3)s;CCOOH 

Pentanoic acid 3-Methylbutanoic acid 2,2-Dimethylpropanoic acid 

Which method of acid synthesis—Grignard carboxylation or nitrile hydrolysis— 
would you use for each of the following reactions? Explain your choices. 

CH,Br CH,COOH i ie ee OH OH 

e 
(b) CH;CH,CHBrCH; ——> CH3CH,CHCOOH 

O 
| 

(3) CH3;CCH,CH,CH,I —> CH3;CCH,CH,CH,COOH 

(d) HOCH,CH,CH,Br —> HOCH,CH,CH,COOH 

A chemist in need of 2,2-dimethylpentanoic acid decided to synthesize some by 
reaction of 2-chloro-2-methylpentane with NaCN followed by hydrolysis of the prod- 
uct. After carrying out the reaction sequence, however, none of the desired product 
could be found. What do you suppose went wrong? 

The following synthetic schemes all have at least one flaw in them. What is wrong 
with each? 

CH; COOH 
1. BH, 

iB Cr 7 Cr 

2. H,0 
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COOH 

(b) CH,CH,CHBrCH,CH; a CH,CH,CHCH,CH, 
3. H,0* 

CH,COOH CH,CH, 
(c) 1. LiAlH, 

2. eo! 

1. NaCN (4) (CHs),COH)CH,CH,Cl_ —“""*, (CH;),C(OH)CH,CH,COOH 
3 

20.33 p-Aminobenzoic acid (PABA) is widely used as a sunscreen agent. Propose a synthesis 
of PABA starting from toluene. 

20.34 Lithocholic acid is a steroid found in human bile: 

Lithocholic acid 

Predict the product of reaction of lithocholic acid with each of the following reagents. 
Don’t worry about the size of the molecule; just concentrate on the functional groups. 

(a) Jones’ reagent (b) Tollens’ reagent 

(c) BH3, then H3;0* (d) (CH3)3SiCl, (CH3CH2)3N 
(e) CH3MgBr, then H,0* (f) LiAlH,, then H3;0* 

20.35 Propose a synthesis of the anti-inflammatory drug Fenclorac from phenylcyclo- 

hexane. 

0 

CHCOOH 

Cl 

Fenclorac 

20.36 How would you use NMR (either !°C or 1H) to distinguish between the following 

isomeric pairs? 

(a) COOH COOH 

how 
COOH 

COOH 

(b) HOOCCH,CH,COOH and CH;CH(COOH), 
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(c) CH;CH,CH,COOH and HOCH,CH,CH,CHO 

(d) (CH3)g>C—=CHCH,COOH and [ COOH 

20.37 The pK,’s of five para-substituted benzoic acids (YCgH,COOH) are given in the 
following table. Rank the corresponding substituted benzenes (YCgH;) in order of 
their increasing reactivity toward electrophilic aromatic substitution. If benzoic acid 
has pK, = 4.20, which of the substituent groups are activators and which are 

deactivators? 

Substituent Y pK, of Y _\-coon 

—Si(CH3)3 4.27 

—CH=CHC=N 4.03 

—OSO,CH; 3.84 \ 

—PCl, 3.59 

20.38 Compound A, C4H,0s3, has infrared absorptions at 1710 and 2500-3100 cm™! and 
exhibits the ‘1H NMR spectrum shown. Propose a structure for A that is consistent 
with the data. 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

20.39 The two 'H NMR spectra shown here belong to crotonic acid (trans- 
CH;CH=CHCOOH) and to methacrylic acid [H,C=C(CH3)COOH]. Which spectrum 
corresponds to which acid? Explain. 
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Intensity 

Chemical shift (5) 

Intensity 

Chemical shift (5) 

20.40 Propose structures for carboxylic acids that show the following peaks in their proton- 

20.41 

coupled 18C NMR spectra: 
(a) C7Hy.0¢: 25.5 6 (t), 25.9 5 (t), 29.0 5 (t), 43.1 6 (d), 183.0 5 (s) 
(b) CgHgOz: 21.4 5 (q), 128.3 5 (s), 129.0 5 (d), 129.7 5 (d), 143.1 6 (s), 168.2 6 (s) 

3-Methyl]-2-hexenoic acid (mixture of E and Z isomers) has recently been identified 

as the substance responsible for the odor of human sweat. Devise a synthesis of the 

compound from starting materials having five or fewer carbons. 



Chapter 21 

_ Carboxylic Acid 
» Derivatives and 
Nucleophilic Acyl 
Substitution 
Reactions 

Carboxylic acids are just one member of a class of acyl derivatives, RCOY, 
where the acyl group is bonded to an electronegative substituent —Y that 
can act as a leaving group in substitution reactions. Numerous acyl deriv- 
atives are possible, but we’ll be concerned only with four of the more common 
ones, in addition to carboxylic acids themselves: acid halides, acid anhy- 
drides, esters, and amides. Also in this chapter, we’ll discuss nitriles, a class 
of compounds closely related to carboxylic acids. 

O O O O 

| | | 
LE C SY BSS Ja oa C WY 

R OH R X R O FY 

Carboxylic acid Acid halide (X = F, Cl, Br, I Acid anhydride 

O O 

a — = N 

R~ ~OR’ R~ NH, 

Ester Amide Nitrile 

The chemistry of these acyl derivatives is similar and is dominated by 
a single general reaction: the nucleophilic acyl substitution reaction 
that we saw briefly in the overview of carbonyl chemistry: 

792 
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Let’s first learn more about acyl derivatives and then explore the chemistry 
of acyl substitution reactions. 

21.1 Nomenclature of Carboxylic Acid 
Derivatives 

ACID HALIDES: RCOX 

Acid halides are named by identifying first the acyl group and then the 
halide. The acyl group name is derived from the carboxylic acid name by 
replacing the -ic acid ending with -yl or the -carboxylic acid ending with 
-carbonyl. For example: 

0 I I 
| ry ~ 

CH,CCI BE Cl 

Acetyl chloride Benzoyl bromide Cyclohexanecarbonyl chloride 

(from acetic acid) (from benzoic acid) (from cyclohexanecarboxylic acid) 

ACID ANHYDRIDES: RCO,COR’ 

Symmetrical anhydrides of straight-chain monocarboxylic acids, and cyclic 
anhydrides of dicarboxylic acids, are named by replacing the word acid with 

anhydride: 

| 
O O O 6 

| | | | peg © 
CH;,C—O—CCH3 CH;(CHg2)5C aay —C(CH2);CHs3 : oe 

Acetic anhydride Heptanoic anhydride 3 ? i 

H;CO O 

3-Methoxyphthalic anhydride 

If the anhydride is derived from a substituted monocarboxylic acid, it 

is named by adding the prefix bis- (meaning two) to the acid name: 

| | 
CICH,C—O —CCH,Cl 

Bis(chloroacetic) anhydride 
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AMIDES: RCONH, 

Amides with an unsubstituted -NHp> group are named by replacing the -oic 
acid or -ic acid ending with -amide or by replacing the -carboxylic acid ending 
with -carboxamide. For example: 

1 O O ce | oe 
CH;CNH, CH3(CH2)4CNH, 

Acetamide Hexanamide Cyclopentanecarboxamide 
(from acetic acid) (from hexanoic acid) (from cyclopentanecarboxylic acid) 

If the nitrogen atom is further substituted, the compound is named by 
first identifying the substituent groups and then citing the parent amide 
name. The substituents are preceded by the letter N to identify them as 
being directly attached to nitrogen. 

1 
O C—N(CH,CH;). 

CH,CH,CNHCH; : 

N-Methylpropanamide N,N-Diethylcyclobutanecarboxamide 

ESTERS: RCO,R’ 

Systematic names for esters are derived by first giving the name of the alkyl 
group attached to oxygen and then identifying the carboxylic acid. In so 
doing, the -ic acid ending is replaced by -ate: 

‘ 
O O 

3 | | 
] Jo OCH C—OC(CHs)s 

CH,COCH,CH, HCC Cy 

Ethyl acetate Wien 

(the ethyl ester of O tert-Butyl cyclohexanecarboxylate 
acetic acid) (the tert-butyl ester of 

Dimethyl malonate cyclohexanecarboxylic acid) 
(the dimethyl ester of 

malonic acid) 

NITRILES: RC=N 

Compounds containing the -C=N functional group are known as nitriles. 
Simple acyclic nitriles are named by adding -nitrile as a suffix to the alkane 
name, with the nitrile carbon itself numbered C1. 

CH; 
| 4-Methyl pentanenitrile 

CH;CHCH;CHCN 
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More complex nitriles are named as derivatives of carboxylic acids by 
replacing the -ic acid or -oic acid ending with -onitrile, or by replacing the 
-carboxylic acid ending with -carbonitrile. In this system, the nitrile carbon 
atom is attached to C1 but is not itself numbered: 

6 
C=N 5 1LCN 

CH,C=N el Cos 
4 

3 2 CH; 

Acetonitrile Benzonitrile 2,2-Dimethyl cyclohexanecarbonitrile 
(from acetic acid) (from benzoic acid) (from 2,2-dimethylcyclohexane- 

carboxylic acid) 

A summary of nomenclature rules for carboxylic acid derivatives is 
given in Table 21.1. 

TABLE 21.1 Nomenclature of Carboxylic Acid Derivatives 

Functional group Structure Name ending 

O 

Carboxylic acid 2 y x -ic acid 
OH (-carboxylic acid) 

O 

Acid halide o : ey -yl halide 
R Xx (-carbonyl halide) 

O O 

Acid anhydride Re Q he : soe anhydride 

J 
pats He i NH, fatter 

‘ 

asi is ORY peat ee fis 

Nitrile R—C=N -onitrile 
(-carbonitrile) 

PROBLEM ioiece aerate cic alah oleae el ttel tele availa s:> lelete cP loinle oaalier'saile oie: aisle lersleleye aieje.s 

21.1 Give IUPAC names for these structures: 

CH,CONH2 

(a) (CH3)2CHCH,CH,COCI (b) an 
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PROBLEM 

CHAPTER 21 Carboxylic Acid Derivatives and Nucleophilic Acyl Substitution Reactions 

0 
| 
C4;0 

CO2CH(CHs3)e2 O2CCH(CHs3)2 “cy °cY 
Get 

(g) HyC—=CHCH2,CH,CONH, (h) CH3;CH,CHCH,CH3; 

CH3 COCcI 
\ / 

(i) mo (j) CF3;COCCF3; 

CH3 CH3 

ee eC ay 

21.2 The names shown for the following compounds are incorrect. Give the correct names. 

see www eens 

XN 4 3 2 1 
(a) CH3;CH,CH=CHCN (b) CH3CH,CH,CONHCH3 

1-Pentenenitrile Methylbutanamide 

a CH; 

(c) (CH3),CHCH,CHCOCI (d) C Freouer 

2,4-Methylpentanoy] chloride 
Methyl-2-methylcyclohexane carboxylate 

‘ Bee eee eee eee EEE EHH EEE HEHEHE ER EEE EHH EEE HEHE OS 

21.2 Nucleophilic Acyl Substitution 
Reactions 

The addition of a nucleophile to the polar C=O bond is a general feature of 
most carbonyl-group reactions and is the first step in two of the four major 
carbonyl-group reactions. When nucleophiles add to aldehydes and ketones, 
the initially formed tetrahedral intermediate either can be protonated to 
yield an alcohol or can eliminate the carbonyl oxygen, leading to a new 
C=Nu bond. When nucleophiles add to carboxylic acid derivatives, however, 
a different reaction course is followed. The initially formed tetrahedral inter- 
mediate expels one of the two substituents originally bonded to the carbonyl] 
carbon, leading to a net nucleophilic acyl substitution (Figure 21.1). 

The different behavior of ketones/aldehydes and carboxylic acid deriv- 
atives is simply a consequence of structure. Carboxylic acid derivatives have 
an acyl function bonded to a potential leaving group, Y, that can leave as 
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C Cc 
ne Me R~ \Y 

| :=Nu7 (or :Nu—H) | *=Nu7 (or :Nu—H) 

Na 

R-7 Nu R-7—Nu 

R’ Y 

0" \ | 

ie \ i 
R77 Nu jee Sy Rai oe ee 

(a) (b) 

Figure 21.1 The reactions of carbonyl groups with nucleophiles. 

(a) Ketones and aldehydes undergo nucleophilic addition reactions 

to yield either alcohols or products with a C=Nu double bond, 

whereas (b) carboxylic acid derivatives undergo nucleophilic acyl 

substitution reactions. 

a stabilized anion. As soon as the tetrahedral intermediate is formed, the 
negative charge on oxygen expels this leaving group to generate a new 
carbonyl compound. Ketones and aldehydes have no such leaving group, 
however, and therefore don’t undergo elimination. 

As shown in Figure 21.2, the net effect of the two-step addition—elim- 
ination sequence is a substitution of the attacking nucleophile for the Y 
group originally bonded to the acyl carbon. Thus, the overall reaction is 
superficially similar to the kind of nucleophilic substitution that occurs 
during Sy2 reactions (Section 11.5), but the mechanisms of the two reactions 
are completely different. Sy2 reactions occur in a single step by back-side 
displacement of the leaving group, whereas nucleophilic acyl substitutions 
take place in two steps and involve a tetrahedral intermediate. 

21.3 Relative Reactivity of Carboxylic 
Acid Derivatives 

ea a ee ee eee SS 

Nucleophilic acyl substitution reactions take place in two steps: addition of 
‘the nucleophile and elimination of a leaving group. Although both steps can 

sometimes affect the overall rate of reaction, it’s generally the first step that 



798 CHAPTER 21 Carboxylic Acid Derivatives and Nucleophilic Acyl Substitution Reactions 

| 
C+ Nu> (or :Nu—H) 

R OW 
Addition of a nucleophile to the 
carbonyl group occurs, yielding a | 
tetrahedral intermediate. 

10:5 

( 
RY 
a Nu 

An electron pair from oxygen 

displaces the leaving Y group, 
generating a new carbonyl compound 

as product. 

O 

in fot uk Nic 

Y is a leaving group: 

— OR, —NRz2, —Cl 

[SE ee ee) 

Figure 21.2 General mechanism of nucleophilic acyl substitution. 

is rate-limiting. Thus, any factor that makes the carbonyl group more easily 
attacked by nucleophiles favors the reaction. 

Steric and electronic factors are both important in determining reac- 
tivity. Sterically, we find within a series of the same acid derivatives that 
unhindered, accessible carbonyl groups react with nucleophiles more readily 
than sterically hindered groups. For example, acetyl chloride, CH3COCI, is 
much more reactive than 2,2-dimethylpropanoyl chloride, (CH3)3CCOCI. 
Thus, we find a reactivity order: 

O O 

nee haves es ce aaa Sortlades ea“emihiCGaiety ‘acct eman ct a ew SG 
ee / fu ae 

R- R R H H Ee 

Less eee More 

reactive Shanice reactive 

Electronically, we find that strongly polarized acyl derivatives are 
attacked more readily than less polar derivatives. Thus, acid chlorides are 
the most reactive acyl derivatives because the electronegative chlorine atom 
polarizes the carbonyl group more strongly than alkoxy or amino groups. 
The observed reactivity order is: 
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1 i 1 4 1 | 
C = = C C < C R~ NH, R~ or’ R~ \o~ SR R~ Nc] 

Amide Ester Acid anhydride Acid chloride 

Less More 

reactive reactive 

The way that various substituents affect the polarization of a carbonyl 
group is similar to the way they affect the reactivity of an aromatic ring 
toward electrophilic substitution (Section 16.5). Thus, a chlorine substituent 
withdraws electrons from an aromatic ring in the same way that it with- 
draws electrons from a neighboring acyl group, whereas amino and methoxyl 
substituents donate electrons to aromatic rings in the same way that they 
donate electrons to acyl groups. 

An important consequence of the observed reactivity order is that it is 
usually possible to transform a more reactive acid derivative into a less reac- 
tive one. As we'll see in the next few sections, acid chlorides can be converted 
into anhydrides, esters, and amides, but amides can’t readily be converted 

into esters, anhydrides, or acid chlorides. Remembering the reactivity order 
is therefore a way to keep track of a large number of reactions. Figure 21.3 
shows the transformations that can be carried out. 

More O 

reactive | 

a 
Babee 

Acid chloride I I 

Acid anhydride 

R OR’ 

Ester | 

RO NE 
Less é 
reactive Amide 

ae eee eee 

Figure 21.3 Interconversions of carboxylic acid derivatives. 

A second consequence of the reactivity differences among acid deriva- 

tives is that only esters and amides are commonly found in nature. Acid 

halides and acid anhydrides don’t occur naturally because they are too reac- 

‘tive. They rapidly undergo nucleophilic attack by water and are too reactive 

to exist in living organisms. Esters and amides, however, have exactly the 
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right balance of reactivity to allow them to occur widely and to be vitally 
important in many life processes. 

In studying the chemistry of acid derivatives, we'll find that there are 
striking similarities among the various types of compounds. We'll be con- 
cerned largely with the reactions of just a few nucleophiles and will see that 
the same kinds of reactions keep occurring (Figure 21.4). 

H,O 

O O 

doreyr | rs ca | Grignard 
ydrolysis Cc C reaction 

no SS OH é eo as «5 

O 

| | 
C 

Ro 6 Ni Rees 
Aminolysis 

Reduction 

eee ee eee 

Figure 21.4 Some general reactions of carboxylic acid derivatives. 

PROBLEM |: c cistaietoeutoiiers a ciotetaiele sda elawh's alee dare wate e sieciele oetomteeieten aeaiels 

21.3 Rank the compounds in the following sets with regard to expected reactivity toward 
nucleophilic acyl substitution: 

O 
| | | 

(a) CH;CCl, CH,COCH;, CH3;CNH, 

i i I 
(b) CH;COCH;, CH3COCH,CCls, CH,;COCH(CFs), 

Se ROS Owe OB8) Bale 10:8) 60s 16 -0''6 161 wb) heme) Ose (8 BB BG 1N 64 O1ND AS, bw 6. SR TAREREITD Ayre 

21.4 How can you account for the fact that methyl trifluoroacetate, CF;COOCHs, is 
more reactive than methyl acetate, CH;COOCHs, in nucleophilic acyl substitution 
reactions? 

See SNS Te PONG BAe R Be ee are Ore! GSS Sie ei dee Bes) ba en b BIG @) Wlele: B Nia wlelerere erate. aianas¥, sie kta! oi 
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21.4 Nucleophilic Acyl Substitution 
Reactions of Carboxylic Acids 
Sey 

The most important reactions of carboxylic acids are those that convert the 
carboxyl group into other acid derivatives by nucleophilic acyl substitution, 
RCOOH — RCOY. Acid chlorides, anhydrides, esters, and amides can all be 
prepared from carboxylic acids (Figure 21.5). 

O 

I | 

Roe a Rae NE 

Acid Amide 
chloride 1 i 

C C R~ ~o~ SR R” “or 

Anhydride Ester 

SE eS eee 

Figure 21.5 Some nucleophilic acyl substitution reactions of 

carboxylic acids. 

CONVERSION INTO ACID CHLORIDES 

Carboxylic acids are converted into carboxylic acid chlorides by treatment 
with thionyl] chloride (SOCl,), phosphorus trichloride (PCl3), or oxalyl chlo- 
ride (CICOCOC]). Thionyl chloride is both inexpensive and convenient to 
use but is strongly acidic; only acid-stable molecules can survive the reaction 
conditions. Oxalyl chloride, on the other hand, is much more expensive but 
gives higher yields and reacts under milder conditions. 

% : 
CH,(CH,),CH=CH(CH,),cOoH +—<“', CH,(CH,),CH=CH(CH,),CCl + HCl 

Benzene 

Oleic acid Oley] chloride (97%) 

+ CO + CQ, 
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0. OH S re a 

eee H3C 

SOC1, 
ae 
CHCl, 

CH; 

2,4,6-Trimethylbenzoic acid 2,4,6-Trimethylbenzoyl 

chloride (90%) 

Oo a 

CH; 
+ HCl + SO, 

c Hg 

These reactions occur by nucleophilic acyl substitution pathways in 
which the carboxylic acid is converted into a reactive derivative that is then 
attacked by a nucleophilic chloride ion. When SOC], is used, for example, 
the acid is first converted into a chlorosulfite intermediate: 

i mel 
C + “SOCL = C S + HCl 

Re. OE ; Reuaaiomeia) 

Carboxylic A chlorosulfite 

acid 

O iO 

ol al peas Wek sy ee —_—__ De VES aaah + - 

RT Ro re By? Ger Cl Ro ee : 
Cl 

Acid 
chloride 

CONVERSION INTO ACID ANHYDRIDES i 

Acid anhydrides are derived from two molecules of carboxylic acid by remov- 
ing one equivalent of water. Acyclic anhydrides are difficult to prepare 
directly from the corresponding acids, and only acetic anhydride is com- 
mercially available. 

0 O 

1 
HiOF win moder CH: 

Acetic anhydride 

Cyclic anhydrides of ring size five or six are readily obtained by high- 
temperature dehydration of the diacids: 

1 
COOH c 

ce ioe \ 

a, O + H,O 
H.C 200°C H C / 

COOH ROP 
I 
O 

Succinic acid Succinic anhydride 
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CONVERSION INTO ESTERS 

One of the most important reactions of carboxylic acids is their conversion 
into esters, RCOOH — RCOOR’. There are many excellent methods for 
accomplishing this transformation, including the Sy2 reaction between a 
carboxylate anion nucleophile and a primary alkyl halide that we’ve already 
studied (Section 11.5). 

O 
on | 

CH3CH,CH,CO:- Nats CHEST — +  CH;CH,CH,COCH, + Nal 
Sodium butanoate Methyl butanoate, an ester 

(97%) 

Esters can also be synthesized by a nucleophilic acyl substitution reac- 
tion between a carboxylic acid and an alcohol. Fischer! and Speier discovered 
in 1895 that esters result from simply heating a carboxylic acid in methanol 
or ethanol solution containing a small amount of mineral acid catalyst. 
Yields are good in this Fischer esterification reaction, but the need to 
use excess alcohol as solvent effectively limits the method to the synthesis 
of methyl, ethyl, and propyl esters. 

wT TA 
CHCOH CHCOCH,CH, 

Mandelic acid Ethyl mandelate (86%) 

| | | | 
HOCCH,CH,CH,CH,COH sa CH,CH,OCCH,CH,CH,CH,COCH,CH; + 2H,O 

Hexanedioic acid Diethyl hexanedioate (95%) 

(adipic acid) 

The Fischer esterification reaction, whose mechanism is shown in Fig- 
ure 21.6, is a nucleophilic acyl substitution reaction carried out under acidic 
conditions. Although free carboxylic acids are not reactive enough to be 
attacked by most nucleophiles, they can be made much more reactive in the 

presence of a strong mineral acid such as HCl or H2SO,. The mineral acid 
acts by protonating the carbonyl-group oxygen atom, thereby giving the 
carboxylic acid a positive charge and rendering it much more reactive toward 
nucleophilic attack by alcohol. Subsequent loss of water yields the ester 
product. 

The net effect of Fischer esterification is substitution of an -OH group 
by —OR’. All steps are reversible, and the reaction can be driven in either 

1fmil Fischer (1852-1919); b. Euskirchen, Germany; Ph.D. Strasbourg (Baeyer); professor, 
universities of Erlangen, Wurzburg, and Berlin; Nobel Prize (1902). 
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direction by choice of reaction conditions. Ester formation is favored when 

a large excess of alcohol is used as solvent, but carboxylic acid formation is 

favored when a large excess of water is present. 

(N 
HCl 

:O: cat 

I 

Ro On 

Protonation of the carbonyl oxygen | 

activates the carboxylic acid... 

a 
fireltage dass 2 

Een o 
R OH | 

... toward nucleophilic attack by 
alcohol, yielding a tetrahedral , | 
intermediate. OH 

| , 

eh zee 
Ror Oe 
mo +5. 

Transfer of a proton from one H 
oxygen atom to another yields a 
second tetrahedral intermediate and | 
converts the OH group into a good Drs egg i 
leaving group. O 

| 
R°7 OR 

as 

H 
i te ee ee 

Loss of a proton regenerates the acid 
catalyst and gives the ester product. | 

O 

| 
to klaO* 

R~ OR’ 

(Se 

Figure 21.6 Mechanism of Fischer esterification. The reaction is 

an acid-catalyzed nucleophilic acyl substitution process. 

One of the best pieces of evidence in support of the mechanism shown 
in Figure 21.6 comes from isotopic-labeling experiments. When !8O-labeled 
methanol reacts with benzoic acid under Fischer esterification conditions, 

the methyl benzoate produced is found to be !8O labeled, but the water 
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produced is unlabeled. This experiment shows unequivocally that it is the 
CO-OH bond of the carboxylic acid that is cleaved, rather than the COO-H 
bond, and that it is the RO-H bond of the alcohol that is cleaved, rather 

than the R-OH bond. 

O O 
I | 

a an ors 
* HCl 

+ CH,OH == OCHS = HOH 
SS 

A final method of ester synthesis is the reaction between a carboxylic 
acid and diazomethane, CH2Ng, a reaction first described by von Pechmann? 
in 1894. The reaction takes place instantly at room temperature to give a 
high yield of the methyl ester. Though quite useful, this process does not 
involve a nucleophilic acyl substitution reaction, since it is the COO—H bond 
of the carboxylic acid that is broken rather than the CO-OH bond. 

O O 

I | 
C 

iS — 
OH 

CY PeCHNG == cr OCH; Ns 

Benzoic acid Diazomethane Methyl benzoate 

(100%) 

The diazomethane method of ester synthesis is ideal, since it occurs 
under mild, neutral conditions and gives nitrogen gas as the only by-product. 
Unfortunately, diazomethane is both toxic and explosive and should be han- 
dled only in small amounts by skilled persons. 

oc ee reece reece ese ers e ses es ee seeeseeeseeoeeeeesinesenseseses 

Show how you would prepare these esters: 
(a) Butyl acetate (b) Methyl butanoate 

Secale, 91d, Sin eielin mie (6 0.0 eke a6 (bis © Side apis a 60 e108) e \denede eke to 4i¢, 60) 6) #0 00 Geen 65 

If 5-hydroxypentanoic acid is treated with acid catalyst, an intramolecular esteri- 

fication reaction occurs. What is the structure of the product? (Intramolecular means 

within the same molecule.) 

bial te aie Bie alee) ba) iw elenwelecirc susie elie) oie) |» 6) 68/6) @.6 » vu) a) 6) 6:6\6,\0' Sie) eye, 6 6 ae Bie) 6 

The first step in the reaction of a carboxylic acid with diazomethane is a proton 

transfer to give the methyldiazonium cation (CH;N2*) and carboxylate anion. What 

kind of mechanism accounts for the second step? 

2Hans von Pechmann (1850-1902); b. Nuremberg; Ph.D. Greiswald; professor, universities 

of Munich and Tubingen. 
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Se 

CONVERSION INTO AMIDES 

Amides are carboxylic acid derivatives in which the acid hydroxyl group 
has been replaced by a nitrogen substituent, -NH2, -NHR, or—NR»2. Amides 
are difficult to prepare directly from reaction between amines and carboxylic 
acids, because amines are bases that convert acidic carboxyl groups into 
their carboxylate anions. Since the carboxylate anion has a negative charge, 
it is no longer electrophilic and no longer likely to be attacked by 
nucleophiles. 

21.5 Chemistry of Acid Halides 

PREPARATION OF ACID HALIDES 

Acid chlorides are prepared from carboxylic acids by reaction with thionyl 
chloride (SOClz), oxalyl chloride (CICOCOC)), or phosphorus trichloride 
(PCl3), as we saw in the previous section. Reaction of an acid with phos- 
phorus tribromide (PBr3) yields the acid bromide. 

O 

I wa 80 oe Storer R~ oH CICOCOdL or PC, Rp Sy 

C ees 

Ro dyias Olmes oe Renae 

REACTIONS OF ACID HALIDES 

Acid halides are among the most reactive of carboxylic acid derivatives and 
can be converted into a variety of other kinds of compounds. For example, 
we've already seen the value of acid chlorides in preparing ary] alkyl ketones 
via the Friedel-Crafts reaction (Section 16.4). 

O O 
| | 

ArH + R=C=Cle 222} UAteeM ee el 
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Most acid halide reactions occur by a nucleophilic acyl substitution 
mechanism. As illustrated in Figure 21.7, the halogen can be replaced by 
-OH to yield an acid, by —OR to yield an ester, or by —NHg to yield an 
amide. In addition, the reduction of acid halides yields primary alcohols, 
and reaction with Grignard reagents yields tertiary alcohols. Although the 
reactions in Figure 21.7 are illustrated only for acid chlorides, they also 
take place with other acid halides. 

— 0 

C 
BO Son mi Ni ROR 

Acid Ketone 
O O 

I I [ase 

O ie 
Bo OR’ ] R H 

C Aldehyde ed Ester R~ ~NH, y NY 

Ra ee Amide [1 

3° alcohol 

Eee 
as 

Roe BOL 

1° alcohol 

Figure 21.7 Some nucleophilic acyl substitution reactions of acid 

chlorides. 

Hydrolysis: Conversion of Acid Halides into Acids Acid chlorides react 
with water to yield carboxylic acids. This hydrolysis reaction is a typical 
nucleophilic acyl substitution process initiated by attack of water on the 
acid chloride carbonyl] group. The initially formed tetrahedral intermediate 
undergoes elimination of chloride ion and loss of a proton to give the product 
carboxylic acid plus HCl. 

7O: :O:- :O: 
7 Cy “= I D 'Cli- I + HC 

C os OHS) aa pCa aa ee rare 
Ro Cl : RI> 07 HaesO., Recon al? | | | 

An acid H H A carboxylic 
chloride acid 
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Since HCl is generated during the hydrolysis, the reaction is often 

carried out in the presence of pyridine or NaOH as a base to scavenge the 

HCl and prevent it from causing side reactions. 

Alcoholysis: Conversion of Acid Halides into Esters Acid chlorides 

react with alcohols to yield esters in a process analogous to their reaction 

with water to yield acids. 

O O 

C OH 
= a 

ee Cl Te eel Pyridine ine O + HCl 

Benzoyl Cyclohexanol Cyclohexy] benzoate (97%) 

chloride 

1 i Pyridine 
C + CH;,CH,CH,CH,OH ———— C 

Hits Ct ea ne H,C~ ~OCH,CH,CH,CH; 
1-Butanol 

Acetyl \ Butyl acetate (90%) 

chloride 

As with hydrolysis, alcoholysis reactions are usually carried out in the 
presence of pyridine or NaOH to react with the HCl formed and prevent it 
from causing side reactions. If this were not done, the HCl might react with 
the alcohol to form an alkyl chloride, or it might add to a carbon—carbon 
double bond if one were present elsewhere in the molecule. 

The esterification of alcohols with acid chlorides is strongly affected by 
steric hindrance. Bulky groups on either reaction partner slaw down the 
rate of reaction considerably, resulting in a reactivity order among alcohols 
of primary > secondary > tertiary. As a result, it’s often possible to esterify 
an unhindered alcohol selectively in the presence of a more hindered one. 
This can be important in complex synthesis where it is often necessary to 
distinguish chemically between similar functional groups. For example: 

Secondary (more hindered 
and less reactive) OH 

0 
| 

OH 

+ 1 equiv { \-c-0 ee 

| Primary (less hindered 

and more reactive) \_,CH,0H CH,O0 —C > 

~80% 

PROBLEM 6.0.6 0.0.0.0.6 di0in.0 sie on erara a wile 0 f e:cieie © 05) 10/0 6.8.0.0 sieie pi Wieieveye ie efsis Weslo eee 

21.8 How might you prepare these esters using a nucleophilic acyl substitution reaction 
of an acid chloride? 

(a) CHsCH,COOCH3 (b) CH;COOCH,CH3 (c) Ethyl benzoate 
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PROBLEM SOPH eee eee eee een eeeseeerenese esse eens eeeereseeeeeenereneseees 

21.9 Which method would you choose if you wanted to prepare cyclohexyl benzoate: 
Fischer esterification or reaction of an acid chloride with an alcohol? Explain. 

ee i rr rr 

Aminolysis: Conversion of Acid Halides into Amides Acid chlorides 
react rapidly with ammonia and with amines to give amides. The reaction 
is rapid, and yields are usually excellent. Both mono- and disubstituted 
amines can be used, but not trisubstituted amines. 

O 

l oe a 
(CH3)2,CHCC] + 2:NH3; ==> (CH3)2CHCNH, + NH,Cl 

2-Methylpropanoy!] chloride 2-Methylpropanamide 

(83%) 

i 1 
C—ti C—N(CHs3)o2 e 

CY + 2:NH(CHs3)o ae Cr + NH,(CH3)2Cl 

Benzoyl chloride N,N-Dimethylbenzamide 

(92%) 

Since HCl is formed during the reaction, two equivalents of the amine 
must be used. One equivalent reacts with the acid chloride, and one equiv- 
alent reacts with HC] to form an ammonium chloride salt. If, however, the 
amine component is valuable, amide synthesis is often carried out using 
one equivalent of the desired amine plus one equivalent of an inexpensive 
base such as NaOH. 

Aminolysis reactions carried out with NaOH present are sometimes 
referred to as Schotten—Baumann reactions after their discoverers.? For 
example, the medically useful sedative trimetozine is prepared by reaction 
of 3,4,5-trimethoxybenzoyl chloride with the amine morpholine in the pres- 
ence of one equivalent of NaOH. 

CH30 0 CH30 

CH,0 ie i uN Se CH,0 plot aa 

CH30 Morpholine CH30 Trimetozine 

3,4,5-Trimethoxybenzoy] chloride aye 90 9 NaCl 

PROBLEM be tore teva toicte a a teleo1'0iisie, 0 laksa ols bes nuete alee ofere (eliatin fol ia s'o\eisie eis se e\eiela )a\\e'e) 0018) 

21.10 Write the steps in the mechanism of the reaction between 3,4,5-trimethoxybenzoyl 

chloride and morpholine to form trimetozine. 

3Carl Schotten (1853-1910); b. Marburg, Germany; Ph.D. Berlin (Hofmann); professor, Uni- 

versity of Berlin. 
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PROBLEM 6 are suis, 0: d/essilelae c'ee) aaa ere ol eis) niviiole’ etal sistent stare steal al di phalaalelaiehar a unskang aha Ya 

21.11 Trisubstituted amines such as triethylamine can be used in place of NaOH to scav- 
enge HCl during aminolysis reactions. Why doesn’t triethylamine react with acid 

chlorides to yield amides? 

How could you prepare these amides using an acid chloride and an amine or 

ammonia? 
(a) CHs;CH,CONHCH3 (b) N,N-Diethylbenzamide 

BRR me ee eee EEE EEE EEE HEHE EEE EEE EEE EEE EEE EEE EEE HEHEHE EES 

(c) Propanamide 

Reduction: Conversion of Acid Chlorides into Alcohols Acid chlorides 
are reduced by lithium aluminum hydride to yield primary alcohols. The 
reaction is of little practical value, however, since the parent carboxylic 
acids are generally more readily available and are themselves reduced by 
LiAlH, to yield alcohols. 

O 

C—Cl ‘ 
1. LiAlH,, ether 

2. H30* 

Benzoyl chloride 

e CH,OH 

Benzyl alcohol 

(96%) 

Reduction occurs via a typical nucleophilic acyl substitution mechanism 
in which a hydride ion (H:~) attacks the carbonyl group, yielding a tetra- 
hedral intermediate that expels chloride ion. The net effect is a substitution 
of —H for —Cl, yielding an aldehyde, which is then rapidly reduced by LiAlH, 
in a second step to yield the primary alcohol. 

“(2 :0 oe, aa} 
S. aa 

Re ~ Cl Ether Ra /~ H R~ Sey 

Cl 
An acid An aldehyde 
chloride (not isolated) 

ve 

LiAlH, H,0* aoe Re ge "—> RCH,OH 

H A 1° alcohol 

The aldehyde intermediate can be isolated if the less powerful hydride 
reducing agent, lithium tri-tert-butoxyaluminum hydride, is used. This re- 
agent, which is obtained from reaction of LiAlH, with three equivalents of 
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tert-butyl] alcohol, is particularly effective for carrying out the partial reduc- 
tion of acid chlorides to aldehydes: 

3 (CH3)3COH + LiAl Hy, ae Lit ~AIH[OC(CHs)s |g ar 3 He 

Lithium tri-tert-butoxyaluminum hydride 

i . | 
x 1. LiAIH[OC(CH;)s]5, ether 

ow-{_\-c=0 POs aeiiae ter ans on _\)-c—1 

p-Nitrobenzoyl chloride p-Nitrobenzaldehyde 

(81%) 

Reaction of Acid Chlorides with Organometallic Reagents Grignard 
reagents react with acid chlorides to yield tertiary alcohols in which two of 
the substituents are identical: 

I alge 1. Ether solvent 
G + 2R’Mex = G 

x 2. H30* R ~o] H30 Ro On 

An acid A 3° alcohol 

chloride 

The mechanism for this Grignard reaction is similar to that for LiAlH, 
reduction. The first equivalent of Grignard reagent attacks the acid chloride. 
Loss of chloride ion from the tetrahedral intermediate then yields a ketone 
intermediate, which reacts with a second equivalent of the organometallic 
reagent to produce an alcohol: 

O O Hc CH 3 3 

oe NS _ Cr Cl _CH,MgBr ei CH, | 1. CH;MgBr ci OH 
Ether 2. H30t 

Benzoy] chloride Acetophenone 2-Phenyl-2-propanol 

(not isolated) (92%) 

The ketone intermediate can’t usually be isolated in Grignard reactions 
because addition of the second equivalent of organomagnesium reagent 
occurs so rapidly. Ketones can, however, be isolated from the reaction of acid 

chlorides with diorganocopper (Gilman) reagents (Section 19.4): 

| Ether ! —-Tst+ 
hee ON | ar R 2Cu Li ave seen se 

An acid A Gilman A ketone 

chloride reagent 
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Reactions between acid chlorides and a wide variety of lithium dior- 
ganocoppers, including dialkyl-, diaryl-, and dialkenylcoppers, are possible. 
Despite their apparent similarity to Grignard reactions, however, these dior- 
ganocopper reactions are almost certainly not typical nucleophilic acyl sub- 
stitution processes. Rather, it’s thought that diorganocopper reactions occur 
via a radical pathway. The reactions are generally carried out at —78°C in 
ether solution, and yields are often excellent. For example, manicone, a 
substance secreted by male ants to coordinate ant pairing and mating, has 
been synthesized by reaction of lithium diethylcopper with (E)-2,4-dimethy]l- 
2-hexenoyl1 chloride: 

\ IN 
Cc—Cl H C—CH,CH, 

serie (CH3CHg)2CuLi Nise 

"4 =a. Ether, —78°C i “ \ 

Peeeaies CH, CHACHA CH, 

CH; CH, 

2,4-Dimethyl-2-hexenoy] Manicone (92%) 
chloride 

XN 

Note that lithium diorganocopper reagents react only with acid chlo- 
rides. Acids, esters, anhydrides, and amides are inert to diorganocopper 
reagents. 

Ome e mee eee eee eee eee eres rete seee eres eeeeeeeeeeeeraesseee 

Show how these ketones might be prepared by reaction of an acid chloride with a 
lithium diorganocopper reagent. ‘ 

i 1 
(a) ¢ \- CCH(CH3)2 (b) HpC—=CHCCH,CH,CH3 

SOOO Hee e meee EEE Ee HEHEHE EEE EEE EEE EE HEHEHE EE EEE 

Ketones can be prepared by reaction of acid chlorides with one equivalent of Grignard 
reagent if the Grignard reagent is slowly added at low temperature to a solution of 
the acid chloride, rather than vice versa. How can you explain this observation? 

CeCe eee ee rere rerer sees esesereeseseseeeerereseseseseeesses 

21.6 Chemistry of Acid Anhydrides 
SSS a 

PREPARATION OF ACID ANHYDRIDES 

The most general method for preparing acid anhydrides is by nucleophilic 
acyl substitution reaction of an acid chloride with a carboxylate anion. Both 
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symmetrical and unsymmetrical acid anhydrides can be prepared in this 
way. 

| en 
—_— + Cc - C 

Bou toes Cl mative >) HO” 4 cH, 

Sodium formate Acetyl chloride Acetic formic 

anhydride (64%) 

REACTIONS OF ACID ANHYDRIDES 

The chemistry of acid anhydrides is similar to that of acid chlorides. 
Although anhydrides react more slowly than acid chlorides, the kinds of 
reactions the two groups undergo are the same. Thus, acid anhydrides react 
with water to form acids, with alcohols to form esters, with amines to form 
amides, and with LiAlH, to form primary alcohols (Figure 21.8). 

(H] 

R'OH NH; 

Ester Amide 

1° aleohol 

EE eee 

Figure 21.8 Some reactions of acid anhydrides. 

Acetic anhydride is often used to prepare acetate esters of complex 

alcohols and to prepare substituted acetamides from amines. For example, 

acetaminophen, a drug used in headache remedies, can be prepared by reac- 

tion of p-hydroxyaniline with acetic anhydride. Aspirin (acetylsalicylic acid) 

‘is prepared similarly by the acetylation of o- nvGronynenzare acid (salicylic 

acid) with acetic anhydride. 
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H 

| OO O 
NH. N O 

? | : NaOH re cH | | 

+ CH,COCCH, Tse + CH,CO- 

HO Acetic HO CHs 

p-Hydroxyaniline anhydride Acetaminophen 

1 1 OO O 

“Non ll || NaOH “No ! 
+ CH,COCCH, HO + IOC OF 

OH Acetic rf 

Salicylic acid enyorae Ze 
(o-hydroxybenzoic acid) aoe CH, 

Aspirin (an ester) 

Notice in these two examples that only “half” of the anhydride molecule is 
used; the other half acts as the leaving group during the nucleophilic acyl 
substitution step and produces carboxylate anion as a by-product. Thus, 
anhydrides are inefficient to use, and acid chlorides are normally preferred 
for introducing acyl substituents other than acetyl groups. 

eC ee 

21.15 What product would you expect to obtain from reaction of one equivalent of methanol 

PROBLEM 

with a cyclic anhydride such as phthalic anhydride? What is the fate of the second 
“half” of the anhydride in such cases? 

ee er) 

21.16 Write the steps involved in the mechanism of reaction between p-hydroxyaniline 
and acetic anhydride to prepare acetaminophen. 

we mm wee eee reser reer eeeees eee eeeseseseeEoeesesseseeeeeseeseoe 

21.17 Why is one equivalent of a base such as sodium hydroxide required for the reaction 

21.7 

between an amine and an anhydride to go to completion? What would happen if no 
base were present? 

ee 

Chemistry of Esters 

Esters are among the most important and widespread of all naturally occur- 
ring compounds. Many simple esters are pleasant-smelling liquids that are 
responsible for the fragrant odors of fruits'and flowers. For example, methyl 
butanoate has been isolated from pineapple oil, and isopentyl acetate is a 
constituent of banana oil. The ester linkage is also present in animal fats 
and many biologically important molecules. 
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7] 

CH,OCR 

I rx | 
CH3;CH2CH,COCH; CH;COCH,CH,CHCH; CHOCR 

O 
Methyl! butanoate Isopentyl acetate | 
(from pineapples) (from bananas) CH,OCR 

A fat 

(R= Cy0-18 chains) 

The chemical industry uses esters for a variety of purposes. For example, 
_ethyl acetate is a common solvent found in nail-polish remover, and dialkyl 

phthalates are used as plasticizers to keep plastics from turning brittle. 

COCH,CH,CH,CH3; 

igi Dibutyl phthalate (a plasticizer) 

COCH,CH2CH.CH; 

O 

PREPARATION OF ESTERS 

Esters are usually prepared from acids by the methods already discussed. 
Thus, carboxylic acids are converted directly into esters by Sy2 reaction of 
a carboxylate salt with a primary alkyl halide, by Fischer esterification of 
a carboxylic acid with a simple alcohol in the presence of a mineral acid 
catalyst, or by reaction of a carboxylic acid with diazomethane (Section 21.4). 
In addition, acid chlorides are converted into esters by treatment with an 
alcohol in the presence of base (Section 21.5). 

O 

| 
a Cx 

ROH, R OR’ Method limited to simple alcohols 

HCl 

O 

! 1. NaOH I 

2 ee 
ad OH “se R ee OR’ Method limited to 1° alkyl halides 

i SOCI, C 

R Be CH, Method limited to methy] esters 

=O ROH 
= ei 

Ra - Cl oe R z OR’ Method extremely general 
Q 
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REACTIONS OF ESTERS 

Esters show the same kinds of chemistry that we’ve seen for other acid 

derivatives, but they are less reactive toward nucleophiles than either acid 

chlorides or anhydrides are. Figure 21.9 shows some general reactions of 

esters. All of these reactions are equally applicable to both acyclic and cyclic 

esters (lactones). 

oe 
rai 

| NH; (1 WZ 
Cc 

ues R~ “OH 

Acid O O 3° Alcohol 

WO 
Re 

Roeron 

1° Alcohol 

(a ee ee ee 

Figure 21.9 Some reactions of esters. 

Hydrolysis: Conversion of Esters into Carboxylic Acids Esters are 
hydrolyzed either by aqueous base or by aqueous acid to yield carboxylic 
acid plus alcohol: 

= 
eke OR’ NaOH or H;0* Poona + R'OH 

Ester Acid 

Ester hydrolysis in basic solution is called saponification, after the Latin 
sapo, “soap.” As we'll see in Section 28.2, the boiling of animal fat with 
extract of wood ash to make soap is indeed a saponification, since wood ash 
contains alkali and fats have ester linkages. 
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Ester hydrolysis occurs through the typical nucleophilic acyl substi- 
tution pathway shown in Figure 21.10, in which hydroxide ion nucleophile 
adds to the ester carbonyl group to give a tetrahedral intermediate. Loss of 
alkoxide ion then gives a carboxylic acid, which is deprotonated to give the 
carboxylate salt. The free acid is then obtained by addition of aqueous HCl 
to protonate the carboxylate. 

sO: Me 

Ci / 6H 
C 

Ros OR 
Nucleophilic addition of hydroxide 
ion to the ester carbonyl group gives | 
the usual tetrahedral alkoxide 
intermediate. 

ar 
R~7o~ OH 
Boe 

Elimination of alkoxide ion then 
generates the carboxylic acid. | 

O 
| es 

Za TeghOR. 
Alkoxide ion abstracts the acidic 
proton from the carboxylic acid and | 
yields a carboxylate ion. 

O 

Protonation of the carboxylate ion 
by addition of aqueous mineral acid [uo 
gives the free carboxylic acid. 

Figure 21.10 Mechanism of base-induced ester hydrolysis. 

One of the most elegant experiments in support of this mechanism 
involves isotope labeling. When ethyl propanoate labeled with 180 in the 
ether-type oxygen is hydrolyzed in aqueous sodium hydroxide, the 18O label 
shows up exclusively in the ethanol product. None of the label remains with 

_ the propanoic acid, indicating that saponification occurs by cleavage of the 
acyl—oxygen bond (RCO-OR’) rather than the alkyl—oxygen bond 
(RCOO-R’). This result is just what we would expect, based on our knowl- 
edge of the nucleophilic acyl substitution mechanism. 
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O 
| 1. NaOH, HO | A Cy x cae C + HOCH,CH; 

CH,CH;, ~OCH,CH; 2 10 CHL ncn 

Acidic hydrolysis of esters can occur by more than one mechanism, 
depending on the structure of the substrate. The usual pathway, however, 
is just the reverse of the Fischer esterification reaction (Section 21.4). The 
ester is first activated toward nucleophilic attack by protonation of the 
carboxyl oxygen atom. Nucleophilic attack by water, followed by transfer 
of a proton and elimination of alcohol, then yields the carboxylic acid (Figure 
21.11). 

eC er ery 

21.18 How would you synthesize the !8O-labeled ethyl propanoate used in the mechanistic 
studies? Assume that 18O-labeled acetic acid is your only source of isotopic oxygen. 

eC er a) 

21.19 Why do you suppose saponification of esters is irreversible? In other words, why 
doesn’t treatment of a carboxylic acid with alkoxide ion lead to ester formation? 

CORR eee eee eee ee Eee eee Eee HEHE EO HEHEHE EH E EEE HEHE OE DEH EERE HER EEE EEE 

Aminolysis: Conversion of Esters into Amides _ Esters react with ammo- 
nia and amines via a typical nucleophilic acyl substitution pathway to yield 
amides. The reaction is not often used, however, since higher yields are 

normally obtained by aminolysis of acid chlorides (Section 21.5). 

0 0 ' 

So S 
OCH, NH3 NH, : 

Methyl benzoate Benzamide 

Reduction: Conversion of Esters into Alcohols Esters are easily re- 
duced by treatment with lithium aluminum hydride to yield primary al- 
cohols (Section 17.6). 

O 

Orca tivoatenses oes CH,CH,CH=CHCH,OH + CH;CH,OH 

Ethyl] 2-pentenoate 2-Penten-1-ol (91%) 

0 | OH 

O sor> HOCH,CH,CH,CHCH; 
Hg 

CH, 1,4-Pentanediol (86%) 



Protonation of the carbonyl group 
activates it... 

. .. for nucleophilic attack by water 
to yield a tetrahedral intermediate. 

Transfer of a proton then converts 
the OR’ into a good leaving group. 

Expulsion of alcohol yields the 
free carboxylic acid product and 
regenerates the acid catalyst. 
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| 
toc 

= 
Were up 

cant SS ‘O 

i 
OH 

Ce 
Rice. 
R'O 

| 
ROH 

H<—:0H, 

O 
| 
C 

Ra CO 
a 1 OH a2 Hs0* 

Figure 21.11 Mechanism of acid-catalyzed ester hydrolysis. The 

forward reaction is a hydrolysis; the back-reaction is a Fischer 

esterification. 

’ The mechanism of ester (and lactone) reductions is similar to that for 
acid chloride reduction. A hydride ion first adds to the carbonyl group, 
followed by elimination of alkoxide ion to yield an aldehyde intermediate. 
Further addition of hydride to the aldehyde gives the primary alcohol. 
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C in eta = C es nes OR’ Ether af H RR” H 

0: :O:- OH 
Cae 
i elles Mit LiAIH, I H,0* I 

R~ Sy Ether RY H RY H 

H H 

The aldehyde intermediate can be isolated if DIBAH (diisobutylalu- 
minum hydride) is used as the reducing agent instead of LiAlH,. Great care 
must be taken: Exactly one equivalent of hydride reagent must be used, 
and the reaction must be carried out at —78°C. If these conditions are met, 
though, the DIBAH reduction of esters can be an excellent method of alde- 
hyde synthesis. 

0 
] ios ] 

CH,(CH,)19 COCH,CH; SoS CH,(CH,),.9CH + CH;CH,OH 
- Hs 

Ethyl dodecanoate Dodecanal (88%) 

where DIBAH = [(CH3)2CHCHo2],AlH 

PRCOBEE WA ay cvetateto\ ator ava) stereo potaleis elles) sielstaiel tyra ehehalstet els ole) elcleoreis)sie) siefale\sista\olntal ale ‘ 

21.20 What product would you expect from the reaction of butyrolactone with DIBAH? 

O 

CF 
Butyrolactone 

PROBLEM 5, ecvereaie sol» sv ateyar chs s7atavone ol sievaia'e: « aararele)istoie\eratatey ole solelarerstatstaleiatet tert aie 

21.21 Show the products you would obtain by reduction of these esters with LiAlH,. 
(a) CH;CH,CH,CH(CH;)COOCH3 (b) Phenyl benzoate 

Ce ee ee ee ee i er ary 

Reaction of Esters with Grignard Reagents Esters and lactones react 
with two equivalents of Grignard reagent or organolithium reagent to yield 
tertiary alcohols (Section 17.7). The reactions occur readily and give excel- 
lent yields of products by the usual nucleophilic addition mechanism. For 
example: 
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O OH 
| MgBr | 

C de co , ether C= 

See 
2. H30* 

Methyl benzoate 

Triphenylmethanol (96%) 

O 

= 

O 1. 2CH,MgBr, eth ee CH,CCH,CH,CH,CH,OH 
: 3 

CH, 

Valerolactone 
5-MethyI]-1,5-hexanediol 

21.22 What ester and what Grignard reagent might you start with to prepare these 
alcohols? 

(a) 2-Phenyl-2-propanol (b) 1,1-Diphenylethanol (c) 3-Ethyl-3-heptanol 

HOw eRe eee HEHEHE EHR E EEE HEHEHE HEHEHE EERE EEE ERE EEE EET Eee EEE EEE EEE 

21.8 Chemistry of Amides 

PREPARATION OF AMIDES 

Amides are usually prepared by reaction of an acid chloride with an amine. 
Ammonia, monosubstituted amines, and disubstituted amines all undergo 
this reaction (Section 21.5). 

O 
I 

Rael 

Pe ae 

R'NH, 

i | O C C 
Rae NEL ! pee NR: 

R NHR 

REACTIONS OF AMIDES 

- Amides are much less reactive than acid chlorides, acid anhydrides, or 
esters. Thus, the amide linkage serves as the basic unit from which all 

proteins are made (Chapter 27). 
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R O R O R’ O R’ O 

Lat sll Tegel Lael eek 
H,N—CH—C—OH == 3-NH—CH—C—NH—CH—C—NH—CH—C+ 

Amino acids A protein (polyamide) 

Amides undergo hydrolysis to yield carboxylic acids plus amine on heat- 
ing in either aqueous acid or aqueous base. The conditions required for 
amide hydrolysis are more severe than those required for the hydrolysis of 
acid chlorides or esters, but the mechanisms are similar. The basic hydrolysis 
of amides yields an amine and a carboxylate ion as products and occurs by 
nucleophilic addition of hydroxide ion to the amide carbonyl group, followed 
by elimination of amide ion (~: NHg). The acidic hydrolysis reaction occurs 
by nucleophilic addition of water to the protonated amide, followed by loss 
of ammonia. 

Acidic hydrolysis 

ie gid any El H 

i in ie ae H30* =f 
ai SS a yee tonnati tees ——= Pole eae RE ~G-—H 

R NH, R NH, 1 Pees 
HN | HNO 

| 
C +" NB 

R79) QH 

Basic hydrolysis 

20: :O:- O 

lee = _ i + H,N- 
R~ ~NH, R~7-—OH R~ ~OH ; 

H,N— 

O 

NH + INH. 

Rk < 20s 3 

Like other carboxylic acid derivatives, amides can be reduced by 
LiAlH,. The product of this reduction, however, is an amine rather than an 
alcohol. The net effect of amide reduction reaction is to convert the amide 
carbonyl group into a methylene group (C=O — CHg). This kind of reac- 
tion is specific for amides and does not occur with other carboxylic acid 
derivatives. 



21.8 Chemistry of Amides 823 

O 

| sare 
CH,(CHz)(CNHCH, + i 4, ether, CH,(CH,)19CH2NHCH, 

N-Methyldodecanamide Dodecylmethylamine (95%) 

Amide reduction occurs by initial nucleophilic addition of hydride ion 
to the amide carbony] group, followed by expulsion of the oxygen atom as 
an aluminate anion to give an iminium ion intermediate. The intermediate 
iminium ion is then further reduced by LiAlH, to yield the amine. 

.. - AIH, H.-H 
a, abe a | | | S| (ne NS _ Lidl, 7 
a aaa ia Ether RH ities + OAIHs 

R NH, = R H 
HN: :H- 

Amide 
Iminium ion 

| 
ai 

Roy. cH 
H 

Lithium aluminum hydride reduction is equally effective with both 
acyclic and cyclic amides (lactams). Lactam reductions provide cyclic 
amines in good yield and constitute a valuable method of synthesis. 

HCf \ HsC./ \ H O 1. LiAlH,, ether 
H;C ‘| 2. H,O H,C . H 

H H 

A lactam A cyclic amine (80%) 

PROBEE Mees ctetetalslatelolel aim elelaloliays) altel sts) rhe ielonale el (oKol) Vain oi'eel loitaliel'e 'ehass e[aralele/aiioiv’ etsys 

21.23 How would you convert N-ethylbenzamide to these products? 

(a) Benzoic acid (b) Benzyl alcohol (c) CgH;CH,NHCH,CH3 

PROBLEM cre icieinichatele sw 0) s\1p 5) s))«, 0) ofa ele avalein'e oe\s1v1s,9\ 0.0 0) sle\aleie ¢)s\0 9) 4/010 s\eeilsleleie 

21.24 How would you use the reaction between an amide and LiAIH, as the key step in 
going from bromocyclohexane to (dimethylaminomethyl)cyclohexane? Formulate all 

steps involved in the reaction sequence. 

ae. 5 (Bee 

(Dimethylaminomethyl])cyclohexane 

dhaholelel aialivilvls la 60) ¢.eceushajieyaltwr eee) miale)wiel@)ele) ape) aie =) dine 8ha,6 0 66 6: e 6 e)\are isis) e) 0 @ epee le sie eee ie 
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21.9 Chemistry of Nitriles 

Nitriles are not related to carboxylic acids in the same sense that acyl 
derivatives are, yet the chemistry of nitriles and carboxylic acids is so 
entwined that the two classes of compounds should be considered together. 

PREPARATION OF NITRILES 

The simplest method of nitrile preparation is Sy2 reaction of cyanide ion 
with a primary alkyl halide, a reaction discussed in Section 20.6. This 
method is limited by the usual Sy2 steric constraints to the synthesis of 
a-unsubstituted nitriles, RCH,CN. 

RCH,Br + Nat CN- —S*2.. RCH,CN + NaBr 
reaction 

Another excellent method for preparing nitriles is by dehydration of 
a primary amide. Thionyl chloride is often used to effect this reaction, 
although other dehydrating agents such as P,O;, POCl3, and acetic anhy- 
dride can also be used. 

O 

CH,CH,CH,CH,CHC— NH; — end # 80,402 HG 

CH.CH; CH,CH3 

2-Ethylhexanamide 2-Ethylhexanenitrile (94%) 

Amide dehydration occurs by initial reaction on the amide oxygen atom, 
followed by an elimination reaction. 

O O O 
| | | 

{\_s S sty 
Ke of cl (o* “cl 

0 oe :Base 
Coe ae C 

Fee 
Cc {\ R 

baw’ R—C=N + SO, 

a i SS R 7S N 
| 
H 

x /. 
—Z 

Although both methods of nitrile synthesis—Sy2 displacement by cya- 
nide ion on an alkyl halide and amide dehydration—are useful, the synthesis 
from amides is more general since it is not limited by steric hindrance. 

REACTIONS OF NITRILES 

The chemistry of nitriles is similar in many respects to the chemistry of 
carbonyl compounds. Like carbonyl groups, nitriles are strongly polarized, 
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making the carbon atom electrophilic. Thus, nitriles are attacked by nucleo- 
philes to yield sp?-hybridized intermediate imine anions in a reaction analo- 
gous to the formation of an sp?-hybridized alkoxide ion intermediate by 
nucleophilic addition to a carbonyl group. 

3- 

i i Carbonyl La acti: th 
C > -C —— Products compound R~ ~R i) Na 

R 

fH i 
Nitrile r—c=NY SS Cs —— Products 

oe On R Nu 

The two most important reactions of nitriles are hydrolysis and reduc- 
tion. In addition, nitriles can be partially reduced and hydrolyzed to yield 
aldehydes, and can be treated with Grignard reagents to yield ketones (Fig- 
ure 21.12). 

O O 

I (H] (HI I 
C C 

Ro SS NH, Ro SS R’ 

Amide Eee O Ketone 

ed I 
Ro NE RO OH 

Amine Aldehyde 

O 

I 

Ro og 

Acid. 

Figure 21.12 Some reactions of nitriles. 

Hydrolysis: Conversion of Nitriles into Acids Nitriles are hydrolyzed 

in either acidic or basic aqueous solution to yield carboxylic acids and ammo- 

nia or an amine: 
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H,0* | 
or NaOH, H,O0 rgeanend 4 NBs 

R—C=N 

The mechanism of the alkaline hydrolysis involves nucleophilic addition of 
hydroxide ion to the polar C=N bond in a manner analogous to that of 
nucleophilic addition to a polar carbonyl C=O bond. The initial product is 
a hydroxy imine, which is rapidly isomerized to an amide in a step similar 
to the isomerization of an enol to a ketone (Section 8.5). Further hydrolysis 
of the amide as discussed in the previous section then yields the carboxylic 
acid (Figure 21.13). 

OH OH O 

sf eae siete | Hips =» wl | 
Face Se Op ga sir tied —-—— ae ied ——> egg at 

Nitrile % ca 
Hydroxy imine H 

Amide 

i O 

| 1. NaOH, H,O 
— sa, C + NH R~ a 2. H,0 R~ SoH 3 

H Carboxylic acid 

Amide 

Recall: OH O { 

= H3;0+t | Tautomerization | | 

Be Ed A} BOS | # ee 
R C C 

| fos 
H Hee 

An enol A ketone 

Figure 21.13 Mechanism of amide hydrolysis to yield a carboxylic 
acid. 

The conditions required for nitrile alkaline hydrolysis are severe (KOH, 
200°C), and the amide intermediate can sometimes be isolated if milder 
conditions are used. 

PROBLEM ysis pip tivena: cin ie-ecnsgiy wie 1 Rima ninca oe uak ttn eee ce 

21.25 Acid-catalyzed nitrile hydrolysis occurs by initial protonation of the nitrile nitrogen 
atom, followed by nucleophilic addition of water. Show all the steps involved in the 
acidic hydrolysis of a nitrile to yield a carboxylic acid. 

O08 aS l0 0 6 W oie See 6 whe 508 6 a oe we eles 8 004 6 0 6 nw ee 6 nl 6 6 Miele) 6 MENS s Seen Siete van eierty 



21.9 Chemistry of Nitriles 827 

Reduction: Conversion of Nitriles into Amines Reaction of nitriles 
with lithium aluminum hydride gives primary amines in high yields. For 
example: 

C=N CH,NH. 
1. LiAIH,, ether 
2. H,0 

CH3 CH; 

o-Methylbenzonitrile o-Methylbenzylamine 

(88%) 

The reaction occurs by nucleophilic addition of hydride ion to the polar C=N 
bond, yielding an imine anion, which undergoes further addition of a second 
equivalent of hydride to give the final product. If, however, a less powerful 
reducing agent such as DIBAH is used, the second addition of hydride does 
not occur, and the imine intermediate can be hydrolyzed to yield an aldehyde. 

1. LiAIH,, ether 

2. H,O RCH,NH, 

Primary amine 

oe | 
R—C=N + H -—-— R—C—E 

Dp O 
Nitrile Imine anion | 

HO R=-C—ii 

Aldehyde 

For example: 

ie ae 

CHCH,C=N CHCH,CHO 
1. DIBAH, toluene, —78°C 

2. H2O 

7 =—CH, 7 =CH, 

CHg CH 

96% 

Reaction of Nitriles with Organometallic Reagents Grignard reagents 
add to nitriles, giving intermediate imine anions that can be hydrolyzed to 

yield ketones: 

eo + 

:N7 MgX O 
shines Spyloy | | | 

Pee NiehuR) DiMigks =a. RC =) R= Gok +NH, 
Ms 

Nitrile Imine anion Ketone 

The reaction is similar to the DIBAH reduction of nitriles, except that 

the attacking nucleophile is a carbanion (: R~) rather than a hydride ion. 

Yields are generally high. For example: 
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PROBLEM .. 

21.26 

PROBLEM. . 

21.27 

PROBLEM.. 

21.28 

eee eee eeene 

21.10 

1 
C=N C—CH,CH, 

1. CH;CH.2MgBr, ether 

2. HOt 

Benzonitrile Propiophenone 
(89%) 

ele eile be 6 lo <b © be © 56 66.0.6 09.0.0 06 60.8) 0 60.6 1F OR oO 8-0 O18 1e D9 006 C10/e 4's Oe 

Show how you would prepare these carbonyl compounds from an appropriate nitrile: 

(a) CH;CH,COCH,CH3 (b) CHz;CH,COCH(CHs3)2 

(c) (CH3),>CHCHO (d) Acetophenone 

(e) O 

iujinje © éieue (e) 6, 6 © 0 4\ 16,8) 0/0)(0\\4'e)\e) 00) 610) 0 16 © 61010! 0'o © 16) 610, 6 (0)6 0 6 616) o 9ie A8\m Miele) cl ee 

How would you prepare 1-phenyl-2-butanone from benzyl bromide, CsH;CH2Br? 

More than one step is required. 

CRC RCMP e RS RDS ROR M ADELE RESCH OOS EREHHHCHOEFC COCR RECO OC ETHEL OS 

Why do you suppose only one equivalent of Grignard reagent adds to nitriles? Why 
doesn’t a second Grignard reagent add to the initially formed imine anion? 

eau) ew ea) (b)(o)e)\pi'el(e: ui aice) w (e 6/10),0) 6/6010) /¢ 0 \@ 0)\0 la) ee) e\.6) 0s! slu; on «|/6) © a) 010 By SyOle al ere mie 

‘ 

Thiol Esters: Biological Carboxylic 
Acid Derivatives 

Nucleophilic acyl substitution reactions take place in living organisms just 
as they take place in the chemical laboratory. The same principles apply in 
both cases. Nature, however, uses thiol esters, RCOSR’—rather than acid 

chlorides or acid anhydrides—as reactive acyl derivatives. The pK, of a 
typical alkane thiol (RSH) is about 10, placing thiols midway between car- 

boxylic acids (pK, ~ 5) and alcohols (pK, ~ 16) in acid strength. As a result, 
thiol esters are intermediate in reactivity between acid anhydrides and 
esters. They aren’t so reactive that they hydrolyze rapidly, as anhydrides 
do, yet they’re more reactive than normal esters toward nucleophilic attack. 

Acetyl coenzyme A (usually abbreviated acetyl CoA; Figure 21.14) is 
the most common thiol ester found in nature. Acetyl CoA is a much more 
complex molecule than acetyl chloride or acetic anhydride, yet it serves 
exactly the same purpose as these simpler reagents do. Nature uses acetyl 
CoA as a reactive acylating agent in nucleophilic acyl substitution reactions. 
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NHo2 

1 I I ia I vy _ Sila — C— 8 GHLOHSNHCCH,CHANHCCHONDC CHOP OF 00H, 0 Ny? 
; AG HX ni CH, OH oO H H 

ester O OH 

| 
elke 

He 

il i 
C NUS <> C + ~SCoA 

Hiv a Shee HC” Nu 

I SS SS SO SECTS] 

Figure 21.14 The structure of acetyl coenzyme A, abbreviated 
acetyl CoA or CH3COSCOA. 

As an example, N-acetylglucosamine, an important constituent of cell- 
surface membranes in mammals, is synthesized in nature by an aminolysis 
reaction between glucosamine and acetyl CoA: 

CH,OH O CH,OH 
: I HO a 

OCIS 
HO ate H,;C SCoA HO =e HSCoA 

NH, NH 

OH I OH 

Glucosamine Ce So 
(an amine) 

N-Acetylglucosamine 
(an amide) 

21.11 Spectroscopy of Carboxylic Acid 
Derivatives 

INFRARED SPECTROSCOPY 

All carbonyl-containing compounds have intense infrared absorptions in the 
range 1650-1850 cm™!. As shown in Table 21.2, the exact position of the 
absorption provides information about the nature of the specific kind of 
carbonyl] group. For comparison, the absorptions of ketones, aldehydes, and 
acids are included in the table, along with values for carboxylic acid 
derivatives. 
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TABLE 21.2 Infrared Absorptions of Some Carbonyl Compounds 
pe ee EA 

Carbonyl type Example Infrared absorption (cm~1) 

Aliphatic acid chloride Acetyl chloride 1810 

Aromatic acid chloride Benzoyl chloride 1770 

Aliphatic acid anhydride Acetic anhydride 1820, 1760 

Aliphatic ester Ethyl acetate 1735 

Aromatic ester Ethyl benzoate 1720 

O O 

Six-membered-ring lactone foe 1735 

Aliphatic amide Acetamide 1690 

Aromatic amide Benzamide 1675 

N-Substituted amide N-Methylacetamide 1680 

N,N-Disubstituted amide N,N-Dimethylacetamide 1650 

Aliphatic nitrile Acetonitrile 2250 

Aromatic nitrile Benzonitrile 2230 

Aliphatic aldehyde Acetaldehyde 1730 

Aliphatic ketone Acetone 1715 

Aliphatic carboxylic acid Acetic acid 10 

As the data in the table indicate, acid chlorides are readily detected in 

the infrared by their characteristic carbonyl-group absorption near 1800 
cm7!, Acid anhydrides can be identified by the fact that they show two 
absorptions in the carbonyl region, one at 1820 cm™! and another at 1760 
cm~!, Esters are detected by their absorption at 1735 cm™!, a position some- 

what higher than for either ketones or aldehydes. Amides, by contrast, 
absorb near the low end of the carbonyl region, with the degree of substi- 
tution on nitrogen affecting the exact position of the infrared band. Nitriles 
are easily recognized by the presence of an intense absorption near 2250 
cm7!. Since few other functional groups absorb in this region, infrared spec- 
troscopy is highly diagnostic for nitriles. 

COP eee e ee eH eee EEE DERE RHO EE HEED EEE HEHEHE EEE HEE DE EES 

What kinds of functional groups might compounds have if they exhibit the following 
infrared spectral properties? 

(a) Absorption at 1735 cm7! (b) Absorption at 1810 cm7! 
(c) Absorptions at 2500-3300 cm~! and 1710 cm=! 
(d) Absorption at 2250 cm-! (e) Absorption at 1715 cm7! 
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PROBLEM Sewer eee meee ees eeneseeeeHereseeseereereerereeerenereseeeeeesess 

21.30 Propose structures for compounds having the following formulas and infrared 
absorptions: 

(a) C3H5N, 2250 cm=! (b) CgH 4202, 1735 cm7! 

(c) C4sHgNO, 1650 cm7! (d) C4H;Cl1O, 1780 cm- 

SO eee wee we eee EEE EEE EEE EEE HEHEHE HEHE EERE HEHEHE EEE EEE EEE EEE EEE EES 

NUCLEAR MAGNETIC RESONANCE 
SPECTROSCOPY 

Although 1°C NMR is useful for determining the presence or absence of a 
carbonyl group in a molecule of unknown structure, precise information 
about the nature of the carbony] group is difficult to obtain. Carbonyl carbon 
atoms show resonances in the range 160—210 6, as Table 21.3 shows. 

TABLE 21.3 Positions of 3C NMR Absorptions in Some Carbonyl Compounds 

Compound Absorption (6) Compound Absorption (6) 

Acetic acid 177.3 Acetic anhydride 166.9 

Ethyl acetate 170.7 Acetonitrile ee: 

Acetyl chloride 170.3 Acetone 205.6 
Acetamide 172.6 Acetaldehyde 201.0 

Protons on the carbon next to a carbonyl group are slightly deshielded 
and absorb near 2 6 in the 1H NMR spectrum. The exact nature of the 
carbonyl group can’t be distinguished by 'H NMR, however, because all acy] 
derivatives absorb in the same range. Figure 21.15 shows the 'H NMR 
spectrum of ethyl] acetate. 

| 
CH;COCH;CH; 

Intensity 

10 8 6 4 2 0 ppm 

; Chemical shift (5) 

eee a ed 

Figure 21.15 Proton NMR spectrum of ethyl acetate. 
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21.12 Summary and Key Words 

Carboxylic acids can be transformed into a variety of acid derivatives in 
which the acid -OH group has been replaced by other substituents. Acid 
chlorides, acid anhydrides, esters, and amides are the most important 

derivatives. 
The chemistry of the different acid derivatives is dominated by a single 

general reaction type: the nucleophilic acyl substitution reaction. 
Mechanistically, these substitutions take place by addition of a nucleophile 
to the polar carbonyl group of the acid derivative, followed by expulsion of 
a leaving group from the tetrahedral intermediate. 

Ce ea ° NS sie ine 
et NO R-7o~Nu 

Winton. 

> ——— C + :¥ 
Ray | 

where Y = Cl, Br, I (acid halide); OR (ester); OCOR (anhydride); or NH, (amide) 

The reactivity of an acid derivative toward substitution depends both 
on the steric environment near the carbonyl group and on the electronic 
nature of the substituent, Y. Thus, we find a reactivity order: 

Acid halide > Anhydride > Ester > Amide | 

( 

The most important reactions of carboxylic acid derivatives are substi- 
tution by water (hydrolysis) to yield an acid, by alcohols (alcoholysis) to 
yield an ester, by amines (aminolysis) to yield an amide, by hydride (reduc- 
tion) to yield an alcohol, and by organometallic reagents (Grignard reac- 
tion) to yield an alcohol. 

Nitriles undergo nucleophilic addition to the polar C=N bond in the 
same way that carbonyl compounds do. The most important reactions of 
nitriles are their hydrolysis to carboxylic acids, their reduction to primary 
amines, their partial reduction to aldehydes, and their reaction with organo- 
metallic reagents to yield ketones. 

Nature employs nucleophilic acyl substitution reactions in the biosyn- 
thesis of many molecules, using thiol esters for the purpose. Acetyl coen- 
zyme A (acetyl CoA) is a complex thiol ester that is employed in living 
systems to acetylate amines and alcohols. 

Infrared spectroscopy is an extremely valuable tool for the structural 
analysis of acid derivatives. Acid chlorides, anhydrides, esters, amides, and 
nitriles all show characteristic infrared absorptions that can be used to 
identify these functional groups in unknowns. Carbon-13 NMR is useful for 
establishing the presence or absence of a carbonyl carbon atom but does not 
usually allow exact identification of the different functional groups. 
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21.13 Summary of Reactions 
SS I I TS SY 

1. Reactions of carboxylic acids 
a. Conversion into acid chlorides (Section 21.4) 

=O | | C SOoCcl, PON oy GH? / + 80. + Hel 
R 

The reaction can also be carried out using PCl3 or (COCI])g. 
b. Conversion into cyclic acid anhydrides (Section 21.4) 

| O 
Cc 
Ps C 

ie OH 200°C NS 
(CHg),, (CHy),, O aI H,O 

Ny 0h i 
Cc C 

| \ 
O 

where n = 2 or 3 

where n = 2 or 3 

c. Conversion into esters (Section 21.4) 

| ie l 
Ree + RX Sy2 reaction Ro Ge 

| . er | 
Basra tae hy OED Scatalyat. cA an + H,O 

| 1 
Cc + CH,N,. — C +N 

B+ OH ee Rie OCH ae 

d. Conversion into amides (Section 21.4) 

: cafe MISE ooo’ I + H,0 + ———> 9 
Ro Yon ; Ro enn 

2. Reactions of acid chlorides 

a. Hydrolysis to yield acids (Section 21.5) 

I 1 
PaOe > C + HCl 

1 : Bide OH 
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b. Alcoholysis to yield esters (Section 21.5) 

O 
| Pyridine ! 
C OR ae C + HCl 

Ro ee Regie! 

c. Aminolysis to yield amides (Section 21.5) 

1 1 
C + 2 NH; — C + NHCl 

no : Roose NE 

d. Reduction to yield primary alcohols (Section 21.5) 

O Hi 

I 1. LiAlH, ether Ade 

Rn SS Cl 2. H30+ no “OH 

e. Partial reduction to yield aldehydes (Section 21.5) 

| 1. LiAlH(O-t-Bu), ether | 

Ro pollens ante Ra eer 

f. Grignard reaction to yield tertiary alcohols (Section 21.5) 

O RA 
| 1. 2 R’'MgX ether Be { 

R~ “oy 2 Hs0* R~ “oH 

g. Diorganocopper reaction to yield ketones (Section 21.5) 

O O 

I R’> CuLi 

Ro ase Ether pert hs R’ 

3. Reactions of acid anhydrides 

a. Hydrolysis to yield acids (Section 21.6) 

lane 1 
C C + HO — 2 Ra “Gea 2 Ril Son 

b. Alcoholysis to yield esters (Section 21.6) 

O O O O 
| | | | 

CU ear’ OH C a) are 
Re wey ee R” ° CORD A Rae or 
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c. Aminolysis to yield amides (Section 21.6) 

O O O 0 
| | | | 

Pe re Ne CH 
R O R R NH, R O- +*NH, 

d. Reduction to yield primary alcohols (Section 21.6) 

ed 

I | 1. LiAlH, ether 2 fe 

R~ “O~ SR 2 #0" R~ “oH 

4. Reactions of amides and lactams 
a. Hydrolysis to yield acids (Section 21.8) 

ne t NH 
R~ “NH, NaOH, HO R~ ~ OH cs : 

b. Reduction to yield amines (Section 21.8) 

O H H 
I 1. LiAlH, ether ie 

Re ee Ro NE, 

c. Dehydration of primary amides to yield nitriles (Section 21.9) 

| SOCl, 
— 

Rook. NE, 
R—C=N + SO, + HCl 

5. Reactions of esters and lactones 
a. Hydrolysis to yield acids (Section 21.7) 

I 
C R’OH 

H,0* 4 ee Ee eS Sich! by ot NéOHy HOw spfinss OH a 

b. Aminolysis to yield amides (Section 21.7) 

1 I 
+ NH, — C + R’OH 

OR’ > Rio wa Ni: 

c. Reduction to yield primary alcohols (Section 21.7) 

i " fe 7 1. LiAlH,, ether . C ees ers C + ROH 
Rae oR: oF 20 Re OH 
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d. Partial reduction to yield aldehydes (Section 21.7) 

| 1. DIBAH, tol | C ‘ - , toluene Cc A R'OH 

e. Grignard reaction to yield tertiary alcohols (Section 21.7) 

mE 1. 2 R’MgX, ether ' Cc ee C + ROH 
a ~N OR’ 2. H30 ne OH 

6. Reactions of nitriles 
a. Hydrolysis to yield carboxylic acids (Section 21.9) 

RCs Nee Cen Ne ———_+—___ 
or NaOH, H,O Ro OH 

ao . Partial hydrolysis to yield amides (Section 21.9) 

H,O0+ | 

R—C=N + H,O —>ya0H, Ho eave NH, 

c. Reduction to yield primary amines (Section 21.9) 

ee va 

= 1. LiAlHy, ether 

R—C>N 5 H,0* a { 
2 

d. Partial reduction to yield aldehydes (Section 21.9) 

O 

a 1. DIBAH, toluene 
R—C=N 0° Soe. eee + NHs 

e. Reaction with Grignard reagents to yield ketones (Section 21.9) 

| 1. R’MgxX, ether 
— = a R—-CmN FS /Ox + NH 

ADDITIONAL PROBLEMS 

21.31 Give IUPAC names for these compounds: 

CONH, 7 
(a) Cy (b) (CH,CH,),CHCH=CHCN 

H.C 

mmm ee meme em eee em eee ere naeeeraee 



21.32 

21.33 

21.34 

21.35 

21.36 

21.37 

21.38 
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CH2CH2,CO.CH(CHs3)2 
(c) CH302,CCH,CH,CO,CH; (d) CT 

1 
Ga 

(e) eve ie (f) CH3;CHBrCH,CONHCH; 

i 
Br C—C]l 

(g) (h) oe 

Br 

Draw structures corresponding to these names: 

(a) p-Bromophenylacetamide (b) m-Benzoylbenzonitrile 

(c) 2,2-Dimethylhexanamide (d) Cyclohexyl cyclohexanecarboxylate 

(e) 2-Cyclobutenecarbonitrile (f) 1,2-Pentanedicarbonyl dichloride 

Draw and name compounds that meet these descriptions: 
(a) Three different acid chlorides having the formula CgHgC1O 
(b) Three different amides having the formula C;H,,;NO 
(c) Three different nitriles having the formula C;H;N 

The following reactivity order has been found for the saponification of alkyl acetates 
by aqueous hydroxide ion: 

CH3;CO.CH3; > CH3CO2CH,CH3 > CH3;CO,.CH(CH3)2 > CH3CO,C(CHs3)3 

How can you explain this reactivity order? 

How can you explain the observation that attempted Fischer esterification of 2,4,6- 
trimethylbenzoic acid with methanol/HCl is unsuccessful? No ester is obtained, and 

the acid is recovered unchanged. Can you suggest an alternative method of esteri- 
fication that would be successful? 

How can you account for the fact that, when a carboxylic acid is dissolved in iso- 
topically labeled water, the label rapidly becomes incorporated into both oxygen 
atoms of the carboxylic acid? 

° 
R—C—OH + H,*O0O == R—C—*OH + H,O 

Outline methods for the preparation of acetophenone (phenyl methyl ketone) from 
the following: 
(a) Benzene (b} Bromobenzene (c) Methyl benzoate 
(d) Benzonitrile (e) Styrene 

In the basic hydrolysis of para-substituted methyl benzoates, the following reactivity 
order has been found for Y: NO2 > Br > H > CH3 > OCHs. How can you explain 
this reactivity order? Where would you expect Y = C=N, Y = CHO, and Y = NH, 
to be in the reactivity list? 

CO;CH. Coo- ee + owe Y Y 



838 CHAPTER 21 Carboxylic Acid Derivatives and Nucleophilic Acyl Substitution Reactions 

21.39 

21.40 

21.41 

21.42 

21.43 

21.44 

21.45 

21.46 

21.47 

21.48 

21.49 

21.50 

How might you prepare these compounds from butanoic acid? 
(a) 1-Butanol (b) Butanal (c) 1-Bromobutane 

(d) Pentanenitrile (e) 1-Butene (f) N-Methylpentanamide 

(g) 2-Hexanone (h) Butylbenzene 

What product would you expect to obtain from Grignard reaction of phenylmagne- 

sium bromide with dimethyl carbonate, CHz;0COOCH3? 

When ethyl benzoate is heated in methanol containing a small amount of HCl, 
methyl benzoate is formed. Propose a mechanism for this reaction. 

In the iodoform reaction, a triiodomethyl ketone reacts with aqueous base to yield 
a carboxylate ion and iodoform (triiodomethane). Propose a mechanism for this 

reaction. 

| 
R—=C—Ch eae RCOO- + CHI, 

Which of the two products shown would you expect from the reaction of methoxy- 
carbonyl chloride with ammonia? Would you expect the nucleophile to replace the 
chlorine or the methoxy group? Explain your answer. 

O O 

ma9 
CH,0—C—Cl —» CH,0—C—NH, or H,N—C—Cl 

Which compound would you expect to have a more highly polarized carbonyl! group, 
methoxycarbony] chloride or N,N-dimethylaminocarbony] chloride? Explain. 

| , | 
CH,O—C—Cl or (CHs),N—C—Cl 

Methoxycarbony] chloride NDE AgEe oe hae chloride 

In light of your answer to Problem 21.44, which compound would you expect to react 
faster with nucleophiles: methoxycarbony] chloride or N,N-dimethylaminocarbonyl 
chloride? 

tert-Butoxycarbonyl azide, an important reagent used in protein synthesis, is pre- 
pared by treating tert-butoxycarbony] chloride with sodium azide. Propose a mech- 
anism for this reaction. 

(CH3)sCOCOC] + NaN; ——~ (CH3)sCOCON; + NaCl 

Predict the product, if any, of reaction between propanoy! chloride and the following 
reagents: 

(a) (Ph),CuLi in ether (b) LiAlH,4, then H30+t 
(c) CH3MgBr, then H,0+ (d) Li(O-t-Bu)sAlH 
(e) H30* (f) Cyclohexanol 
(g) Aniline (h) CH;COO- +Na 

Answer Problem 21.47 for reaction of the listed reagents with methyl propanoate. 

Answer Problem 21.47 for reaction of the pees reagents with propanamide and 
with propanenitrile. 

A particularly mild method of esterification involves the use of trifluoroacetic anhy- 
dride. Treatment of a carboxylic acid with trifluoroacetic anhydride leads to a mixed 
anhydride that rapidly reacts with alcohol: 
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O O 
| | | 

RCOOH + (CF;CO),0 —> R—C—O—C—cF, 24, R—c—or’ + CF;COOH 

21.51 

21.52 

21.53 

21.54 

21.55 

21.56 

(a) Propose a mechanism for formation of the mixed anhydride. 

(b) Why is the mixed anhydride unusually reactive? 
(c) Why does the mixed anhydride react specifically as indicated, rather than giving 

trifluoroacetate esters plus carboxylic acid? 

How would you accomplish the following transformations? More than one step may 
be required. 
(a) CH3CH,CH,CH,CN a CH;CH,CH,CH,CH,NH, 

(b) CH3CH,CH,CH,CN -—~ CH3CH,CH,CH,CH2N(CHs3), 
(c) CH3CH,CH,CH2zCN -—~> CH;CH,CH,CH,C(CH3),0H 
(d) CH;CH,CH,CH2zCN -——~> CH;CH,CH,CH,CH(OH)CH3; 
(e) CH;CH,CH,CH2zCN -—~> CH;CH,CH,CH,CHO 

List as many ways as you can think of for transforming cyclohexanol into cyclohex- 

anecarbaldehyde (try to get at least four). 

Succinic anhydride yields succinimide when heated with ammonium chloride at 
200°C. Propose a mechanism for this reaction. Why do you suppose such a high 

reaction temperature is required? 

T | CH,—C CH,—C 
| So eS N-H + HO + HCl 
CHa ¢ CH,—C 

| O 

Butacetin is an analgesic (pain killing) agent that is synthesized commercially from 
p-fluoronitrobenzene. Propose a likely synthesis route. 

eae 

(CH3)3CO 

Butacetin 

Phenyl 4-aminosalicylate is a drug used in the treatment of tuberculosis. Propose a 
synthesis of this compound starting from 4-nitrosalicylic acid. 

1 
en tole -o< \ 

O.N OH H,N OH 

4-Nitrosalicylic acid Phenyl 4-aminosalicylate 

What spectroscopic technique would you use to distinguish between the following 
isomer pairs? Tell what differences you would expect to see. 
(a) N-Methylpropanamide and N,N-dimethylacetamide 
(b) 5-Hydroxypentanenitrile and cyclobutanecarboxamide 
(c) 4-Chlorobutanoic acid and 3-methoxypropanoy] chloride 
(d) Ethyl propanoate and propyl acetate 
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21.57 N,N-Diethyl-m-toluamide (DEET) is the active ingredient in many insect-repellent 

preparations. How might you synthesize this substance from m-bromotoluene? 

| 
H3C C—N(CH,CHs3)2 

N,N-Diethyl-m-toluamide 

21.58 Tranexamic acid, a drug useful against blood clotting, is prepared commercially from 
p-methylbenzonitrile. Formulate the steps likely to be used in the synthesis. (Don’t 
worry about cis—trans isomers. Heating to 300°C interconverts the isomers.) 

H cooH 

HNCHS I 

Tranexamic acid 

21.59 Propose a structure for a compound, C4H7ClO», that has the infrared and NMR 

spectra shown. 

Wave number (cm — 1) 

4000 3000 2000 1500 1300 1100 1000 900 800 700 

Transmittance (%) 

Wavelength (ym) 

Intensity 

10 8 6 4 a 0 ppm 

Chemical shift (5) 
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21.60 Propose a structure for a compound, C4H;N, that has the infrared and NMR spectra 
shown. 

Wave number (cm_ 1) 

4000 3000 2500 2000 1500 13800 1100 1000 900 800 700 100 

ao o 

60 

Transmittance (%) 
20 

Wavelength (um) 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

21.61 The following 1H NMR spectrum is of ethyl propanoate, CH;CH,COOCH,CHs3. 
Assign all peaks in the spectrum, and account for the fact that the methyl groups 

appear as an evident quartet centered at 1.2 6. 

Intensity 

Chemical shift (5) 
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21.62 Assign structures to compounds with the following 1H NMR spectra: 

(a) C4H7Cl10; 
IR: 1810 cm-! 

ig 

5 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

(b) CeHgNO3; 
IR: 2250, 
1735 cm7! 

es 

& 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

(c) C5H 4902; 
3H IR: 1735 cm} 

6H 

Intensity 

TMS 

— 

10 8 6 4 2 0 ppm 

Chemical shift (5) 
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21.63 Propose structures for compounds with the following 1H NMR spectra: 

(a) CsH9Cl10,; [ 

IR: 1735 cm=! 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

(b) C7H1204; 

TR: 1735 em71 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

(ce) Cy,Hy209; 

IR: 1710 cm7} 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (6) 
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Carbonyl Alpha- 
Substitution 
Reactions 

We said in the overview of carbonyl chemistry that most carbonyl-group 
chemistry can be explained in terms of just four fundamental reactions: 
nucleophilic additions, nucleophilic acyl substitutions, alpha substitutions, 
and carbonyl condensations. Having already looked at the chemistry of 
nucleophilic addition reactions and nucleophilic acyl substitution reactions, 
we'll now look at the chemistry of the third major cae pany erue process— 
the alpha-substitution reaction. 

Alpha-substitution reactions occur at the position next tolthe carbonyl 
group—the alpha (qa) position—and involve the substitution of an alpha 
hydrogen atom by some other group. They take place through the formation 
of either enol or enolate ion intermediates. Let’s begin our study by learning 
more about these two species. 

oe 
St 

ap aoe | O 

An enolate ion | 
ee Cw C7 H a CL ee S 

is SI / Seales ae Sh is 
A carbonyl] | An alpha-substituted 

compound — ee carbonyl compound 

| 

An enol 
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22.1 Keto—Enol Tautomerism 

Carbonyl compounds that have hydrogen atoms on their alpha carbons are 
rapidly interconvertible with their corresponding enols (ene + ol, unsatu- 
rated alcohol). This rapid interconversion between two chemically distinct 
species is a special kind of isomerism known as tautomerism (taw-tom-er- 
ism; from the Greek tauto, “the same,” and meros, “part”). Individual isomers 

are called tautomers (taw-toe-mers). 

I H Rapid 
Qa 

wt oS Cc #5 equilibration 

Tax | 

Keto tautomer Enol tautomer 

Note that tautomerism requires the two different isomeric forms to be 
rapidly interconvertible. Thus, keto and enol carbonyl isomers are tauto- 
mers, but two isomeric alkenes such as 1-butene and 2-butene are not, since 
they don’t rapidly interconvert under normal circumstances. 

1 1 
BF ae _CH3 eee ni ox _CHs3 

C C C C 
| fa rx | 
H Hie Eee H 

1-Butene 2-Butene 

Most carbonyl compounds exist almost exclusively in the keto form at 

equilibrium, and it’s usually difficult to isolate the pure enol form. For 

example, cyclohexanone contains only about 0.000 1% of its enol tautomer 

at room temperature, and acetone contains only about 0.000 001% enol. The 

percentage of enol tautomer is even less for carboxylic acids and acy] deriv- 

atives such as esters and amides. Even though enols are difficult to isolate 

and are present only to a small extent at equilibrium, they are nevertheless 

extremely important and are involved in much of the chemistry of carbonyl 

compounds. 

Cyclohexanone = 

99.999 9% 0.000 1% 
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H 

i be 
Acetone C —> CL H 

Oe FOH, H,C~ cee 

H 

99.999 999% 0.000 001% 

Keto—enol tautomerism of carbonyl compounds is catalyzed by both 
acids and bases. Acid catalysis involves protonation of the carbonyl oxygen 
atom (a Lewis base) to give a resonance-stabilized intermediate cation that 
can lose a proton from the alpha carbon to yield neutral enol (Figure 22.1). 
This proton loss from the cation intermediate is analogous to what occurs 
during an E1 reaction when a carbocation loses a proton to form an alkene 
(Section 11.14). 

H ae 

5 Oe 

| 
Ee UH e OH 

IX O 

| H30* | 

pee | <T Fhe See 

; 1 i ak 
Keto tautomer | Enol tautomer 

pigs ‘OHp 
hank 

Recall 

| | 
CRIS He Spas Co 

SO Or4 E1 reaction {3 amok 

- | 

Figure 22.1. Mechanism of acid-catalyzed enol formation. 

Base-catalyzed enol formation occurs by an acid—base reaction between 
catalyst and carbonyl compound. The carbonyl compound acts as a weak 
protic acid and donates one of its alpha hydrogens to the base. The resultant 
anion—an enolate ion—is then reprotonated to yield a neutral compound. 
Since the enolate ion is a resonance hybrid of two forms, it can be protonated 
either on carbon to regenerate the keto tautomer or on oxygen to give an 
enol tautomer (Figure 22.2). 
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22.1 

PROBLEM... 

22.2 

PROBLEM... 

22.3 
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sO) 

I 

mn | ° 

re ease 

es ‘OH | HO Cait 

/\ oF | 
Keto tautomer Enol tautomer 

Zs eles 

Enolate ion 

Sa 

Figure 22.2 Mechanism of base-catalyzed enol formation. The 

intermediate enolate anion, a resonance hybrid of two forms, can 

be protonated either on carbon to regenerate starting ketone or on 

oxygen to give an enol. 

Note that only the protons on the alpha position of carbonyl compounds 
are acidic. Protons at beta, gamma, delta, and so on, are not acidic and can’t 

be removed by base. We'll account for this unique behavior of alpha protons 
shortly. 

Acidic wih eibih 7 aes Not acidic 

O HH HH 
| | rar 

—C—C—C—C—C— 
Ge) BID yes 46 

CeCe eee ee meee eee eee eee eeseseeereseeeeeeeeeeeeeeeeeHeeee 

Draw structures for the enol tautomers of these compounds: 
(a) Cyclopentanone (b) Acetyl chloride (c) Ethyl acetate 
(d) Propanal (e) Acetic acid (f) Phenylacetone 

(g) Acetophenone (methyl pheny! ketone) 

Peewee eee tweet eee esses ee seeeseeeeseeeeseseseseseresesesee 

How many acidic hydrogens does each of the molecules listed in Problem 22.1 have? 

Identify them. 

eee eee cette ee tere ees e sees ee eerreresreeeeeeeesesesereseoes 

Draw structures for the possible monoenol forms of 1,3-cyclohexanedione. How many 
enol forms are possible? Which would you expect to be most stable? Explain your 

answer. 
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O 

O 

1,3-Cyclohexanedione 

eee meee ee ese sere seers eeeseseseseeseenesreseseeeeeEesEeeseseseeseEessese 

22.2 Reactivity of Enols: The Mechanism 
of Alpha-Substitution Reactions 

What kind of chemistry should enols have? Since their double bonds are 
electron-rich, enols behave as nucleophiles and react with electrophiles in 
much the same way that alkenes do. Because of resonance electron donation 
of the lone-pair electrons on oxygen, though, enol double bonds are more 

reactive than those of alkenes (Section 14.9). 

Electron-rich position 

fret ac te 
ate aia Bi bd/; 
C=C eae 
— ae 

When an alkene reacts with an electrophile such as bromine, addition 
of Br* occurs to give an intermediate cation, which reacts with Br~. When 
an enol reacts with an electrophile, however, the initial addition step is the 
same but the intermediate cation loses the -OH proton to regenerate a 
carbonyl compound. The net result of the reaction of an enol with an elec- 
trophile is alpha substitution. The general mechanism is shown in Figure 
22.3. 

22.3 Alpha Halogenation of Ketones 
and Aldehydes 

Ketones and aldehydes can be halogenated at their alpha positions by reac- 
tion with chlorine, bromine, or iodine in acidic solution. Bromine is most 

often used, and acetic acid is often employed as solvent. 

O O 
| | 
Cc C 
OCHy iNpy CH;COOH CH, Br + Hbr 

2 solvent 

Acetophenone a-Bromoacetophenone (72%) 



22.3 Alpha Halogenation of Ketones and Aldehydes 849 

ve 

C H 
PEN re Le 

as 
Acid-catalyzed enol formation occurs 
by the usual mechanism. | Acid catalyst 

e ee H 

:0 
SS] Et 

kee 
An electron pair from the enol | 
oxygen attacks an electrophile, 
forming a new bond and leaving a | 
cation intermediate that is stabilized -—: Base 
by resonance between two forms. + -H  -H 

+6) sD 
| ee 

FOX Ves 
Loss of a proton from oxygen yields 

the neutral alpha-substitution 

product as a new C=O bond is | 
formed. 

i 
7X 

ee ES ee ee ee ea] 

Figure 22.3 General mechanism of a carbonyl a-substitution 
reaction. 

O 

Cl 
Cl, 
a + HCl 
H,O, HCl 

Cyclohexanone 2-Chlorocyclohexanone 

(66%) 

The alpha halogenation of ketones is a typical a-substitution reaction 
that proceeds by acid-catalyzed formation of enol intermediates, as shown 
in Figure 22.4. 

There is a great deal of evidence to indicate that the mechanism shown 
in Figure 22.4 is correct. For example, the rate of the halogenation reaction 
is independent of the nature of the halogen. Chlorination, bromination, 
and iodination of a given ketone all occur at the same rate, indicating that 
the same rate-limiting step is involved in chlorination, bromination, and 
iodination. 
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: O ‘ ee H ia Br 

I 
ist 

H;C CH 
The carbonyl oxygen atom is q é 
protonated by acid catalyst. | 

ei 

CT gC. : Base 

CY YH 
TC” y, cs act ce 

Loss of an acidic proton from the os is 

alpha carbon takes place in the 

normal way to yield an enol | 

intermediate. 

on vid 

cet Br=—-B r= Br 
ieee 

H,C C 

An electron pair from the enol t 

attacks bromine, giving an inter- 
mediate cation that is stabilized by | 

resonance between two forms. 
H uo : Base 

+ oe we é on 

Br Br H,C~ ye H,c~ * ~c* 

Ps AUN 

Loss of the -OH proton then gives Hone 

the alpha-halogenated product and 
generates more acid catalyst. | 

O 
| + HBr 
C 

H.Co" - CHa 

SSS SS EE 

Figure 22.4 Mechanism of the acid-catalyzed bromination of 

ketones and aldehydes. 

Additional evidence comes from measurements indicating that acid- 
catalyzed ketone halogenations exhibit second-order kinetics and follow the 
rate law: 

Reaction rate = k[Ketone][H*] 
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This information tells us that ketone halogenations depend only on ketone 
and acid concentrations but are independent of halogen concentration. Thus, 

halogen is not involved in the rate-limiting step. 
A final piece of evidence comes from deuteration experiments. If a 

ketone is treated with D30* instead of H30*, the acidic a-hydrogen atoms 
are replaced by deuterium atoms. For a given ketone, the rate of deuteration 
is identical to the rate of halogenation, indicating that the same interme- 
diate is involved in both deuteration and halogenation. The common inter- 
mediate that satisfies all the evidence can only be an enol. 

“ p 

eC 
H O OH (D) juve aes 
‘ 1 H30* (D30*) N ye 

mie Gag Slow. C=C 

A \ TalcUIALing J > a p 

Ketone/aldehyde Enol nee _—C— 
Fast / \ 

X = Cl, Br, orl 

a-Bromo ketones are useful in organic synthesis because they can be 
dehydrobrominated by base treatment to yield a,B-unsaturated ketones. For 
example, 2-bromo-2-methylcyclohexanone gives 2-methy]-2-cyclohexenone 
in 62% yield when refluxed in pyridine. The reaction, which takes place by 
an E2 elimination pathway (Section 11.11), is an excellent method for intro- 
ducing carbon—carbon double bonds into molecules. 

O O O 
CH 

CH; = «CH, 
Bro Gr Pyridine 4+ HPr 

CH;COOH A B 

2-Methylcyclo- 2-Bromo-2-methyl- 2-Methy1-2-cyclo- 

hexanone cyclohexanone hexenone (62%) 

cece meee reser eee eer eereeeseeaesesesesesesesreeseeeeeeeeeere 

Show in detail the mechanism of the deuteration of acetone on treatment with D3,O*. 

O O 
| I 

CH;CCH, 22> CH,CCH,D 

aa 0/8 € © Cle Gl © 6.0\6 #8) e 6.00.06 © 6s 010.0 8 6:69.16 66) 6,00. 608 | 0) 0 0 86016 B10 ¢ oe 010s 

When optically active (R)-3-phenyl-2-butanone is exposed to aqueous acid, a loss of 

optical activity occurs and racemic 3-phenyl-2-butanone is produced. Explain. 

COC MMR M HEHE T HS OCHO CCE HEEH CSE HHTHH CET E TER OME AO MOTOR ES 

In light of your answer to Problem 22.5, would you expect optically active (R)-3- 

methyl-3-phenyl-2-pentanone to be racemized by acid treatment? Explain. 
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i 

22.4 Alpha Bromination of Carboxylic 
Acids: The Hell—Volhard—Zelinskii 
Reaction 

Direct alpha bromination of carbonyl compounds by bromine in acetic acid 
is limited to ketones and aldehydes, since acids, esters, and amides don’t 
enolize sufficiently for halogenation to take place. Carboxylic acids, however, 
can be a-brominated by a mixture of bromine and phosphorus tribromide— 
the Hell—Volhard—Zelinskii (HVZ) reaction: 

O 
| | 

CH,CH,CH,CH,CH,CH,COH - CH,CH,CH,CH.CH.CHCOH 

Heptanoic acid Br 

2-Bromoheptanoic acid (90%) 

The first step in the Hell—Volhard—Zelinskii reaction takes place 
between PBrs and carboxylic acid to yield an intermediate acid bromide 
plus HBr (Section 21.5). The HBr produced in the first step next catalyzes 
enolization of the acid bromide, and the enol reacts rapidly with bromine. 
Hydrolysis of the a-bromo acid bromide by addition of water then gives the 
a-bromo carboxylic acid product. 

i i ite i 
H C H C R C Br Cc 

oe “OH PBrs ee “pe See “PRE Bro “Te pe 

yo Ls | LN 
R R R R R R 

Acid bromide Acid bromide enol 

[#0 

O 

net r 
Co 

\ 
R R 

The overall result of the Hell—-Volhard—Zelinskii reaction is the trans- 
formation of an acid into an a-bromo acid. Note, though, that the key step 
involves bromination of an acid bromide enol in a manner analogous to that 
occurring during ketone bromination. 
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22.8 If an optically active carboxylic acid such as (R)-2-phenylpropanoic acid were bro- 
minated under Hell—Volhard—Zelinskii conditions, would you expect the product to 
be optically active or racemic? Explain. 

PROBLEM tai mini cl sein nis Sin stn ahtsteree ee nie Mya hse eie eaveeie sie or eee ete oem ttt. 

22.9 If methanol rather than water is added at the end of the Hell—Volhard—Zelinskii 
reaction, an ester rather than an acid is produced. Propose a mechanism for this 
transformation. 

1 | 
1 Bro, PBr3 

Br 

SO SCSMRCCSCESEHE HSC HOE OHE POS e Cee ener seereaseee~reeerseeecrerertoserececCoe 

22.5 Acidity of Alpha-Hydrogen Atoms: 
Enolate lon Formation 

During the discussion of base-catalyzed enol formation earlier in this chapter 
(Section 22.1), we said that carbonyl compounds act as weak protic acids. 
Strong bases can therefore abstract acidic alpha protons from carbonyl com- 
pounds to yield enolate anions: 

Je a Bee ‘e — Ee <— ‘o =C t Base aa 
/ \ ie \ /. 

An enolate anion 

Why are carbonyl compounds weakly acidic? If we compare acetone 
(pK, ~ 19.3) with ethane (pK, ~ 60), we find that the presence of a neigh- 
boring carbonyl group increases the acidity of a ketone over an alkane by 
a factor of 10*°. 

O 

Remo, H a oe ae ros boc 

Niu ® H’ x 
le ileal li H H 

Acetone Ethane 

(pK, = 19.3) (pK, ~ 60) 
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The reason for this increased acidity is best seen by looking at an orbital 
picture of the enolate ion (Figure 22.5). Proton abstraction from a carbonyl 
compound occurs when the alpha C-H sigma bond is oriented in the plane 
of the carbonyl-group p orbitals. The alpha-carbon atom of the enolate ion 
product is sp? hybridized and has a p orbital that overlaps the neighboring 
carbonyl-group p orbitals. Thus, the negative charge is shared by the elec- 
tronegative oxygen atom, and the enolate ion is stabilized by resonance 

between two forms. 

sp® hybridized sp” hybridized 

Figure 22.5 Mechanism of enolate ion formation by abstraction 

of an alpha proton from a carbonyl compound. 

Carbonyl compounds are more acidic than alkanes for the same reason 
that carboxylic acids are more acidic than alcohols (Section 20.3). In both 
cases, the anions are stabilized by resonance. Enolate ions differ from car- 
boxylate ions in that their two resonance forms are not equivalent: The form 
with the negative charge on oxygen is lower in energy than the form with 
the charge on carbon. Nevertheless, the principle behind resonance stabili- 
zation is the same in both cases. 

T 1 A 

H C H H Cou H Ce H 
CH,CH, versus "OMe NERA > “CO OG 

i \Das iN | aN | 
Ethane BH eo. oo Pier eee Fieger ait 

(pK, = 60) 

Acetone Nonequivalent resonance forms 
(pK, = 19.3) 

0 e gs 

H Ge eH H Ca H C 
CH,OH “versussi \~C~ , "O70 eae: 

/ \ / \ oe . \ oo 

Methanol Elaeeee lle vl Hei 
(pK, = 15.5) 

Acetic acid Equivalent resonance forms 

(pK, = 4.7) 
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Since alpha-hydrogen atoms of carbonyl compounds are only weakly 
acidic when compared with carboxylic acids, strong bases must be used to 
effect enolate ion formation. If an alkoxide ion such as sodium ethoxide is 
used as base, ionization takes place only to the extent of about 0.1%, because 
ethanol (pK, = 16) is a stronger acid than acetone is. If, however, a more 
powerful base such as sodium hydride (NaH, the sodium “salt” of Hz), sodium 
amide (NaNHp, the sodium salt of ammonia), or lithium diisopropylamide 
[LiN(@-C3H7)2, the lithium salt of diisopropylamine] is used, a carbonyl 
compound can be completely converted into its enolate ion. 

O re = Cate 
Li* —:N ; 

a ee 
Tetrahydrofuran | 

Cyclohexanone Cyclohexanone 
enolate ion (100%) 

Lithium diisopropylamide, usually abbreviated LDA, is easily prepared 
by reaction between butyllithium and diisopropylamine and is widely used 
as a base for preparing enolate ions from carbonyl compounds. LDA has 
nearly ideal properties: It’s an exceedingly powerful base because diisopro- 
pylamine has pK, ~ 40; it’s soluble in organic solvents such as THF; it 
doesn’t add to carbonyl groups in nucleophilic addition reactions; and it’s 
extremely reactive, even at —78°C. 

CH(CH3)> CH(CHs3)o 

n-CHLi + HN. THF isan + n-CyH 
aoe solvent . anno 

Butyllithium CH(CHs3)2 CH(CHs3)2 

Diisopropylamine Lithium diisopropylamide (LDA) 

All types of carbonyl compounds, including aldehydes, ketones, esters, 
acid chlorides, and amides, have greatly enhanced a-hydrogen acidity com- 
pared to alkanes. Thus, all can be converted into enolate ions by reaction 
with LDA. Table 22.1 lists the approximate pK, values of different kinds of 
carbonyl compounds and shows how these values compare with other acidic 
substances we’ve seen. 

When a hydrogen atom is flanked by two carbonyl] groups, its acidity 
is enhanced even more. Thus, Table 22.1 shows that such compounds as 1,3- 
diketones (B-diketones), 1,3-keto esters (B-keto esters), and 1,3-diesters 

are more acidic than water is. This enhanced acidity of B-dicarbonyl com- 
pounds is due to the fact that the resultant enolate ions are highly stabilized 
by resonance delocalization of the negative charge over both neighboring 
carbonyl groups. For example, the enolate ion of 2,4-pentanedione has three 
resonance forms: 



856 

TABLE 22.1 

CHAPTER 22 Carbonyl Alpha-Substitution Reactions 

Acidity Constants for Some Organic Compounds 

Compound type Compound pK, 

Carboxylic acid CH;COOH 5 

1,3-Diketone CH2(COCHs3)> 9 

1,3-Keto ester CH3;COCH,CO,C2H; 11 

1,3-Dinitrile CH,(CN)2 rt 

1,3-Diester CH,(CO.C2Hs)2 13 

Water HOH 16 

Primary alcohol CH3;CH,OH 16 

Acid chloride CH;COCI 16 

Aldehyde CH;CHO iby 

Ketone CH3;COCH; 19 

Ester CH3CO.C.H; 25 

Nitrile CH;CN 25 

Dialkylamide CH3CON(CHs)> 30 

Ammonia NH; ao 

Dialkylamine HN(i-C3H7)¢ 40 

Alkyne HC=CH 25 

Alkene CH, CH, 49 

Alkane CH;CH3 60 

Os 70: 

i 
FT Ciel ce 

eX 
ieee ie 

2,4-Pentanedione (pK, = 9) 

Base|| 

Yor rtey :O0:  :0: 

I Lt ee n a 

ce ee oC: H,C~ - CH, H,C 

H H 

Similar resonance forms can be drawn for other doubly stabilized enolate 
ions. 
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SA) BAO) 6 4 C's) S10 Sele 4.0.8 48 CU WE UD USS Oe OSE Seen eeeaeses és VU Hewes 

Identify the most acidic hydrogens in these molecules: 
(a) CH;CH,CHO (b) (CH3)s3CCOCH3 (c) CH;COOH 
(d) Benzamide (e) CHsCH,CH,CN (f) CH3CON(CHs3)> 
(g) 1,3-Cyclohexanedione 

CPPS eee Hee THC ee EE CED EEE EEE EEE eH Eee eee Dene Eee DERE EEeEeeS 

When optically active (R)-2-methylcyclohexanone is treated with aqueous NaOH, 
racemic 2-methylcyclohexanone is produced. Propose a mechanism to account for 
this racemization. 

Tete eee ee eee ees esreseresereeereneneseseereseeeeeesereees 

Would you expect optically active (S)-3-methylcyclohexanone to be racemized on 
base treatment in the same way that 2-methylcyclohexanone is (Problem 22.11)? 
Explain. 

Seem ee ese reser rere rreresereeeerererenerereseeererseseses 

22.6 Reactivity of Enolate lons 

Enolate ions are more useful than enols for two reasons. First, pure enols 
can’t normally be isolated. They are usually generated only as transient 
intermediates in low concentration. By contrast, stable solutions of pure 
enolate ions are easily prepared from most carbonyl compounds by reaction 
with a strong base. Second and more important, enolate ions are much more 
reactive than enols; they undergo many important reactions that enols don’t. 
Whereas enols are neutral, enolate ions carry a full negative charge, making 
them much better nucleophiles. Thus, the alpha-carbon atom of an enolate 
ion is highly reactive toward electrophiles. 

>OH :0:7 ie 
i ii x w ge. 

y \ ue - b, x 

Enol: neutral, moderately reactive, Enolate: negatively charged, very reactive, 

very difficult to isolate easily prepared 

Since enolate ions are resonance hybrids of two nonequivalent reso- 
nance forms, they can be looked at either as vinylic alkoxides (C=C-O-) or 
as a-keto carbanions (~“C—C=O). Thus, enolate ions can react with electro- 
philes either on oxygen or on carbon. Reaction on oxygen yields an enol 
derivative, whereas reaction on carbon yields an a-substituted carbonyl 
‘compound (Figure 22.6). Both kinds of reactivity are known; but reaction 
on carbon is the more commonly observed pathway. i 
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a 

Reaction here or reaction here 

:0 ‘O" 

\, a ee 
C=C <> C—C 
Z Be p % 

Vinylic alkoxide a-Keto carbanion 

i E ‘O° 
- ys i 7 
C=C ra 

hk etal’ a. 
An enol derivative (E~ = an electrophile) An a-substituted carbonyl compound 

SSS Eee 

Figure 22.6 Two modes of enolate ion reactivity. Reaction on 

carbon to yield an a-substituted carbonyl product is the more 

commonly followed path. 

22.7 Halogenation of Enolate lons: 
The Haloform Reaction 

Halogenation of ketones is promoted by base as well as by acid. As you 
might expect, the base-promoted reaction occurs through ae ion inter- 
mediates. Even relatively weak bases such as hydroxide ion are effective 
for halogenation, since it’s not necessary to convert the ketone completely 
into its enolate ion. It’s only necessary to generate a small amount of enolate 
at any one time because the reaction with halogen occurs as soon as the 
enolate ion is formed. 

H p: ‘ jor Br °°. 

cc = | c=c 2s, Nite eee 
/ i‘ i \ / ‘ 

Base-promoted halogenation of ketones is little used in practice because 
it’s difficult to stop the reaction at the monosubstituted product. An a- 
halogenated ketone product is generally more acidic than the starting un- 
substituted ketone because of the electron-withdrawing inductive effect of 
the halogen atom. Thus, the monohalo products are themselves rapidly 
turned into enolates and further halogenated. 

If excess base and halogen are used, methyl ketones are triply halo- 
genated and then cleaved by base in the haloform reaction: 



eee eee em wae 
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O 

| | | 
C —— > c: ee C ee He R~ er NaOH Ro ~ CX, H,O ea YH 3 

A methy] ketone 

where X = Cl, Br, or I 

The haloform reaction, which converts a methy] ketone into a carboxylic 
acid plus a haloform (chloroform, CHCl3; bromoform, CHBrs; or iodoform, 
CHI3), is the basis for a qualitative test for methyl ketones. A sample of 
unknown structure is dissolved in THF or ether and placed in a test tube. 
Dilute solutions of aqueous sodium hydroxide and iodine are then added, 
and the test tube is observed. Formation of a yellow precipitate of iodoform, 
CHI3, signals a positive test and indicates that the sample is a methyl 
ketone. 

SOP ewe eee eee wee EEE ERE EEE HEHEHE OHH OEE ee EEE ee HOES 

Base-promoted chlorination and bromination of a given ketone occur at the same 
rate. Explain. 

SSP e eee ees eee sees eeeeeeeeeeeeeeeEreeseHeseeeEeseeeeses 

Why do you suppose that ketone halogenations in acidic media are referred to as 
being acid catalyzed, whereas halogenations in basic media are base promoted? Why 
is a full equivalent of base required for halogenation? 

2 

The second step of the haloform reaction is simply a nucleophilic acyl substitution: 
the replacement of ~CX3 by ~OH. Show the mechanism of this step. 

ee 

22.8 Selenenylation of Enolate lons: 
Enone Synthesis 

One of the most important recent advances in enolate ion chemistry occurred 
in the mid-1970s when it was found that carbonyl compounds can be sele- 
nenylated. That is, a selenium atom can be attached to the alpha position 
of a carbonyl compound. Selenenylation is accomplished by first allowing 
the carbonyl compound to react with a strong base such as LDA in THF 
solvent, followed by treatment of the enolate ion solution with one equiv- 
alent of benzeneselenenyl bromide (CgH;SeBr). Immediate a-substitution 
reaction then yields an a-phenylseleno-substituted product. 

The great value of the selenenylation reaction lies in the fact that the 
product can be easily converted into an a,8-unsaturated carbonyl compound. 
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On treatment with dilute hydrogen peroxide at room temperature, the sele- 
nium group is oxidized, elimination occurs, and an a,f-unsaturated carbonyl 
compound is formed. The net result is introduction of a carbon—carbon dou- 
ble bond into the a,6 position of the saturated carbonyl starting material. 
Yields are usually excellent, and the method is often superior to the alter- 
native a-bromination—dehydrobromination route. 

R O Hiv O R 

I cx ore dgepcinad'Y calcio mvotaberteg ela She 
“H.SeBr Z R~ i SR 2. CgHsSeB R~ es “NR R~ < Np 

An a-phenylseleno ketone 

Mechanistically, the a-phenylselenenylation reaction is similar to halo- 
genation except that the reactive enolate ion intermediate is prepared in a 
separate step prior to reaction, rather than during reaction as in haloge- 
nation. The overall process is shown in Figure 22.7. 

The strong base LDA abstracts an 
acidic alpha proton from the [up rn { 
carbonyl compound, yielding an 
enolate ion. 

R SS Ro  s 7 

R 

The nucleophilic enolate ion attacks 
selenium and carries out a displace- : ASA 

ment of bromide ion, yielding the : - | 
a-phenylseleno product. 

; aN 

O 

| 
oe ase 

/ atin 

Ree 

a See ee ee eee 

Figure 22.7 Mechanism of the reaction of an enolate ion with 
benzeneseleneny! bromide. 
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Note that the key step in the alpha phenylselenenylation of carbonyl 
compounds is similar to an Sy2 reaction (Section 11.4). The alpha-carbon 
atom of the enolate ion is the nucleophile that displaces bromide by attack 
on selenium: 

7 eccean 1 

C /+ ——— Cc Se + Br- a “ai EA Sc" < ) 

vAN hex 

Recall 

\ i 
Nu:=-t 0B goes Na-Ca Br- 

reaction 

The elimination step involves oxidation of the phenylseleno interme- 
diate to a pheny] selenoxide, which undergoes a spontaneous intramolecular 
elimination reaction. No added base is required (as in dehydrobromination), 
and the reaction occurs at room temperature under very mild conditions. 

O O O 
oY a ee! | | 
eg el oe a tae ee 

7% SuNeee 
SeC,Hs Ge 7 on O ce | 

a-Phenylseleno C,H; An enone 

ketone 
A selenoxide 

Ketones, esters, and nitriles all undergo the a-phenylselenenylation— 
elimination reaction in good yield. Aldehydes, however, often give product 
mixtures because their enolate ions are too reactive. 

. 0 
! i 

C—CH2CH3 1. 1p in THF C—CH+=CH, 

Ketone 2. CsH;SeBr 
3. H,0, ; 

Propiophenone Phenyl] vinyl ketone 
(80%) 

O O 
1. LDA in THF 
2. CgHsSeBr 
a 

Ketone 3. H,0. 

Cycloheptanone 2-Cycloheptenone 
(55%) 
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L als = a | 

Ester Cap GOGH sredtuadia asa ( COCH; 

Methyl cyclohexanecarboxylate Methy] 1-cyclohexenecarboxylate 
(96%) 

1. LDA in THF 
mp 5 2. CgsH;SeBr a. 

Nitrile CH3(CH2)4,CH,CH,CN 3. HO CH;3(CH,)4CH+=CHCN 
. 22 

Octanenitrile 2-Octenenitrile 
(80%) 

PROBLEM oie cca isisioie 0 bie 6 0.6 ols, 0 wictsiers es Miniaja\iale e ae aleve) es wlelwie's (ni snue, #iellslel el ai0m 

22.16 Show how you would prepare the following unsaturated molecules from saturated 

precursors. 
(a) 1-Penten-3-one (b) 4-tert-Butyl-2-cyclohexenone 

(c) 2-Methyl-2-pentenenitrile 

22.17 Ketones react slowly with benzeneseleneny] chloride in the presence of HCl to yield 

a-phenylseleno ketones. Propose a mechanism for this acid-catalyzed a-substitution 
reaction. To what other reaction is this process analogous? 

ea 

22.9 Alkylation of Enolate lons 

One of the most important reactions of enolate ions is their alkylation by 
treatment with an alkyl halide. The alkylation reaction is extremely useful 
because it allows the formation of a new carbon—carbon bond, thereby join- 
ing two small pieces into one larger molecule. Alkylation occurs when the 
nucleophilic enolate anion reacts with the electrophilic alkyl] halide in an 
Sn2 reaction and displaces the leaving group by back-side attack. 

1 0 
ware | | 

a —— Syn2 
= 

niet alee Oh a ee 

| eA 
Alkyl 

Enolate ion halide 

Alkylation reactions are subject to the same constraints that affect all 
Syn2 reactions (Section 11.4). Thus, the leaving group, —Y, in the alkylating 
agent can be chloride, bromide, iodide, or tosylate. The alkyl group, R, must 
be primary or methyl and preferably should be allylic or benzylic. Secondary 
halides react poorly, and tertiary halides don’t alkylate at all since a com- 
peting E2 elimination of HY occurs instead. Vinylic and aryl halides are 
also unreactive, because back-side attack is sterically prevented. 
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: —Y: Tosylate > —I > —Br > —Cl 
ara 

R—: Allylic ~ Benzylic > H3;C— > RCH,— 

THE MALONIC ESTER SYNTHESIS 

The malonic ester synthesis, one of the oldest and best-known carbonyl 
alkylation reactions, is an excellent method for preparing substituted acetic 
acids from alkyl halides: 

O 

Via malonic | 
R—X — =, R—CH,COH 

ester synthesis 

Alkyl halide a-Substituted 
acetic acid 

Diethyl propanedioate, commonly called diethyl malonate or malonic 
ester, is more acidic than many other carbonyl compounds (pK, = 13) because 
its a-hydrogen atoms are flanked by two carbonyl groups. Thus, malonic 
ester is easily converted into its enolate anion by reaction with sodium 
ethoxide in ethanol. The enolate ion, in turn, is a good nucleophile that 
reacts rapidly with alkyl halides, yielding a-substituted malonic esters. 

CO,CH,CHs3 CO,CH,CH3 CO,CH,CH3 

H—C—CO;CH.CHs —“Gircgon * Na*“*C—CO,OH,CH, + R—-C—CO,CH,OH, 
H H H. An alkylated 

malonic ester 

Malonic ester Sodio malonic ester 

+ NaX 

The product of malonic ester alkylation has one acidic a-hydrogen atom 
left, and the alkylation process can therefore be repeated a second time to 
yield a dialkylated malonic ester: 

CO,CH,CH; CO,CH,CH; 

— R—G—CO,CH,CHs + Nak R aos CO,CH.CH3 

H R' 

A dialkylated 

malonic ester 

Once formed, the alkylated malonic esters can be hydrolyzed and decar- 
boxylated when heated with aqueous acid (recall that decarboxylation is 
the loss of carbon dioxide, CO,). The product is a substituted monoacid. 

CO,CH,CH; R 

R—G— CO,CHCH, He, R—C— COOH + CO, + 2 CH,CH,OH A 

R’ H 
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Note that decarboxylation is not a general reaction of carboxylic acids, 
but is a unique feature of compounds like malonic acid that have a second 
carbonyl group two atoms away. That is, only 6-keto acids and substituted 
malonic acids undergo loss of CO, on heating. The decarboxylation reaction 
occurs in two steps and involves initial acid-catalyzed hydrolysis of the 
diester to a diacid. The diacid then loses carbon dioxide by a cyclic mech- 

anism. 

O O R OH 
CO.CH.CH, Ck 
| H,0* fy ae + COz 

e~N aan R77 yO R 
wed CO;CH.CH, f C OH 

Be An acid enol 

A malonic 

eat ‘A diacid | 

O 

snake 
ti ea rr 

waN 
R R 

A carboxylic acid 

The overall effect of the malonic ester synthesis is to convert an alkyl 
halide into a carboxylic acid while lengthening the carbon chain by two 
atoms (RX — RCH,COOH). Note in the following example that the abbre- 
viation “Et” is used as a space-saving way of indicating an ethyl group. 

CH;CH,CH,CH,Br + Nat ~:CH(CO,Et), ——> CH,CH,CH,CH,CH(CO,Et), 

1-Bromobutane Sodio diethylmalonate (84%) 

| H;0*, A 

O 

CeCe oe 

Hexanoic acid (75%) 

CH, 

CH;CH,CH,CH,CH(CO;Et), ar Scdicn eae 

| H,0*, A 

0 

CHeRGLet ae 

bn, 
2-Methylhexanoic acid (74%) 
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The malonic ester synthesis can also be used to prepare cycloalkane- 
carboxylic acids by the proper choice of alkyl halide. For example, if 1,4- 
dibromobutane is treated with diethyl malonate in the presence of two equiv- 
alents of sodium ethoxide base, the first alkylation occurs as expected, but 
the second alkylation step occurs internally to yield a five-membered-ring 
product. Hydrolysis and decarboxylation then lead to cyclopentanecarbox- 
ylic acid (Figure 22.8). Three-, four-, five-, and six-membered rings can be 
prepared in this manner, but yields decrease for larger ring sizes. 

_CH, oo 
H.C i H,C CH(CO,Et), Nat-or, Hel C(CO,Et), 

| ° CH(CO,Et), | Ethanol | a 
H.C H.C _ H,C_ 

f i e 
Br Br Br 

1,4-Dibromobutane 

CH CH O 
a ea 

H,C H,C 
ZI CH, Ss CH, OH 

a | Cyclopentane- 
Br carboxylic acid 

Figure 22.8 Malonic ester synthesis of cyclopentanecarboxylic 

acid. The abbreviation “Et” means an ethyl group. 

PRAGTICE PROBLEM az. a. 22.5. -ocs es einen ese enn seme rere nee 

How would you prepare heptanoic acid via a malonic ester synthesis? 

CH;CH,CH,CH,CH2Br =i CH,(CO2Et)>. 

22.18 - 

Solution The malonic ester synthesis converts an alkyl halide into a carboxylic 

acid having two more carbons in its chain. Thus, a seven-carbon acid chain must be 

derived from the five-carbon alkyl halide 1-bromopentane. 

1. Nat ~OEt 

2. H,0*, A CH3;CH,CH,CH,CH,CH,COOH 

What alkyl halide would you use to prepare these compounds by a malonic ester 

synthesis? 

(a) Butanoic acid (b) 5-Methylhexanoic acid 
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PROBLEM... 

22.19 

ey 

Cee meee rere rere seseereeeeseeeeeeeeeeesesesaeseseseeeseeene 

How could you use a malonic ester synthesis to prepare these compounds? Show all 

steps. 
(a) 3-Phenylpropanoic acid (b) 2-Methylpentanoic acid 
(c) 4-Methylpentanoic acid (d) Ethyl cyclobutanecarboxylate 

Cee wwe reese reer rere sr eee sees eeeeeeeeeeeseeeeeeseseeesEeees 

Monoalkylated and dialkylated acetic acids can be prepared by the malonic ester 
synthesis, but trialkylated acetic acids (R3CCOOH) can’t be prepared. Explain. 
Dee meee meee emer eee eee eee eee eeeeeereeseeeeeeeeeeeeeeeese 

THE ACETOACETIC ESTER SYNTHESIS 

The acetoacetic ester synthesis is a method for preparing a-substituted 
acetone derivatives from alkyl halides in the same way that the malonic 
ester synthesis is a method for preparing a-substituted acetic acids. 

O 

Rotx Via acetoacetic R— CH, I CH, 

ester synthesis 

a-Substituted acetone 

Ethyl] 3-oxobutanoate, commonly called ethyl acetoacetate or acetoacetic 
ester, is much like malonic ester in that its alpha hydrogens are flanked by 
two carbonyl groups. It is therefore readily converted into its;enolate ion, 
which can be alkylated by reaction with an alkyl halide. A second alkylation 
can also be carried out, if desired, since acetoacetic ester has two acidic 
alpha protons that can be replaced. 

boon i 1 
HW 0—C-- ene aa H—¢—_C— CH, |) oe 

3 2 

Acetoacetic ester A monoalkylated 

acetoacetic ester 

1 0 1 can Tega NaOCH,CHy a R’X al 
R—C—C—CHz, CH,CH,OH Eee ae —> R—C—C—CHs; 

O2Et CO2Et CO Et 

A monoalkylated A dialkylated 
acetoacetic ester acetoacetic ester 
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On heating with aqueous HCl, the alkylated acetoacetic ester is hydro- 
lyzed and decarboxylated via a B-keto acid intermediate to yield an a-sub- 
stituted acetone product. If a monoalkylated acetoacetic ester is hydrolyzed 
and decarboxylated, an a-monosubstituted acetone is formed; ifa dialkylated 
acetoacetic ester is hydrolyzed and decarboxylated, an a,a-disubstituted ace- 
tone is formed. 

O O H O—H 

bee ; 1 rae ‘oad Co —> =— Be 

SU4 es TONS 0 ee ; 
Hi ¢-)COCH, A HY R CHs 
R R | 

CH3 
A monoalkylated 

acetoacetic ester 

O 

ae. nara ~~ CH, 

va 
Awe 

An a-monosubstituted 

acetone 

2 ®) 

oe woe, ln R66 + CO. + CH,CH,OH 

CO,Et H 

A dialkylated A disubstituted 

acetoacetic ester acetone 

For example: 

O 

| 1, Nat -OEt | 
CH3CH,CH2CH2Br + fhis Doors CH3CH,CH2,CH,CH2CCH3 

1-Bromobutane CO,Et 2-Heptanone (65%) 

Acetoacetic 

ester 

The three-step sequence of (1) enolate ion formation, (2) alkylation, and 
(3) hydrolysis—decarboxylation is applicable to all B-keto esters with acidic 
alpha hydrogens, not just to acetoacetic ester itself. Thus, cyclic B-keto esters 
such as ethyl 2-oxocyclohexanecarboxylate can be alkylated and decarbox- 
ylated to give 2-substituted cyclohexanones in high yield. For example: 
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GNaed 0 jl 0 
H || 

CL a CL 
OEt Nat -OEt OEt PhCH,Br CO,Et 

Ethanol 

Ethyl] 2-oxocyclohexane- H30* 
carboxylate heat 

O 

2-Benzylcyclohexanone 

(77%) 

PRACTICE” PROBLEM iiincs ct cc cec bores ar Salen slocitisleaarns'slstie cies aie are 

How would you prepare 2-pentanone by an acetoacetic ester synthesis? 

Solution The acetoacetic ester synthesis yields a ketone product by adding three 
carbons to an alkyl] halide: 

This bond formed 

| 
CH,CCH,— CH2CH3 
Se eee 

These three carbons from These carbons from 

acetoacetic ester alkyl halide 

: . ee 
Thus, the acetoacetic ester synthesis of 2-pentanone would involve reaction of 
bromoethane: 

O O 
| | | 

CH,CCH,COCH,CH; + CH,CH,Br wee CH;CCH,CH.CH, 
» Hg 

PROBLEMS css sccm ois. te lacs 3400 ual ore Cio Rt Ts see at oe ared ois ne nee 

22.21 What alkyl halides would you use to prepare these ketones by an acetoacetic ester 
synthesis? 

(a) 5-Methyl-2-hexanone (b) 5-Phenyl-2-pentanone 

PROBLEM 8.4 ia 1 Ads ce Foch duns uevbud oo pelt see aOR Gone eee 

22.22 How would you prepare methyl cyclopentyl ketone, using an acetoacetic ester 
synthesis? 

O 
| 

HC] Methyl cyclopentyl ketone 
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CC ee ee re 

Which of the following compounds can’t be prepared by an acetoacetic ester syn- 
thesis? Explain. 
(a) 2-Butanone (b) Phenylacetone 

(c) Acetophenone (d) 3,3-Dimethyl-2-butanone 

COR ee meee eee ee eee ewe eee EHH EEE O EEE 

DIRECT ALKYLATION OF KETONES, ESTERS, 
AND NITRILES 

Lactone 

The malonic ester synthesis and the acetoacetic ester synthesis are special, 
since both alkylation reactions take place at doubly carbonyl-activated cen- 
ters. By contrast, it’s also possible in certain cases to alkylate at the alpha 

position of monoketones, monoesters, and nitriles. 
The experimental conditions necessary to carry out the direct alkylation 

of carbonyl compounds are precise. Solvent and reaction temperature are 
both important, and the exact nature of the base used to generate the enolate 
ion is critical. The base must be sufficiently strong to convert a carbonyl 
compound (pK, ~ 20—25) into its enolate anion quickly, yet it must also be 
sufficiently bulky that it won’t add to the carbonyl group in a nucleophilic 
addition or substitution reaction. Research carried out in the 1970s showed 
that LDA in THF solvent is highly effective in promoting alkylation reac- 
tions of carbonyl compounds. 

O O O 

! LDA | as RSS i I R Ss 

eet Sra Pheyi re elena ats pret 

foe | vax 

Ketone/ester a-Substituted 

ketone/ester 

Ketones, esters, and nitriles can all be alkylated by using LDA or related 
dialkylamide bases in THF, but aldehydes rarely give high yields of pure 
products. (The problem is not that aldehydes aren’t acidic enough; rather, 

it’s that aldehyde enolate ions undergo carbonyl condensation reactions 

instead of alkylation. We’ll study this condensation reaction in the next 

chapter.) Some specific examples of alkylation reactions are shown. 

O O O 
e CH 

H LDA > CHI 3 

On TF cre CO 2 
Butyrolactone 2-Methylbutyrolactone (88%) 
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Ester 

I I i | 
H C H.C. = 7C : H.C C 
ee aS LDA ee a CHgl Rs GES, 

2 oo K C OEt THF i OEt eas OEt 

H;C CHs CH; H,;C CH; 

Ethyl 2-methylpropanoate Ethy] 2,2-dimethylpropanoate 

(87%) 

Nitrile 

H CHs 
‘ 

CHC=N :;CHC=N CHC=N 
LDA CHgI 
— —— 

Phenylacetonitrile 2-Phenylpropanenitrile 
(71%) 

Ketone 
O O 

H3C var H 3C & H 3 

H H CHgl 

O 

H,C H 
H H Dy 4 2,6-Dimethylcyclohexanone 

THF (56%) 

O O 
2-Methylcyclohexanone 

oa i.e H H.C 
H Cc Hs! Bat 

See eee wee eee 

2,2-Dimethylcyclohexanone 

(6%) 

Note in the previous examples that alkylation of the unsymmetrically 
substituted ketone 2-methylcyclohexanone leads to a mixture of products, 
since both possible enolate ions are formed. In general, the major product 
in such cases is derived from alkylation at the less hindered, more accessible 
position. Thus, alkylation of 2-methylcyclohexanone occurs primarily at the 

secondary 6-position, rather than at the tertiary 2-position. 

COR me eee meme ee eee EEE HEHEHE EERE HEE HEHEHE EEE EES 

How might you prepare the following compounds, using an alkylation reaction as 
the key step? 
(a) 3-Phenyl-2-butanone (b) 2-Ethylpentanenitrile 
(c) 2-Allyleyclohexanone (d) 2,2,6,6-Tetramethylcyclohexanone 

Ce a a i ar ery 
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22.10 Summary and Key Words 
Se ep 

The alpha substitution of carbonyl compounds via enol or enolate ion 
intermediates is one of the four fundamental reaction types in carbony]l- 
group chemistry. 

bie 

C 
CaN — C e 

: aoa | poo O 

An enolate ion ! 

a -* S < On a 7, 

A carbonyl | An alpha-substituted 
compound HS F carbonyl compound 

| 

An enol 

All carbonyl compounds rapidly equilibrate with their enols, a process 
called tautomerism. Although enol tautomers are normally present to only 
a small extent at equilibrium and can’t usually be isolated in pure form, 
they nevertheless contain a highly nucleophilic double bond and react rap- 
idly with a variety of electrophiles. For example, ketones and aldehydes are 
rapidly halogenated at the alpha position by reaction with chlorine, bromine, 
or iodine in acetic acid solution. Alpha bromination of carboxylic acids can 
be similarly accomplished by the Hell—Volhard—Zelinskii reaction, in 
which an acid is treated with Br2/PBr3. The a-halogenated products can 
then undergo base-induced E2 elimination to yield a,8-unsaturated carbonyl 
products. 

Alpha-hydrogen atoms of carbonyl compounds are acidic and can be 
abstracted by strong bases to yield enolate ions. Ketones, aldehydes, esters, 
amides, and nitriles can all be deprotonated in this manner if a sufficiently 
powerful base such as lithium diisopropylamide (LDA) is used. Enolate 
ions are highly reactive as nucleophiles because of their negative charge. 
For example, enolates react with benzeneselenenyl bromide to yield a- 

phenylselenenylated products. These, in turn, yield a,B-unsaturated car- 
bonyl compounds when treated with H2O,. 

The most important reaction of enolates is their Sy2 alkylation by 
alkyl halides. The nucleophilic enolate ion attacks an alkyl] halide from the 
back side and displaces the leaving halide group to yield an alpha-alkylated 

carbonyl product. 

O O 

| ‘ | 2 
oni e pth 0 ee 

| ao 
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The malonic ester synthesis, which involves alkylation of diethyl 
malonate with an alkyl halide, provides a method for preparing monoal- 
kylated or dialkylated acetic acids. Similarly, the acetoacetic ester syn- 
thesis provides a method for preparing monoalkylated or dialkylated 
acetone derivatives. Most important of all is that many carbonyl compounds, 
including ketones, esters, and nitriles, can be directly alkylated. These car- 
bony] alkylation reactions constitute what is perhaps the most important 
method in organic chemistry for synthesizing complex molecules. 

22.11 Summary of Reactions 

1. Ketone/aldehyde halogenation, where X = Cl, Br, or I (Section 22.3) 

Cc fey. CH,COOH p~ “ots so 

Pox ry 

2. Hell—Volhard—Zelinskii bromination of acids (Section 22.4) 

O O oe Br 
ee 1. Bro, PBr3 Ed 

HO ote ho. ke HO pi 

3. Dehydrobromination of a-bromo ketones (Section 22.3) 

ORT O 

| SZ | 
pa — = ae 

PES | 
Br 

4. Haloform reaction, where X = Cl, Br, or I (Section 22.7) 

O 

f = 6 CH — + + CHX. 
RO Naty CONBOH tet BhsGe 

5. Phenylselenenylation—elimination (Section 22.8) 

Or O° -y O 
[Pee PS ! | 
ow ow 1. LDA in THF 7 on 7 ow H2O2 aa an 

Mictasl a 2, POERER gy yt ya a Za im | 
H SePh 
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6. Alkylation of enolate ions (Section 22.9) 
a. Malonic ester synthesis 

H 
| . SG so R'—C—co,R +2, R'CH,COOH 

COR CO2R 

b. Acetoacetic ester synthesis 

H..-O H O O 
boat eel : | 

H—C—CCH, —, RCN = Se CHLCCH. 

COR COR 

c. Alkylation of ketones 

O O 

oo 
Be rea te 1. LDA in THF ahaa ica 

2. RX 
far, oN 

d. Alkylation of esters 

O 

i ee VG ya 1. LDAin THF ys 
RO C . Be Ph RO C 

Vin ix 

e. Alkylation of nitriles 

H os R an Nor 1. LDA in THF Now 
7 \ 2. Uy; ‘ 

ADDITIONAL PROBLEMSG........................cceeeeeeees 

22.25 Acetone is enolized only to the extent of about 0.000 01% at equilibrium, whereas 
2,4-pentanedione is 76% enolized. Explain. 

22.26 Write resonance structures for these anions: 

(a) CHsCCHCCH; (b) :CH,C=N 
O 

atl c 
(c) CH;CH=CHCHCCH; (d) N=CCHCO,C2H; 
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22.27 

22.28 

22.29 

22.30 

22.31 

22.32 

22.33 

22.34 

T 
CHCCH, 

Indicate all the acidic hydrogen atoms in the following structures: 

O 
| | 

(a) HOCH,CH,CCH3 (b) HOCH,;,CH,CC(CH3)3 

(c) 1,3-Cyclopentanedione (d) CH;CH=CHCHO 

One way to determine the number of acidic hydrogens in a molecule is to treat the 
compound with NaOD in D,O, isolate the product, and determine its molecular 
weight by mass spectroscopy. For example, if cyclohexanone is treated with NaOD 

in D,O, the product has a molecular weight of 102. Explain how this method works. 

2-Methylcycloheptanone and 3-methylcycloheptanone are nearly indistinguishable 
by spectroscopic techniques. How could you use the method outlined in Problem 
22.28 to differentiate them? 

Rank the following compounds in order of increasing acidity: 

(a) CH;CH,COOH (b) CH;CH,OH (c) (CH3CH2)2gNH 

(d) CHsCOCH3 (e) CHsCCH,CCH3 (f) CCl;COOH 

All attempts to isolate primary and secondary nitroso compounds result only in the ~ 
formation of oximes. Tertiary nitroso compounds, however, are stable. Explain. 

0 OH O 
/ ! 

N N 

eens. Rea aan Roe 
H con ROR’ 

1° or 2° nitroso compound Oxime 3° nitroso compound 

(unstable) (stable) 

Which of these compounds can be prepared by a malonic ester synthesis? Show the 
alkyl halide you would use in each case. 

(a) Ethyl pentanoate (b) Ethyl 3-methylbutanoate 
(c) Ethyl 2-methylbutanoate (d) Ethyl 2,2-dimethylpropanoate 

How would you prepare these ketones using an acetoacetic ester synthesis? 

(a) (CH3CH2),CHCOCH3 (b) Ee ey eae 

CHs 

How would you prepare these compounds using either an acetoacetic ester synthesis 
or a malonic ester synthesis? 

O 

(a) (CH3)2C(CO2C2H5)o (b) ()}-e-on, 

(©) <> coon (d) H,C=CHCH,CH,COCH, 
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22.36 

22.37 

22.38 

22.39 

22.40 
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Predict the product(s) of these reactions: 

CO.H 
(a) (Freon = 

(bh) (CH, WCHCOAGH, oo cae ee 
2. CgH;SeBr 

1, NaOC2H, 
2 tit 

Bro, PBr; 
(CLES eS 

B 

H,O 
— (d) CHsCH,CH,COOH A B 

GH, 

Nonconjugated B,y-unsaturated ketones such as 3-cyclohexenone are in an acid- 
catalyzed equilibrium with their conjugated a,B-unsaturated isomers. Propose a 
mechanism for the acid-catalyzed isomerization. 

The £B,y-to-a,8 interconversion of unsaturated ketones (Problem 22.36) is also cat- 
alyzed by base. Explain. 

One interesting consequence of the base-catalyzed 8, -to-a,B isomerization of unsat- 
urated ketones (Problem 22.37) is that 2-substituted 2-cyclopentenones can be inter- 
converted with 5-substituted 2-cyclopentenones. Propose a mechanism to account 
for this isomerization. 

O O 

anu oe co 

Although 2-substituted 2-cyclopentenones are in a base-catalyzed equilibrium with 
their 5-substituted 2-cyclopentenone isomers (Problem 22.38), the analogous isom- 
erization is not observed for 2-substituted 2-cyclohexenones. Explain. 

O : O 

CH; -OH CH3 

At least as far back as the sixteenth century, the Incas chewed the leaves of the coca 

-bush, Erythroxylon coca, to combat fatigue. Chemical studies of Erythroxylon coca 

by Friedrich Wohler in 1862 resulted in the discovery of cocaine as the active com- 

ponent. It was soon found that basic hydrolysis of cocaine led to methanol, benzoic 
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acid, and another compound called ecgonine. Chromium trioxide oxidation of ecgon- 

ine led to a keto acid that readily lost CO, on heating, giving tropinone. 

CyHaNO, 75> CHsOH + CeHsCOOH + CoHisNO; 
Cocaine Ecgonine 

hese 
Ecgonine mats CgH,3NO3 ay 93 CO, + 

Keto acid 

O Tropinone 

(a) What is a likely structure for the keto acid? 

(b) What is a likely structure for ecgonine? 
(c) What is a likely structure for cocaine? 
(d) Formulate the reactions involved. 

22.41 Which of these substances would give a positive haloform reaction? 

(a) CH3z;COCH3 (b) Acetophenone (c) CH3sCH,CHO 
(d) CH;COOH (e) CH;C=N 

22.42 Show how you might convert geraniol into either ethyl geranylacetate or gerany]- 
acetone. 

9 

off wee eC —— CHCH,CH.2C (CH3 ) — CHCH,CH,CO.C2H; 

Ethyl geranylacetate 

(CH3)2C =CHCH,CH,C(CH3)—= CHCH,0H 

Geraniol 
{ 

) Spades (CH,)2C =CHCH,CH,C(CH;)—=CHCH,CH,COCH; 

Geranylacetone 

22.43 How would you synthesize the following compounds from cyclohexanone? More than 
one step may be required. 

O 

CH, CH.Br CH2C.H; 

(a) (b) asi (c) 

O 

CH,CH,COOH COOH 

(e) Cy (f) 

CH=CHCO,CH3 COOH 

(g) eso (h) 

(d) Q 
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22.44 How can you account for the fact that cis- and trans-4-tert-butyl-2-methylcyclo- 
hexanone are interconverted by base treatment? 

(CH,),C” ~“H (CHa.ce oH 

Which of the two isomers do you think is more stable, and why? Use molecular 
models to help formulate your answer. 

22.45 The following synthetic routes are incorrect. What is wrong with each? 

1. Br,, CH;COOH 
SS (a) CH;CH,CH,CH2CO.CH3 = 
2. A, pyridine 

CH;CH,CH = CHCO,CH3; 

CH; 
= | (b) CH3CH(CO,CH.CHs)> ee ¢ \- C(CO.C2Hs)2 

6445 

1. ~OC,H;/C,H;0H 

2. H,C=CHCH,Br 
3. H3,0* 

(c) CH3sCOCH2CO.C2H; H,C=CHCH,CH,COOH 

1. ~OC2H;/C,H;OH 

2. CgH;SeBr 

3. A, pyridine 

(d) CH;CH,CH2CN CH;CH+=CHCN 

(e) 1. Brz, NaOH 

2. A, pyridine 

1. LDA, THF 
(f) (CH3)zCHCOCH3 2, CoH.CH,Br (CH3)2CCOCH3 

CH2C.Hs 

22.46 Unlike most B-diketones such as 2,4-pentanedione, the B-diketone shown has no 
detectable enol content and is about as acidic as acetone. Explain this behavior. 

Molecular models should be helpful. 

07 H O 

22.47 Methylmagnesium bromide adds to cyclohexanone to give the expected tertiary 
alcohol product in high yield. tert-Butylmagnesium bromide, however, gives only 

about a 1% yield of the addition product, along with 99% recovered starting material. 
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Furthermore, if D,;0* is added to the reaction mixture after a suitable period, one 
deuterium atom is incorporated into the recovered cyclohexanone. Explain. 

DO C(CH3)3 

i 1. (CHs)sCMgBr , 

2. 200° 

22.48 The final step in an attempted synthesis of laurene, a hydrocarbon isolated from the 
alga Laurencia glandulifera, involved the Wittig reaction shown. The product 
obtained, however, was not laurene but an isomer. Propose a mechanism to account 

for this unexpected result. 

‘CH, 

es i CH 

Laurene (not formed) 

ate = 

Ph3;P—CH, 

3 

H.C 

+ os 
Ph,P—CH, 

THF my 
H3C 

CH 

22.49 The key step in a reported laboratory synthesis of sativene, a hydrocarbon isolated 
from the mold Helminthosporium sativum, is shown. What kind of reaction is occur- 
ring? How would you complete the synthesis? 

K OC(CHg)s in 
(CH,),COH S 

A (CH3)2HC 

H 
(CH3),HC~ 

(CH3)2HC~ 

HH 

Sativene 
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22.50 The Favorskii reaction involves treatment of an a-bromo ketone with base to yield 

22.51 

a ring-contracted product. For example, reaction of 2-bromocyclohexanone with 

aqueous NaOH yields cyclopentanecarboxylic acid. Propose a mechanism to account 
for this reaction. 

COOH 
Br 

1. NaOH 
as 
2. H;0* 

Treatment of a cyclic ketone with diazomethane is a method for accomplishing a 
ring-expansion reaction. For example, treatment of cyclohexanone with diazometh- 

ane yields cycloheptanone. Propose a mechanism to account for this reaction. 

O 

- + 
:CH,—N=N 

> + No 
Ether 



Chapter 23 

Carbonyl 
Condensation 
Reactions 

We’ve seen three general kinds of carbonyl-group reactions in the past four 
chapters and have studied two general kinds of behavior. In nucleophilic 
addition and nucleophilic acyl substitution reactions, the carbonyl group 
behaves as an electrophile by accepting electrons from an attacking nucleo- 
phile. In alpha-substitution reactions, however, the carbonyl compound 
behaves as a nucleophile when it is converted into its enolate ion or enol 
tautomer. The carbonyl condensation reactions that we'll study in the 
present chapter involve both types of reactivity. ( 

: Oo a 

| So" a ea Nu- 

Ee a | 

Electrophilic carbonyl group Nucleophilic enolate ion 
is attacked by nucleophiles attacks electrophiles 

23.1 General Mechanism of Carbonyl 
Condensation Reactions 

SSS a a a aS 

Carbonyl condensation reactions take place between two carbonyl com- 
ponents and involve a combination of nucleophilic addition and alpha- 
substitution steps. One component acts as a nucleophilic electron donor in 
undergoing a nucleophilic addition, while the other component acts as an 

880 
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electrophilic electron acceptor in undergoing an a-substitution. The general 
mechanism of a carbonyl condensation reaction is shown in Figure 23.1. 

I 
Coane R~ ~c~ - MOH 

fa 

One carbonyl component with an | 
alpha-hydrogen atom is converted by 

base into its enolate ion. ——————————— 

O 
I Nucleophilic 

= donor 

RO ain :O: 
This enolate ion actsasa_ | | Ks || — Electrophilic 
nucleophilic donor and adds to the l C acceptor oe ye SQ 
electrophilic carbonyl group of the 
acceptor component. 

santa ay 
On vhs 

per 
SSS Se 

Protonation of the tetrahedral 
alkoxide ion intermediate gives the | H20 
neutral condensation product. 

hey WZ 
Bie ay “6H + -OH 

Haase ES See 

Figure 23.1. The general mechanism of a carbonyl condensation 

reaction. One component (the donor) acts as a nucleophile, while 

the other component (the acceptor) acts as an electrophile. 

Viewed from the side of the donor component, a carbonyl condensation 
reaction is simply an alpha-substitution process. Viewed from the side of 
the acceptor component, a carbonyl! condensation reaction is a nucleophilic 
addition process. Regardless of how the reaction is viewed, carbonyl con- 
densations are among the most useful reactions in organic chemistry. 

All manner of carbonyl compounds, including aldehydes, ketones, 
esters, amides, acid anhydrides, thiol esters, and nitriles, enter into con- 
densation reactions. Nature uses carbonyl condensation reactions as key 
steps in the biosynthesis of many naturally occurring compounds, and chem- 
ists use the same reactions in the laboratory. 
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23.2 Condensations of Aldehydes and 
Ketones: The Aldol Reaction 

When acetaldehyde is treated in a hydroxylic solvent with a basic catalyst 
such as sodium ethoxide or sodium hydroxide, a rapid and reversible con- 
densation reaction occurs. The product is the ®-hydroxy aldehyde known 
commonly as aldol (aldehyde + alcohol). 

i en | NaOCH,CH; 
2 CH,CH ===» CH;CH —CH,CH 

CH,CH,OH B e 

Acetaldehyde Aldol (a B-hydroxy aldehyde) 

Called the aldol reaction, base-catalyzed dimerization is a general 
reaction for all ketones and aldehydes with a-hydrogen atoms. If the ketone 
or aldehyde doesn’t have an a-hydrogen atom, however, aldol condensation 
can’t occur. As the following examples indicate, the aldol equilibrium gen- 
erally favors condensation product in the case of monosubstituted acetal- 
dehydes (RCH,CHO), but favors starting material for disubstituted 
acetaldehydes (Rg CHCHO) and for most ketones. Steric factors are probably 
responsible for these trends, since increased substitution near the reaction 
site greatly increases steric congestion in the aldol product. 

Ketones 

O 
Dy) NaOH 0 

Ethanol . 

OH ( 
Cyclohexanone 

22% 

OH 
9 I NaOH | I 

ac CH: Ethanol H3C7/ Now CH. 

Oy 
Acetone H 4H 

~5% 

Aldehydes 

H Td in Fe EE 
es Se ira 
C H 
eG ty NaOH ee ee 

2 > 

| Ethanol f A \ | 

O OE 

Phenylacetaldehyde 90% 
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FO OH CH; 
piel NaOH | 

2 ei Bi pen al ee ee 

CH; CH; CH; 

2-Methylpropanal Low yield 

Aldol reactions are typical carbonyl condensations. They occur by 
nucleophilic addition of the enolate ion of the donor molecule to the carbonyl 
group of the acceptor molecule, yielding a tetrahedral intermediate that is 
protonated to give the alcohol as final product. The reverse process occurs 
in exactly the opposite manner: Base abstracts the hydroxyl] proton to yield 
a B-keto alkoxide ion, which fragments to give one molecule of enolate ion 
and one molecule of neutral carbonyl compound (Figure 23.2). 

. 0 
HO: 
ioe 

Base removes an acidic alpha 
hydrogen from one aldehyde | 
molecule, yielding a resonance- 

stabilized enolate ion. 

O 

I 
AL oO Hy 

yy Z 
The enolate ion attacks a second ee 
aldehyde molecule in a nucleophilic | 

addition reaction to give a tetra- 
hedral alkoxide ion intermediate. ee ce 

| | 
Haat 7 ow Nibiaglbong be H 

EAN 
Hogi. 

SS eee 

Protonation of the alkoxide ion 

intermediate yields neutral aldol ||s.0 

product and regenerates the base 

catalyst. i. j 

H3C~/ ee peeeOrt 

eo a 
He 

Figure 23.2 Mechanism of the aldol reaction. 
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PRACTICE PROBLEM...........-..:eceececee een ee nent en ence eens 

PROBLEM... 

23.1 

PROBLEM... 

23.2 

What is the structure of the aldol product derived from propanal? 

Solution An aldol reaction combines two molecules of starting material, forming 

a bond between the alpha carbon of one partner and the carbonyl carbon of the 

second partner: 

Bond formed here 

O O OH O 

l is 9 | 
CH,;CH,—C—H + ara CE eda 

CH; tH LOCH. 

wee eierh 6Ce (Sie 6.0.06 0 015) ¥ ¥ Sle) ais 0/4. 0.8.00 0.0 @ » #6) 0) 06 8:68) 6 S66. 019) 0/0) 6 2 e910 

Predict the product of aldol reaction of these compounds: 

(a) Butanal (b) 2-Butanone (c) Cyclopentanone 

SOmweeeneereseeeee ede HeKeeeereMeersoerosdarweneresnecrne ss 

The aldol reaction is catalyzed by acid as well as by base. What is the reactive 

nucleophilic species in the acid-catalyzed aldol reaction? Propose a possible mech- 

anism for this acidic reaction. 

eee eee mee see erste reer se rere eeerrereeeeeeeeeeseeseEeeene 

Show by means of curved arrows how the base-catalyzed reverse aldol reaction of 
4-methy]-4-hydroxy-2-pentanone to yield two molecules of acetone takes place. 

Cee cee er ewer ene reese reese e reese soeesrerseeeeeeseseseseesese 

23.3 Carbonyl Condensation Reactions 
versus Alpha-Substitution Reactions 

Two of the four general carbonyl-group reactions—carbony] condensation 
and alpha substitution—take place under basic conditions and involve the 
formation of enolate ion intermediates. Since reaction conditions for both 
processes are similar, how can we be sure which of the two possible reaction 

courses will be followed in a given case? When we generate an enolate ion 
with the intention of carrying out an alpha alkylation, how can we be sure 

that a carbonyl condensation reaction won’t occur instead? 
Although there are no simple answers to these questions, the experi- 

mental conditions usually have much to do with the result. Alpha-substi- 
tution reactions require a full equivalent of base, and are normally carried 
out so that the carbonyl compound is rapidly and completely converted into 
its enolate ion at a low temperature. An electrophile is then added rapidly 
to ensure that the reactive enolate ion is quenched quickly. 

In a ketone alkylation reaction, for instance, we might use one equiv- 
alent of lithium diisopropylamide in tetrahydrofuran solution at dry-ice 
temperature (—78°C). Rapid and complete generation of the ketone enolate 
ion would occur, and no unreacted starting material would be left so that 
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no condensation reaction could take place. We would then immediately add 
an alkyl halide to complete the alkylation reaction. 

O Osis 

1 equiv LDA Add Cis! 

THF, —78°C 

On the other hand, we might want to carry out a carbonyl! condensation 
reaction. Since we need to generate only a small amount of the enolate ion 
in the presence of unreacted carbonyl compound, though, the aldol reaction 
requires only a catalytic amount of base, rather than a full equivalent. Once 
a condensation has occurred, the basic catalyst is regenerated. To carry out 
an aldol reaction on propanal, for example, we might dissolve the aldehyde 
in methanol, add 0.05 equivalent of sodium methoxide, and then warm the 

mixture. A high yield of aldol product would result. 

O O- 

Va? OCH. =__ll CH;CH én | | CH,CH,cH —2@—°°%, |cH,cHcH| ECE", | cH,;cH,CHCHCH 
Methanol 

| 

CH, 

| cHson 

5) eau 

CH3;CH,CHCHCH + ~OCHs; 
| 
CH; 

23.4 Dehydration of Aldol Products: 
Synthesis of Enones 

SS ee ee ee ed 

The B-hydroxy ketones and £-hydroxy aldehydes formed in aldol reactions 

can be easily dehydrated to yield conjugated enones. In fact, it’s this loss of 

water that gives the aldol condensation its name, since water condenses out 

of the reaction when the enone product forms. 

OH 

[> pdb lee qarentm in cebegen 
ais celia OH de ania Bag 

EX 
H 

A B-hydroxy ketone A conjugated 

or aldehyde enone 

Most alcohols are resistant to dehydration by dilute acid or base, and 

" special reagents like POC]; must therefore be used (Section 17.8). Hydroxyl 

groups beta to a carbonyl group are special, however, because of the nearby 

carbonyl group. Under basic conditions, an acidic alpha hydrogen is ab- 
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Base 

catalyzed 

Acid 

catalyzed 
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stracted, yielding an enolate ion from which the hydroxide ion leaving group 

is expelled. Under acidic conditions, an enol is formed, the hydroxyl group 

is protonated, and water is expelled. 

Ciera I aseee OC 
C ———- 

I 
oa es qt ae Se Sat fe TOs 

PN 
H 

Enolate ion 

Hy 
O OH O OH,* O 

heciecad) aman ai dale Rea I | ‘ 
deride eae PENS al on BEE ae + H;0 

aN | | 

Enol 

The conditions needed for aldol dehydration are often only a bit more 
vigorous (slightly higher temperature, for example) than the conditions 
needed for the aldol dimerization itself. As a result, conjugated enones are 
often obtained directly from aldol reactions, and the intermediate B-hydroxy 
carbonyl compounds aren’t usually isolated. 

Conjugated enones are more stable than nonconjugated enones for the 
same reasons that conjugated dienes are more stable than nonconjugated 
dienes (Section 14.2). Interaction between the pi electrons of the carbon— 
carbon double bond and the pi electrons of the carbonyl group leads to a 
molecular orbital description of conjugated enones that shows a partial delo- 
calization of the pi electrons over all four atomic centers. , 

‘ 
O O 

fo fo 
| fa pan 

Conjugated enone Nonconjugated enone 

(more stable) (less stable) 

The real importance of aldol dehydration lies in the fact that removal 
of water from the reaction mixture acts to drive the equilibrium toward 
product formation. Even though the initial aldol step itself may be unfa- 
vorable (as it usually is for ketones), the subsequent dehydration step nev- 
ertheless allows most aldol condensations to be carried out in good yield. 

O 
O 

NaOH 0 

Ethanol % H,0 

OH 

Cyclohexanone 

Cyclohexylidenecyclohexane 

(92%) 
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PROBLEM... 

eee nme wenn 

23.5 Recognizing Aldol Products 887 

Cyclohexanone, for example, gives the dimer cyclohexylidenecyclohexanone 
in 92% yield even though the initial equilibrium is unfavorable. 

PSHM Hee eee eee sere eesenesseeseeeeseresesereesese 

What is the structure of the enone obtained from aldol condensation of acetaldehyde? 

Solution In the aldol reaction, HO is eliminated by removing two hydrogens from 
the acidic alpha position of one partner and the oxygen from the second partner: 

i 1 too 
H;C—C=O + H,c—cHO —4, H,c—C=C—CHO + H,0 

2-Butenal 

Cee e eee eee ererersr cere seesreeserereseseseseresesesesesseser 

What enone products would you expect from aldol condensation of the following 
compounds? 

(a) Cyclopentanone (b) Acetophenone (c) 3-Methylbutanal 

TERR ee RHEE eee HEHEHE EH EEE EEE Eee EEE TERE EEE HEE EE 

Aldol condensation of 3-methylcyclohexanone leads to a mixture of two products, 
not counting double-bond isomers. Draw them. 

ee 

23.5 Recognizing Aldol Products 

The aldol condensation reaction yields either B-hydroxy ketones/aldehydes 
or a,B-unsaturated ketones/aldehydes, depending on the specific case and 
on the reaction conditions. By learning how to think backward, it’s possible 
to predict when the aldol reaction might be useful in synthesis. Any time 
the target molecule contains either a B-hydroxy ketone/aldehyde or a con- 
jugated enone functional group, it might come from an aldol reaction: 

Tae 
Pipi aa 

O wis 

: Hit pects, yet 
or a on + oc a 

aa 
O ; 4 
| Aldol starting materials 

Aldol products 
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eee ewe eee 

We can extend this kind of reasoning even further by considering that 
subsequent transformations might be carried out on the aldol products. For 
example, a saturated ketone might be prepared by catalytic hydrogenation 
of an enone product. A good example can be found in the industrial prep- 
aration of 2-ethyl-1-hexanol, an alcohol used in the synthesis of plasticizers. 

Although 2-ethyl-1-hexanol bears little resemblance to an aldol product 
at first glance, it is prepared commercially from butanal by an aldol reaction. 
Working backward, we can reason that 2-ethyl-1-hexanol might come from 
2-ethylhexanal by a reduction. 2-Ethylhexanal, in turn, might be prepared 
by catalytic reduction of 2-ethyl-2-hexenal, which is the aldol self-conden- 
sation product of butanal. The reactions that follow show the sequence in 
reverse order. 

{H] 
CH3;CH,CH2C H.C HCH.O H <————————_ CH3 CH2CH.C H,C HCHO 

| (industrially, by H,/Pt) 

CH.CH; CH,CH3 

Target: 2-ethyl-1-hexanol Starting material: 2-ethylhexanal 

CH,CH,CH,CH,CHCHO <—“— CH,CH,CH,CH nisl 

CH.CH3; CH2CH3 

2-Ethylhexanal 2-Ethyl-2-hexenal 

KOH 
CH3;CH,CH,CH —CCHO <— 2CH3;CH,CH,CHO 

CH,CH3 Butanal 

2-Ethy]-2-hexenal 

Tee e meee eee e eee eee reser eres eeeseeesseeeseeereseeressesene 

ketone or aldehyde precursor of each? 

(a) 2,2,3-Trimethyl-3-hydroxybutanal (b) 2-Methyl-2-hydroxypentanal 
(c) 5-Ethyl-4-methyl-4-hepten-3-one 

COC COMO ee Ose ee eB eee eemed Eee EoD eee OME EEE eRe E OO Ee EOS OL Cee 

1-Butanol is prepared commercially by a route that begins with the aldol reaction 
of acetaldehyde. Show the steps that are likely to be involved. 

© 0)'0'6 Clee are)u)\s\e) sf e's eee «0 elm ©. 616 ee a 44 we hei wle uis)eese 4.416 6 01s) ei nisi ainle, 61e) 

23.6 Mixed Aldol Reactions 
SS IED 

Until now, we’ve considered only symmetrical aldol reactions, in which the 
two carbonyl components have been identical. What would happen, though, 
if a mixed aldol reaction were carried out between two different carbonyl] 
partners? 
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In general, mixed aldol reactions between two similar ketone or alde- 
hyde components lead to mixtures of four possible products. For example, 
base treatment of a mixture of acetaldehyde and propanal gives a complex 
product mixture containing two “symmetrical” aldol products and two 
“mixed” aldol products. Clearly, such a reaction is of no practical value in 
the laboratory. 

ie te 

CH3;CHCH,CHO + Weare 

CHs 

€H;CHO + CH;CH,CHO —3#, uy + 

Acetaldehyde Propanal 

119 io 

ere + CH3;CH,CHCH,CHO 
ee 

hie SH nt eis AE pouty Mixed products 

Symmetrical 

products 

On the other hand, mixed aldol reactions can lead cleanly to a single 
product, if one of two conditions is met: 

1. Ifone of the carbonyl components contains no alpha hydrogens and 
thus can’t form an enolate ion to become a donor, but does contain 
a reactive carbonyl group that is a good acceptor of nucleophiles, 
then a mixed aldol reaction is likely to be successful. This is the 
case, for example, when benzaldehyde or formaldehyde is used as 
one of the carbonyl components: 

O CHO O 

H;C H H3C ZA 
H + Na* ~OC2H; eH 0 

Ethanol 

2-Methylcyclohexanone Benzaldehyde 78% 
(donor) (acceptor) 

Neither benzaldehyde nor formaldehyde can form an enolate ion to 
condense with itself or with another partner, yet both carbonyl 
groups are unhindered and reactive. Thus, in the presence of a 
ketone such as 2-methylcyclohexanone, the ketone enolate adds 
preferentially to benzaldehyde, giving the mixed aldol product. 

2. If one of the carbonyl components is unusually acidic and easily 
transformed into its enolate ion, then a mixed aldol reaction is likely 
to be successful. This is the case, for example, when ethyl aceto- 
acetate is used as one of the carbonyl components: 
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O O 
O 

O 

Nat ~OEt 
+ CH;CCH,COCH,CH; Ethanol 

Cyclohexanone Ethyl acetoacetate 

(acceptor) (donor) 80% 

Ethyl acetoacetate is completely converted into its enolate ion in 
preference to enolate ion formation from other carbonyl partners 
such as cyclohexanone. Aldol condensation therefore occurs pref- 
erentially to give the mixed product. 

The situation can be summarized by saying that a mixed aldol reaction 
between two different carbonyl partners leads to a mixture of products unless 
one of the partners either is an unusually good nucleophilic donor (such as 
acetoacetic ester) or else has no alpha protons and is a good electrophilic 
acceptor (such as benzaldehyde). 

PPR OBEEM Coen eave folle testsholey sterals toletereiels atetenaPeteteney anes etcl ciel os chclianelien felapaurac tava raile|searot 

23.8 Which of the following compounds can probably be prepared by a mixed aldol 
reaction? 

1 1 
(a) C,H;CH= CHCCH3 (b) Ha = CHCCHs3 

CH3 x 

O COCH; 

CHCH,CH3 

(c) (d) COCH, 

23.7. Intramolecular Aldol Reactions 

The aldol reactions we’ve seen up to this point have all been intermolecular. 
That is, they have taken place between two different molecules. When cer- 
tain dicarbonyl compounds are treated with base, however, intramolecular 
aldol reactions can occur, leading to the formation of cyclic products. For 
example, base treatment of a 1,4-diketone like 2,5-hexanedione yields a 
cyclopentenone product, and similar base treatment of a 1,5-diketone like 
2,6-heptanedione yields a cyclohexenone product. 
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CE sal eet + H,O 
Ethanol 

O CHgs CH3 

2,5-Hexanedione 3-Methyl-2-cyclopentenone 

(a 1,4-diketone) 

CHs —_NaOH_, 
Ethanol 

O CH; CH; 

+ H,0 

2,6-Heptanedione 3-Methyl-2-cyclohexenone 

(a 1,5-diketone) 

The mechanism of these intramolecular aldol reactions is similar to the 
mechanism of the corresponding intermolecular reactions. The only differ- 
ence is that both the nucleophilic carbonyl anion donor and the electrophilic 
carbonyl acceptor are in the same molecule. 

In principle, intramolecular aldol reactions can lead to a mixture of 
products, depending on which enolate ion is formed. For example, 2,5-hex- 
anedione might yield either the five-membered-ring product 3-methyl-2- 
cyclopentenone or the three-membered-ring product (2-methylcyclopro- 
penyl)ethanone (Figure 23.3). In practice, though, only the cyclopentenone 
is formed. 

Shor CH; 

ss te H,O 

CH3 

O 0 
Ve a 

a) CH3 al (2-Methylcyclopropenyl)ethanone 

“b 
CH Path b 

HO : Sag H,O O 

2,5-Hexanedione H H 

L) — + H,O 

OH CH3 

3-Methyl-2-cyclopentenone 

Figure 23.3 Intramolecular aldol reaction of 2,5-hexanedione 
yields 3-methyl-2-cyclopentenone rather than the alternative 

acetylcyclopropene. 
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The observed product selectivity in intramolecular aldol reactions is 

due to the fact that all steps in the mechanism are reversible and that an 

equilibrium is reached. Thus, the relatively strain-free cyclopentenone prod- 

uct is considerably more stable than the highly strained cyclopropene alter- 

native. For similar reasons, intramolecular aldol reactions of 1,5-diketones 

lead only to cyclohexenone products rather than to strained cyclobutenes. 

PROBLEM 1c’ cojaren0t eisis.i0%oevaleererei am bielu ye v1 © eller aw S16 inva Gia ce cal wlaV sip ielm aleve rae is isinin ie 

23.9 Why do you suppose that 1,3-diketones do not undergo internal aldol condensation 

to yield cyclobutenones? 

PROBLEM sicieie: «ovo eyo'e «Were sel evavepmianeualle elevajralln ore elle tein Ter ns Vera distal aye cna notin: eestalo\ = ia 

23.10 What product would you expect to obtain from base treatment of 1,6-cyclodecane- 

dione? 

O 

Base 
———> 

See meee ere meres ee ereeeeessesereesesseeseeeeeseeseseeeesesesseseeEesseres 

23.8 Reactions Similar to the 
Aldol Condensation 

The aldol reaction is usually defined as the condensation of aldehydes and 
ketones. In a more general sense, however, there are many similar reactions 
in which a compound with acidic alpha hydrogens condenses with a second 
carbonyl component. For example, diethyl malonate can condense with alde- 
hydes and unhindered ketones to yield a,B-unsaturated diesters—the 

Knoevenagel! reaction. Like other malonates, these diesters can then be 
decarboxylated (Section 22.9). 

j Beg | 
C Cay FCOES t C 
aH _CH»(CO2Et)2 acu H;0+ Or 

Nat -OEt, 
ethanol CO,Et H 

Benzaldehyde Cinnamic acid (91%) 

Many other possibilities exist, including condensations with nitriles, 
anhydrides, and nitro compounds as the acidic donor components. The many 

1Kmil Knoevenagel (1865-1921); b. Linden/Hannover, Germany; Ph.D. Géttingen; professor, 
University of Heidelberg. 
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possibilities lead to an extremely rich and varied chemistry, but all are 
simply variations of the generalized aldol mechanism in which a nucleophilic 
carbon donor adds to an electrophilic carbonyl acceptor. 

23.11 Show the mechanism of the Knoevenagel reaction of diethyl malonate and 
benzaldehyde. 

23.12 In the Perkin reaction, acetic anhydride condenses with an aromatic aldehyde to 
yield a cinnamic acid. The reaction takes place by a mixed carbonyl condensation 
of the anhydride with the aldehyde to yield an a,B-unsaturated intermediate that 
undergoes hydrolysis to yield the cinnamic acid. What is the structure of the unsat- 
urated intermediate? 

0 O CHO |_| PE ee 

+ CH,COCCH, LOCA, Sl 

Benzaldehyde Acetic anhydride Cinnamic acid (64%) 

i | 

23.9 The Claisen Condensation Reaction 

Esters, like aldehydes and ketones, are weakly acidic. When an ester with 
an alpha hydrogen is treated with one equivalent of a base such as sodium 
ethoxide, a reversible condensation reaction occurs to yield a B-keto ester 
product. For example, ethyl acetate yields ethyl acetoacetate on treatment 
with base. This reaction between two ester components is known as the 
Claisen? condensation reaction. 

O 
| = | | 

2 CH;COCH,CH; —___ — CH,C—CH,COCH,CH, + CH,CH,OH 
. 3 B a 

Ethyl] acetate Ethyl acetoacetate, 

a B-keto ester (75%) 

The mechanism of the Claisen reaction is similar to that of the aldol 
reaction. As shown in Figure 23.4, the Claisen condensation involves the 

nucleophilic addition of an ester enolate-ion donor to the carbonyl group of 
a second ester molecule. From the point of view of the donor component, the 

2Ludwig Claisen (1851-1930); b. Cologne; Ph.D. Bonn (Kekulé); professor, University of 
Bonn, Owens College (Manchester), universities of Munich, Aachen, Kiel, and Berlin; Godes- 
berg (private laboratory). 



894 CHAPTER 23 Carbonyl Condensation Reactions 

reaction is simply an alpha substitution; from the point of view of the accep- 
tor component, the reaction is a nucleophilic acyl substitution. 

The only difference between an aldol condensation and a Claisen con- 
densation involves the fate of the initially formed tetrahedral intermediate. 
The tetrahedral intermediate in the aldol reaction is protonated to give an 
alcohol product—exactly the behavior previously seen for ketones and alde- 
hydes (Section 19.6). The tetrahedral intermediate in the Claisen reaction 

i 
CH3COC2H; 

Ethoxide base abstracts an acidic 
alpha hydrogen atom from an ester -0C,H; 
molecule, yielding an ester enolate 
10n. 

1 
:CH,COCH; + C;H;OH 

Nucleophilic donor 

This ion does a nucleophilic addition 
to a second ester molecule, giving a 
tetrahedral intermediate. CH3COC,H; acceptor 

; 2 | Electrophilic 

a Hsehh 
CH3;C —CH,COC.H 

| 
Goc.H; { 

The tetrahedral intermediate is not 
stable. It expels ethoxide ion to yield | 
the new carbonyl compound, ethyl 
acetoacetate. O 

ean 
CH3CCH,COC2H; + C.2H;O- 

But ethoxide ion is a base. It 
therefore converts the B-keto ester { 
product into its enolate, thus shifting 
the equilibrium and driving the 
reaction to completion. 

lech 
CH;CCHCOC,H; + C,H;OH 

Protonation by addition of acid yields 
the final product. H30* 

1 O 
| 

CH3CCH,COC,H; + H,O 

ES ee 

Figure 23.4 Mechanism of the Claisen condensation reaction. 
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expels an alkoxide leaving group to yield the acyl substitution product— 
exactly the behavior previously seen for esters (Section 21.7). 

If the starting ester has more than one acidic alpha hydrogen, the 
product B-keto ester has a highly acidic, doubly activated hydrogen atom 
that can be abstracted by base. This deprotonation of the product requires 
that a full equivalent of base, rather than a catalytic amount, be used in 
the reaction. Furthermore, the deprotonation serves to drive the Claisen 
equilibrium completely to the product side so that high yields are often 
obtained. 

PRACTICE (PROBLEM iain cere ana c kate cg cv ane en ngs coach isventige stot 

What product would you obtain from Claisen condensation of methyl propanoate? 

Solution The Claisen condensation of an ester results in loss of one molecule of 
alcohol and formation of a product in which an acyl group of one reactant bonds to 

the alpha carbon of the second reactant: 

O 

! 1, NaOCH, 
CH,CH,C— OCH, + ae 5 so ee CH,CH,C pen + CH;0H 

» Hg 

CH3 CH3 

2 Methyl propancate Methy] 2-methyl-3-oxopentanoate 

23.13 Show the products you would expect to obtain by Claisen condensation of these 

esters: 
(a) (CH3)gCHCH,COOCH3 (b) Methyl phenylacetate 

(c) Methyl cyclohexylacetate 

PROBLEM i540 cco bce teat a ahe se eee De sree: Leb RAS TaIIe Sota 

23.14 As shown in Figure 23.4, the Claisen reaction is reversible. That is, a -keto ester 

can be cleaved by base into two fragments. Show in detail the mechanism by which 

this cleavage occurs. 

O 
| i 

C—CH,(0;C:H; Cx 
1 equiv NaOH On iowvke +! CH,CO.CH, 

Ethanol 

eee seer neresererersrererere 
awe, cis. .a) bie. e)elelwhaeireriis’ (6) © favelieunleWal wtelw Wi alta "6! d) eXGi oiSi/6i 10) elje)e)s is "e)je) BB) e) ©. 0/4) 9).9 0.06 608 

23.10 Mixed Claisen Condensations 

The mixed Claisen condensation of two different esters is similar to the 

mixed aldol condensation of two different aldehydes or ketones (Section 

23.6). Mixed Claisen reactions are generally successful only when one of 
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the two ester components has no alpha hydrogens and thus can’t form an 

enolate ion. For example, ethyl benzoate and ethyl formate can’t form eno- 

late ions and thus can’t serve as donors. They can, however, act as the 

electrophilic acceptor components in reactions with other ester anions to 

give good yields of mixed 6-keto ester products. 

1 ee | 
COC.H; C— CH,COC,H; + C,H;OH 

2. H3,0+ 

Ethyl benzoate Ethyl acetate Ethyl benzoylacetate 

(acceptor) (donor) 

Mixed Claisen-like reactions can also be carried out between esters and 

ketones. The result is an excellent synthesis of B-diketones. The reaction 

works best when the ester component has no alpha hydrogens and thus can’t 

act as the nucleophilic donor. For example, ethy! formate gives particularly 

high yields in mixed Claisen condensations with ketones. 

O 
H.C H 0 H.C H I 

H,C H 4 | 1. Na* -OEt, ethanol H,C ae 

Hen on, oO 

2,2-Dimethylcyclohexanone Ethyl formate A 8-keto aldehyde 

(donor) (acceptor) (91%) 

PROBLEM | 52 vwiajat atetctatetete yet chia eVattotau etch etaitelfeleliss ole ols aiie unio alte) eile lle) sfehe. site reketenoe Meret 

23.15 Would you expect diethyl oxalate, (CO,Et)2, to give good yields ini mixed Claisen 
reactions? Explain your answer. What product would you expect to obtain from mixed 

Claisen reaction of ethyl acetate with diethyl oxalate? 

PROBLEM se ois nao ele cl allele alietels aiefalloliscte\aliel'si/e te ‘esl olle a's 'e loli el ol wlerierellotislis wl ofa inful aerate 

23.16 What product would you expect from a mixed Claisen-like reaction of 2,2-dimethy]l- 
cyclohexanone with diethyl oxalate (Problem 23.15)? 

ee ee ee eC er 

23.11 Intramolecular Claisen 
Condensations: The Dieckmann 
Cyclization 

Intramolecular Claisen condensations can be carried out with diesters, just 
as intramolecular aldol condensations can be carried out with diketones 
(Section 23.7). Called the Dieckmann’ cyclization, the reaction works best 

3Walter Dieckmann (1869-1925); b. Hamburg, Germany; Ph.D. Munich (Bamberger); pro- 
fessor, University of Munich. 
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on 1,6-diesters and 1,7-diesters. Five-membered-ring cyclic B-keto esters 
result from Dieckmann cyclization of 1,6-diesters, and six-membered-ring 
B-keto esters result from cyclization of 1,7-diesters. 

O 

L I 
OCH, 1. Na+ ~OCH3, CH30H C 

ee , . 5 2. H30* OcH, + CH;,0H 

OCHS Methyl 2-oxocyclopentanecarboxylate 

(82%) 
Dimethyl hexanedioate 

(a 1,6-diester) 

O O 

I 
“eee: 

1, Nat ~OCH3, CH;0H a OCH; so eee 
2. H30* 

Dimethyl heptanedioate Methyl 2-oxocyclohexanecarboxylate 

(a 1,7-diester) 

The mechanism of the Dieckmann cyclization, shown in Figure 23.5 on 
page 898, is analogous to the Claisen reaction. One of the two ester groups 
is converted into an enolate ion, which then carries out a nucleophilic attack 
on the second ester group at the other end of the molecule. A cyclic B-keto 
ester product results. 

The products of the Dieckmann cyclization are cyclic B-keto esters 
that can be further alkylated and decarboxylated by a series of reactions 
analogous to the acetoacetic ester synthesis (Section 22.9). For example, 
alkylation and subsequent decarboxylation of methyl 2-oxocyclohexanecar- 
boxylate yields a 2-alkylcyclohexanone. The overall sequence of Dieckmann 
cyclization, B-keto ester alkylation, and decarboxylation is an excellent 
method for preparing 2-substituted cyclohexanones and cyclopentanones. 

O H O 

CO2CHs3 CO2CH3 
1, Na* ~OCH,, CH,OH 3 
DT Leal ache Bs, ee eri! Apr. 

2. H,C=CHCH,Br CH,—CH=CH, 

Methy] 2-oxocyclohexanecarboxylate H,0* 

A 

H 
CH,CH=CH, 

CO, + CH,0H + 

2-Allyleyclohexanone 

(83%) 
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O 

CH 

HH COOCH3 

Base abstracts an acidic alpha proton 
from the carbon atom next to one of | Na* -OCH, 
the ester groups, yielding an enolate 
ion. 

:0:) 

OCH; 

Intramolecular nucleophilic addition 7 _ COOCH; + CH30H 
of the ester enolate ion to the H 
carbonyl group of the second ester 
group at the other end of the chain 
then gives a cyclic tetrahedral 
intermediate. 

= 

Oc 

Loss of alkoxide ion from the 

tetrahedral intermediate forms a 

cyclic B-keto ester. 

(S: 

Tie 
Oo 

in banone ank 

<CoocH; - ?OCH, 

( 

Deprotonation of the acidic B-keto 
ester gives an enolate ion... 

= COOCHs + CH,OH 

=O 
(a ey 

. which is protonated by addition 
of aqueous acid at the end of the 
reaction to generate the neutral | H,0* 
B-keto ester product. 

O 
H 

COOCH; + H,O 

Figure 23.5 Mechanism of the Dieckmann cyclization of a diester 
to yield a cyclic B-keto ester product. 
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PROBLEM ee Pe A ee Cee eo AEG eh Cig omen Sy ele Tank GOW RUS ie) Ole 6 0 wale whe Ma os te MAYEN W OLS eee ele 

23.17 What product would you expect on treatment of diethyl 4-methylheptanedioate with 
sodium ethoxide followed by acidification? 

PROBLEM BAS ABO SSeS eel, See) may Bele Wide) here 2) eeu. uw oes & ele Wale el eite scaled o.8 

23.18 How can you account for the fact that Dieckmann cyclization of diethyl 3-methyl- 
heptanedioate gives a mixture of two B-keto ester products? What are their struc- 
tures, and why is a mixture formed? 

SE ee SSSR AED SARA S CNS BOW RS Vital eres 916)6) 6.8.9) 8/6 010 C10 6 .as On o.¥ else ies eve leleiateles ee oe 

23.12 The Michael Reaction 
Renn Ree 

We saw earlier (Section 19.18) that nucleophiles such as amines and cyanide 
ion can react with a,8-unsaturated ketones and aldehydes to give the con- 
jugate addition product, rather than the direct addition product: 

O 
Ratt} ie 

OL) on Na CoeCe 

To 
H 

Conjugate addition 
product 

Exactly the same kind of conjugate addition can occur when a nucleophilic 
enolate ion reacts with an a,B-unsaturated carbonyl compound—a process 
known as the Michael‘ reaction. 

The best Michael reactions take place when particularly stable enolate 
ions such as those derived from B-keto esters or B-diesters (malonic esters) 
add to unhindered a,G-unsaturated ketones. For example, ethyl acetoacetate 
reacts with 3-buten-2-one in 94% yield in the presence of sodium ethoxide 
catalyst to yield the conjugate addition product: 

O O O 

| | 1. Na* ~OEt, ethanol | | 
peor eee tC CHCCH i GEsiCBCH:CHCCH, 

CO,C2H; CO.C2Hs 

Ethyl acetoacetate 3-Buten-2-one 94% 

Michael reactions take place by addition of a nucleophilic enolate ion 
donor to the beta carbon of an a,B-unsaturated carbonyl acceptor, according 
to the mechanism shown in Figure 23.6. 

4Arthur Michael (1853-1942); b. Buffalo, New York; studied Heidelberg, Berlin, Ecole de 
Médecine, Paris; professor, Tufts University (1882-1889 and 1894-1907), Harvard University 
(1912-1936). 
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O 

I ja 
Ki’ -ECClme EH, 

I 
bem A. 

The base catalyst removes an acidic 

alpha proton from the starting | olied, 
aes at -OEt 

B-keto ester to generate a stabilized 

enolate ion nucleophile. 
O O 

i 
EtO™ me “CH; + EtOH 

O H /H 

The nucleophile adds to the a,B- I {\ ‘ 
unsaturated ketone electrophile in a ies mek SET 
Michael reaction to generate a new | 
enolate as product. H 

OO fee. OC 

LM Toa ee pee CH 

| |, 
H CO,Et 

The enolate product abstracts an el 

acidic proton, either from solvent or 

from starting keto ester, to yield the | HOH 

final addition product. 
Ot) thie aQ ‘ 

! My . EtO st GCC a 

ic) Cer ech, 
fr, \?e HH 

Figure 23.6 Mechanism of the Michael reaction between a 

B-keto ester and an a,B-unsaturated ketone. 

The Michael reaction is general for a wide variety of a,8-unsaturated 
carbonyl compounds, not just conjugated enones. Conjugated aldehydes, 
esters, nitriles, amides, and nitro compounds can all act as the electrophilic 
acceptor component in the Michael reaction (Table 23.1). Similarly, a variety 
of different donors can be used, including B-diketones, B-keto esters, malonic 
esters, 8-keto nitriles, and nitro compounds. 

PROBLEM Coe eee rere eee Heese Herrero eeeeeeeeesseeeseeeeeeseeseseebesesas 

23.19 What products would you obtain from base-induced Michael reaction of 2,4-pen- 
tanedione with these a,6-unsaturated acceptors? 

(a) 2-Cyclohexenone (b) Propenenitrile (c) Methyl 2-butenoate 
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TABLE 23.1 Some Michael Acceptors and Michael Donors 

Michael acceptors Michael donors 

H,C =CHCHO Propenal RCOCH;COR’ B-Diketone 

H.C =CHCO,CH3 Methyl] propenoate RCOCH:CO,CH3 B-Keto ester 

H,C =CHC=N Propenenitrile CH;0,CCH2CO.CH3 Malonic ester 

H.C =CHCOCH3 3-Buten-2-one RCOCH.C=N B-Keto nitrile 

H.C =CHNO, Nitroethylene RCH,NO, Nitro compound 

H2C =CHCONH, Propenamide 

WOR RCER eM ates ol ls alot = ols als ei sia in's 7's © s7ehe! ola i -<l/ayaie ni etwas’ ste ls) oie(ei' 10 fetete aise) = c/61/8) 8 0 

23.20 What products would you obtain from base-induced Michael reaction of 3-buten-2- 

one with these nucleophilic donors? 

(a) Diethyl malonate (b) COOCH; (c) Nitromethane 

FoR COREE IM oie ialtae alin! ialiw is wl whe alleen) aie) winilp iol alleledelioliniaiietegniatels\s)'eoqelis: seis) sis) sienesers 

23.21 How might the following compounds be prepared using Michael reactions? Show the 

nucleophilic donor and the electrophilic acceptor in each case. 

O 
| | | 

(a) GEACCECE CHC Eats (b) CHsCCH,CH,CH,CCHs 

CO,CH; 

ie 
(c) (CH30,C),CHCH,CH,CN (d) CHsCHCH,CH,CO,CH; 

(e) (CH30,C),CHCH2CH2NO,2 

tiie tolsiets aie wia aie eatartip s\ simian) ais ss o's n/m @.0/0 (p90) 8 & 66060 4 to (eect B.616)'6 1618) 6 aie ee eins, 0.0 \0/\0;8 

23.13. The Stork Enamine Reaction 
ne eS Se SS 

Other kinds of carbon nucleophiles besides enolate ions add to a,f-unsat- 

urated acceptors in the Michael reaction, greatly extending the usefulness 

and versatility of the process. Among the most important such nucleophiles 

are enamines. Recall from Section 19.12 that enamines are readily prepared 

by reaction between a ketone and a secondary amine. 

O Re ree R’ N 
PNR Ce ET 

fa R ct 
| 



902 CHAPTER 23 Carbonyl Condensation Reactions 

For example: 

Ste eel SS 
Cyclohexanone  Pyrrolidine 1-Pyrrolidinocyclohexene (87%) 

(an enamine) 

As the following resonance structures indicate, enamines are electron- 

ically similar to enolate ions. Overlap of the nitrogen lone-pair orbital with 

the double-bond p orbitals leads to an increase in electron density on the 

alpha-carbon atom, making that carbon strongly nucleophilic. 

An enolate ion OLN 2 Sn Ca 

| ~~ 
Nucleophilic 

alpha carbon 

ee ae oa 
An enamine Eg << oe 

| 

Enamines behave much the same as enolate ions in many respects and 
enter into many of the same kinds of reactions that enolate ions do. In the 
Stork® enamine reaction, for example, an enamine acts as a nucleophile 
and adds to an a,B-unsaturated carbonyl acceptor in a Michael-type process. 
The initial product is then hydrolyzed by aqueous acid to yield a 1,5-dicar- 
bonyl compound. The overall Stork enamine reaction is ‘a three-step 
sequence: 

1. Enamine formation from a ketone 

2. Michael-type addition to an enone 

3. Enamine hydrolysis back to a ketone 

The net effect of the Stork enamine sequence is to carry out a Michael 
addition of a ketone to an a,B-unsaturated acceptor. For example, cyclo- 
hexanone reacts with the cyclic amine pyrrolidine to yield an enamine; 
further reaction with an enone such as 3-buten-2-one yields a Michael-type 
adduct; and aqueous hydrolysis completes the sequence to provide a 1,5- 
diketone product as shown in Figure 23.7. 

ee eC i iy 

Draw the structures of the enamines you would obtain from reaction of pyrrolidine 
with these ketones: 
(a) Cyclopentanone (b) 2,2-Dimethylcyclohexanone 

Gilbert Stork (1921—_ ); b. Brussels, Belgium; Ph.D. Wisconsin (McElvain); professor, Har- 
vard University, Columbia University (1953-_). 



23.13 The Stork Enamine Reaction 903 

ok Seen 
Cyclohexanone Pyrrolidine An enamine 

N. O N+ O N O ee al 
= H,C = CHCCH; Se CH,CHCCH, —— CH,CH,CCH, 

Enamine 3-Buten-2-one 

[m0 

O O 

| 
bon CH,CH,CCH, 
N cP 

H 
A1,5-diketone 

(71%) 

Eee Se ee 

Figure 23.7 A Stork enamine reaction between cyclohexanone 

and 3-buten-2-one. Cyclohexanone is first converted into an 
enamine; the enamine then adds to the a,B-unsaturated ketone in 

a Michael reaction; and the initial product is hydrolyzed to yield a 

1,5-diketone. 

PROBEEIMS ciate cg sieves nh taki verre els ohalelo\Fie'd foie a blefe avetncel idle euarale lausieiditekeisTeleisisieis) ¢:s 

23.23 What products would result from reaction of each enamine you prepared in Problem 
23.22 with these a,B-unsaturated acceptors? (Assume that the initial product is 
hydrolyzed.) 
(a) Ethyl propenoate (b) Propenal (acrolein) 

BROBEENA = oie otostorebesistalsta cielels ie eicas' +o) ti eo) sleie oo! ouelels 0 givin)»: siviniese #\9\s [nlaials) o0)e 

23.24 Show how you might use an enamine reaction to prepare these compounds: 

(a) O (b) O 

CH,CH2CN CH,CH,CO.CH; 

Cece seescsesesecsceceseesesesesesesessessesesesesssssesesreseresererreasece 
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23.14 Carbonyl Condensation Reactions 
in Synthesis: The Robinson 
Annulation Reaction 

a a] 

Carbonyl condensation reactions are among the most valuable methods 

available for synthesizing complex molecules. By putting a few fundamental 

reactions together in the proper sequence, some remarkably useful trans- 

formations can be carried out. One such example is the Robinson® annu- 

lation reaction, used for the synthesis of polycyclic molecules. (An 

annulation reaction [from the Latin annulus, meaning “ring”] is one that 

builds a new ring onto a molecule.) 
The Robinson annulation is a two-step process that combines a Michael 

reaction with an internal aldol reaction. It takes place between a Michael- 

type nucleophilic donor such as a 6-keto ester or B-diketone and an a,f- 

unsaturated ketone acceptor such as 3-buten-2-one. The product is a sub- 

stituted 2-cyclohexenone: 

ee _-CO2C2Hs5 _CO02C2H5 

oS a Na* —-OEt, ethanol A 

at We Michael reaction A 
v> : " oN 
O ULES One aye ze 

3-Buten-2-one Ethyl Michael product 
acetoacetate 

‘ Nat -OEt, Aldol reaction | ps 

_CO.C2H; 

oak sais Os 

Annulation product 

The first step of the Robinson annulation is simply a Michael reaction: 
a stabilized enolate ion from a B-diketone or B-keto ester effects a conjugate 
addition to an a,B-unsaturated ketone, yielding a 1,5-diketone. But as we 
saw in Section 23.7, 1,5-diketones undergo intramolecular aldol condensa- 
tion to yield cyclohexenones when treated with base. Thus, if base treatment 

of the initial product is continued at a higher temperature, the final product 
contains a six-membered ring and an annulation has been accomplished. 

An excellent example of the practical importance of the Robinson annu- 
lation reaction occurs as a key step during the commercial synthesis of the 
female steroid hormone estrone (Figure 23.8). 

In this example, 2-methyl-1,3-cyclopentanedione (a B-diketone) is used 
to generate the stabilized enolate ion required for Michael reaction, and 
an aryl-substituted a,B-unsaturated ketone is used as the acceptor. Base- 

6Sir Robert Robinson (1886-1975); b. Rufford/Chesterfield, England; D.Sc. Manchester (Per- 
kin); professor, Liverpool, Manchester (1922-1928), University College, Oxford (1930-1955); 
Nobel Prize (1947). 



23.14 Carbonyl Condensation Reactions in Synthesis: The Robinson Annulation Reaction 905 

* 0 
O 4 ae Base O 

CH;0 F CH;0 

Michael product 
Michael acceptor Michael donor 

(an a,B-unsaturated (an acidic 

ketone) B-diketone) | Base 

cy Ho 

LZ 

Sas 

HO CH;0 + H,O 

Estrone Robinson annulation product 

aaa ee ee ee ee) 

Figure 23.8 A Robinson annulation reaction used in the 

commercial synthesis of the steroid hormone estrone. 

catalyzed Michael reaction between the two yields an intermediate tri- 
ketone, which immediately cyclizes in an internal aldol condensation to give 
a Robinson annulation product. Several further transformations are then 
required to complete the synthesis of estrone, but the Robinson annulation 
serves as the key step for assembling much of the molecule. 

23.25 What product would you expect from a Robinson annulation reaction of 2-methyl- 
1,3-cyclopentanedione and 3-buten-2-one? 

O 

CH, +.H,C=CHCOCH, —> ? 

PROBUEIW ictecauone niche rsieta al sisia isle sis nie) 30/41 lo lojoleh <jejsie «Bas! eu0iGi 4. «. oh elfeie (ofa. 0l) sie oko ote 

23.26 How would you prepare the following compound using a Robinson annulation reac- 

tion between a B-diketone and an a,B-unsaturated ketone acceptor? Draw the struc- 
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tures of both reactants you would use and the structure of the intermediate Michael 

addition product. 

O 
H3C 

CH; 

CH; 

ee 

23.15 Biological Carbonyl 
Condensation Reactions 

Carbonyl condensation reactions are used in nature for the biological syn- 
thesis of a great many different molecules. Fats, amino acids, steroid hor- 
mones, and many other kinds of compounds are synthesized by plants and 
animals using carbonyl condensation reactions as the key step. 

Nature uses the two-carbon acetate fragment of acetyl CoA as the major 
building block for synthesis. Acetyl CoA not only can serve as an electro- 
philic acceptor for attack of nucleophiles at the acyl carbon; it can also serve 
as a nucleophilic donor by loss of its acidic alpha proton to generate an 
enolate ion. The enolate ion of acetyl CoA can then add to another carbonyl 
group in a condensation reaction. For example, citric acid is biosynthesized 
by addition of acetyl CoA to the ketone carbonyl group of oxaloacetic acid 
(2-oxobutanedioic acid) in a kind of mixed aldol reaction, followed by hydro- 
lysis of the thiol ester group. 

| 1 
CH,CSCoA —> “:CH,CSCoA” 

Acetyl CoA, 
a thiol ester 

COOH O COOH 

CG eee eel 
aan + @ioCoCOA —) me—=—> caveats CH,COOH 

CH, oe 

COOH COOH 

Oxaloacetic acid Citric acid 

Acetyl CoA is also involved as a primary building block in the biosyn- 
thesis of steroids, fats, and other lipids, where the key step is a Claisen-like 
condensation reaction. We'll go into more of the details of this process in 
Section 28.4. 
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:O: O :0 i= 

a —- =o: 
aE ee H-Gz Ss H 3 ac SCoA  H,C SCoA OE > CH,CSCoA a 

Acetyl CoA Acetyl CoA 

| ll 
CH,CCH,CSCoA + -SCoA 

Acetoacetyl CoA 

23.16 Summary and Key Words 

A carbonyl] condensation reaction takes place between two carbonyl com- 
ponents and involves a combination of nucleophilic addition and alpha- 
substitution steps. One carbonyl component (the donor) is converted by base 
into a nucleophilic enolate ion, which adds to the electrophilic carbonyl 
group of the second component (the acceptor). The donor molecule undergoes 
an alpha substitution, while the acceptor molecule undergoes a nucleophilic 
addition. 

O 70: O 

il ae auiolly nee 

Nucleophilic Electrophilic 

donor acceptor 

The aldol reaction is a carbony] condensation that occurs between two 
ketone or aldehyde components. Aldol reactions are reversible, leading first 
to B-hydroxy ketones (or aldehydes) and then to a,6-unsaturated ketones. 

O O OH O 

| O | | | | 
eee OH I Se ee ~~ 

R Cc + Wt <== RK C ay C + H,O 
as /\ i 
H H 

A B-hydroxy ketone A conjugated enone 

or aldehyde 

Mixed aldol condensations between two different ketones generally give 
a mixture of all four possible products. A mixed reaction can be successful, 
however, if one of the two components is an unusually good donor (as with 
ethyl acetoacetate) or if it can act only as an acceptor (as with formaldehyde 
and benzaldehyde). Internal aldol condensations of 1,4- and 1,5-diketones 
are also successful and provide an excellent method for preparing five- and 
six-membered enone rings. 
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The Claisen reaction is a carbonyl condensation that occurs between 

two ester components and leads to a B-keto ester product: 

i 1 foot 
C R C C C 

R* —-OERt + “C~ “Ort =<? R” “C~ “OEt + EtOH 
i X a. 

H H R # 

Mixed Claisen condensations between two different esters are successful 
only when one of the two components has no acidic alpha hydrogens (as 
with ethyl benzoate and ethyl formate) and thus can function only as the 
acceptor component. Internal Claisen condensations (Dieckmann cycli- 
zation reactions) provide excellent syntheses of five- and six-membered 
cyclic B-keto esters, starting from 1,6- and 1,7-diesters. 

The conjugate addition of carbon nucleophiles to an a,B-unsaturated 
acceptor is known as the Michael reaction. The best Michael reactions 
take place between unusually acidic donors (8-keto esters or B-diketones) 
and unhindered a,6-unsaturated acceptors. Enamines, prepared by reaction 
of a ketone with a disubstituted amine, are also excellent Michael donors. 

Carbonyl condensation reactions enjoy widespread use in synthesis. One 
example of their versatility is the Robinson annulation reaction, which 
leads to the formation of substituted cyclohexenone products. Treatment of 
a B-diketone or £-keto ester with an a,@-unsaturated ketone leads first to 
a Michael addition, which is followed by internal aldol cyclization of the 
product. Condensation reactions are also used widely in nature for the bio- 
synthesis of such molecules as fats and steroids. 

23.17 Summary of Reactions 

1. Aldol reaction: a condensation between two ketones, two aldehydes, 
or one ketone and one aldehyde 
a. Ketones (Section 23.2) 

y OH O 

a etnhano | 

TROMACR RCHC— CHCR 

R’ R 

b. Aldehydes (Section 23.2) 

1 oe 2 RCH,CH NaOH, eS | 

SUE ANE gaye 

R 
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c. Mixed aldol reaction (Section 23.6) 

O OH O 

RCH,CR’ ee eee ee roney 

R 
O 

NaOH, ethanol | | 
RCH,CR’ + CH,0 ———— pus eEs 

R 

d. Intramolecular aldol reaction (Section onl) 

jaa. NaOH, ethanol 
a OTF O 

————— 

O O* ~R’ O R’ CH, 
| = R 

Dehydration of aldol products (Section 23.4) 

OH O O 
| | NaOH | 

LY IS ROTTS: ‘ eHjosnes Sah pee 

| 

Claisen reaction: the condensation between two esters or between 

one ester and one ketone (Section 23.9) 

1 le OCH.CHs;, ethanol 
EE RCHCOR es RCHC—CHCOR + HOR’ 

R 

b. Mixed Claisen reaction (Section 23.10) 

| | | | 
BCHAGOR BUHCOR’ pete HC —CHCOR’ + HOR’ 

R 

Dieckmann cyclization; internal Claisen condensation (Section 

ZL) 

O O 

i I N OC H H ethano. in a 2C 39 h 1 



910 CHAPTER 23 Carbonyl Condensation Reactions 

O O 

es 
I | NaOCH.CHs, ethanol 

ROC(CH,),COR —___—=——* +) HOR 

5. Michael reaction (Section 23.12) 

O O 

| I | | ia et eae 

oN Zo 4. ao ate Na* ~OEt C | c C 

Det | Ethanol o*% Ce = = 

H H | / = 
C 0% ~ 

6. Enamine reaction (Section 23.13) 

O 

ic | 0 0 
! | / I 

oy Om Pa eae PAE , 1. THF solvent ag 

R ¢ - i R 2-H,0° RC amas Gis 

Toman 
H 

7. Robinson annulation reaction (Section 23.14) 

1 
AO Ze~ AN / 

Cc H C= ee Na* ~OEt EO 

| % | Ethanol 2 

Z 
Of CH, (ai O R 

I R 

ADDITIONAL PROBLEMS .................:.-..00eeeeeeeees 

23.27 Which of the following compounds would be expected to undergo aldol self- 

condensation? 
(a) Trimethylacetaldehyde (b) Cyclobutanone 
(c) Benzophenone (diphenyl ketone) (d) 3-Pentanone 
(e) Decanal (f) 3-Phenyl-2-propenal 

23.28 Show the product from each compound listed in Problem 23.27 that is capable of 
undergoing the aldol reaction. 

23.29 What product would you expect to obtain from aldol cyclization of hexanedial 
(OHCCH,CH,CH,CH,CHO)? 

23.30 How might you synthesize the following compounds using aldol reactions? In each 
case, show the structure of the starting ketone(s) or aldehyde(s) you would use. 
(a) CgH; CH=CHCOC,H; (b) 2-Cyclohexenone 



23.31 

23.32 

23.33 

23.34 

23.35 

23.36 

23.37 

Additional Problems 911 

(c) (d) O 

a CoH; CoH 

CHO 

CoH; CoH; 

How can you account for the fact that 2,2,6-trimethylcyclohexanone yields no detect- 
able aldol product even though it has an acidic alpha hydrogen? 

Cinnamaldehyde, the aromatic constituent of cinnamon oil, can be synthesized by 

a mixed aldol condensation. Show the starting materials you would use, and for- 
mulate the reaction. 

Cinnamaldehyde 

The so-called Wieland—Miescher ketone is a valuable starting material used in the 
laboratory synthesis of steroid hormones. How might you prepare it from 1,3- 

cyclohexanedione? 

O 
HC 

O 

Wieland—Miescher ketone 

The bicyclic ketone shown does not undergo aldol self-condensation even though it 

has two alpha-hydrogen atoms. Explain. 

O 

H 

What condensation products would you expect to obtain by treatment of these sub- 

stances with sodium ethoxide in ethanol? 
(a) Ethyl butanoate (b) Cycloheptanone 
(c) 3,7-Nonanedione (d) 3-Phenylpropanal 

Give the structures of all the possible Claisen condensation products from these 

reactions. Tell which, if any, you would expect to predominate in each case. 

(a) CHsCO,CH3 + CH3CH,CO2CHs (b) CgHsCOgCH3 + CgH;CH,CO2CH3 
(c) CHz;0CO2CH3 + Cyclohexanone (d) CsH;CHO + CH3CO,CH3 

The following reactions are unlikely to provide the desired product in high yield. 

What is wrong with each? 

OH 

Na* ~OC2Hs5 

Ethanol 

| 
(a) CH3;CHO + CH3;COCH3 CH3CHCH,COCHs3 
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23.38 

23.39 

oe 

(b) CH,(CO,CH;), + H,C=CHCOCH, —*> HC = CHG GH(COsCaH) 

CH, 

O O 
CH,CH,COCH, 

(c) Came CHCOCH ieee 
CH, CH; 

COCH; 
Base 

(@) CH,COCH,CH,CH,COCH; —> 

CH; 

O O O O 
(e) con + H,C=CHCO,CH, —2%%> 

CH,CH,CO.2CH3 

In the mixed Claisen reaction of cyclopentanone with ethyl formate, a much higher 
yield of the desired product is obtained by first mixing the two carbonyl components 
and then adding base, rather than by first mixing base with cyclopentanone and 
then adding ethyl formate. Explain. 

Ethyl] dimethylacetoacetate reacts instantly at room temperature when treated with 
ethoxide ion to yield two products, ethyl acetate and ethyl 2-methylpropanoate. 
Propose a mechanism for this cleavage reaction. 

b. | 
CH;CC(CH;),COCH,CH, —2—°_. CH,COOCH,CH; + (CH;),CHCOCH,CH, 

23.40 

23.41 

Ethanol, 25°C 

In contrast to the rapid reaction shown in Problem 23.39, ethyl acetoacetate itself 
requires temperatures of over 150°C to undergo the same kind of cleavage reaction. 
How can you explain the difference in reactivity? 

1 4 if 
CH;CCH,COCH,CH; ae 2 CH;COCH,CH; 

The Darzens reaction involves a two-step base-catalyzed condensation of ethyl chloro- 
acetate with a ketone to yield an epoxy ester. The first step is a carbonyl condensation 
reaction, and the second step is an Sy2 reaction. Formulate the complete mechanism 
by which this reaction occurs. 

O O 
Nat -OC.Hs | Ge + CICH,CO,C,H; —{ > C Freco.ca 
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23.42 How would you prepare these compounds from cyclohexanone? 

(a) O (b) O 

C.H;CH CHC,.H; CO.C.H; 

Co) O (d) O 

CH,CH,CN CH,CH=CH, 

23.43 Griseofulvin, an antibiotic produced by the mold Penicillium griseofuluum (Dierckx), 
has been synthesized by a route that employs a twofold Michael reaction as the key 
step. Propose a mechanism for this transformation. 

OCH; 

: ; 
+ CH;0—C=C—C—CH=CHCH; 

CH,0 © 
Cl fe ~ O-t-Bu, tert-butyl alcohol 

OCHs 9 OCH, 

CH,0 O 
Cl H 

Griseofulvin (10%) 

23.44 The compound known as Hagemann’s ester is prepared by treatment of a mixture 
of formaldehyde and ethyl] acetoacetate with base, followed by acid-catalyzed decar- 
boxylation: 

O 

CH;COCH,CO,C,H, + CH,O eRe Chae Senet, +COs°+ HOCH; 
CH, 

CO,CH; 
Hagemann’s ester 

(a) The first step in the reaction is an aldol-like condensation between ethyl aceto- 
acetate and formaldehyde to yield an a,6-unsaturated product. Write the reac- 
tion, and show the structure of the product. 

(b) The second step in the reaction is a Michael reaction between a second equivalent 
of ethyl acetoacetate and the unsaturated product of step 1. Formulate the reac- 
tion, and show the structure of the product. 

23.45 The third and fourth steps in the synthesis of Hagemann’s ester from ethyl aceto- 
acetate and formaldehyde (Problem 23.44) are an internal aldol cyclization to yield 
a substituted cyclohexenone ring, and a decarboxylation reaction. Formulate both 
reactions, and write the products of each step. 
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23.46 

23.47 

23.48 

23.49 

23.50 

23.51 

23.52 

When 2-methylcyclohexanone is converted into an enamine, only one product is 

formed despite the fact that the starting ketone is unsymmetrical. Build molecular 

models of the two possible products, and explain the fact that the sole product is the 
one with the double bond away from the methyl-substituted carbon. 

5 Gee 
CH, y CH; CH, 

H 
——__——____—_—> 

Not formed 

Intramolecular aldol cyclization of 2,5-heptanedione with aqueous NaOH yields a 
mixture of two enone products in the approximate ratio 9:1. Write their structures, 
and show how each is formed. 

The major product formed by intramolecular aldol cyclization of 2,5-heptanedione 
(Problem 23.47) has two singlet absorptions in the 1H NMR at 1.65 6 and 1.90 6, 
and has no absorptions in the range 3-10 6. What is the structure of this major 
product? 

Treatment of the minor product formed in the intramolecular aldol cyclization of 
2,5-heptanedione (Problems 23.47 and 23.48) with aqueous NaOH, converts it into 
the major product. Propose a mechanism to account for this base-catalyzed isomer- 
ization. 

The Stork enamine reaction and the intramolecular aldol reaction can be carried 
out in sequence to allow the synthesis of cyclohexenone rings. For example, reaction 
of the pyrrolidine enamine of cyclohexanone with 3-buten-2-one, followed by enamine 
hydrolysis and base treatment, yields the product indicated. Show the mechanisms 
of the different steps. 

{ 
1. H,C=CHCOCH; | 
2. 2 omen Las 
3. NaOH, H,0 O 

How could you prepare these cyclohexenones by combining a Stork enamine reaction 
with an intramolecular aldol condensation? [Hint: See Problem 23.46.] 

) (b) 

O O 

CHs CH; 

Propose a mechanism to account for the following reaction: 

_NaOH . 

¢,Eehacah,, HO \ 
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23.53 Propose a mechanism to account for the following reaction: 

0 
COOCH, 

a (CHg3).CuLi COOCH3 
> 

C=C—coocnh, 
CH, 

23.54 Propose a mechanism to account for the following reaction: 

Oo 

<< O 
Nat ~OEt 

Ethanol 

O O 

23.55 Propose a mechanism to account for the following reaction: 

CO,Et CO,Et 

Nat ~OEt 

Ethanol 

O 
O 

O 
O 
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Carbohydrates 

Carbohydrates are everywhere in nature. They occur in every living organ- 
ism and are essential to life. The sugar and starch in food, and the cellulose 
in wood, paper, and cotton, are nearly pure carbohydrate. Modified carbo- 
hydrates form part of the coating around living cells; other carbohydrates 
are found in the DNA that carries genetic information; and still others, such 
as gentamicin, are invaluable as medicines. 

The word carbohydrate derives historically from the fact that pita 
the first simple carbohydrate to be purified, has the molecular formula 
CgH,20¢ and was originally thought to be a “hydrate of carbon,* Cg(H20)g. 
This view was soon abandoned, but the name persisted. Today, the term 
carbohydrate is used to refer loosely to the broad class of polyhydroxylated 
aldehydes and ketones commonly called sugars. 

HY 20 

H—C_on 
H0—C—H 
H—C_on 
H—C—on 

CH,0H 
Glucose (also called dextrose), 

a pentahydroxypentanal 

Carbohydrates are synthesized by green plants during photosynthesis, 
a complex process during which carbon dioxide is converted into glucose. 
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Many molecules of glucose are then chemically linked for storage by the 
plant in the form of either cellulose or starch. It has been estimated that 
more than 50% of the dry weight of the earth’s biomass—all plants and 
animals—consists of glucose polymers. When eaten and then metabolized, 
carbohydrates provide the major source of energy required by organisms. 
Thus, carbohydrates act as the chemical intermediaries by which solar 
energy is stored and used to support life. 

6CO, + 6H.0 — EG 0, + OsHi20; —-=> Cellulose starch 

Glucose 

When eaten, glucose can be either metabolized in the body to provide 
immediate energy or stored by the body in the form of glycogen for use at 
a later time. Since humans and most other mammals lack the enzymes 

needed for digestion of cellulose, they require starch as their dietary source 
of carbohydrates. Grazing animals such as cows, however, contain in their 
rumen microorganisms that are able to digest cellulose. The energy stored 
in cellulose is thus moved up the biological food chain when these animals 
are used for food. 

24.1 Classification of Carbohydrates 

Carbohydrates are generally classed into two groups: simple and complex. 
Simple sugars, or monosaccharides, are carbohydrates like glucose and 
fructose that can’t be hydrolyzed into smaller molecules. Complex car- 
bohydrates are made of two or more simple sugars linked together. For 
example, sucrose (table sugar) is a disaccharide (two sugars) made up of 
one glucose molecule linked to one fructose molecule. Similarly, cellulose is 
a polysaccharide (many sugars) made up of several thousand glucose mol- 
ecules linked together. Hydrolysis of these polysaccharides breaks them 
down into their constituent monosaccharide units. 

1 Sucrose ee se 1 Glucose + 1 Fructose 

Cellulose iO, ~8000 Glucose 

Monosaccharides can be further classified as either aldoses or ketoses. 
The -ose suffix is used to designate a carbohydrate, and the aldo- and keto- 
prefixes designate the nature of the carbonyl group (aldehyde or ketone). 
The number of carbon atoms in the monosaccharide is given by using iri-, 
tetr-, pent-, hex-, and so forth as the parent name. For example, glucose is 
an aldohexose, a six-carbon aldehydo sugar; fructose is a ketohexose, a six- 

carbon keto sugar; and ribose is an aldopentose, a five-carbon aldehydo 
’ sugar. Most of the commonly occurring sugars are either aldopentoses or 

aldohexoses. 
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a, gO 

pee aeh 

HO—C-—-H 

H—C—OH 

HOH 

CH,0OH 

Glucose 
(an aldohexose) 

CH,OH 

C=O 

HO—C—-H 

H—C—OH 

H—C—O0H 

CH,0H 

Fructose 
(a ketohexose) 

24.1 Classify each of the following monosaccharides: 

HY 20 

H—C—OH 
H—C_—OH 
H—C—OH 

(1,08 

Ribose 
(an aldopentose) 

emer eee meee ree reese eeeereeeeeseseeeeeeseeHeeseseeeeeEenesese 

(a) Hy rn ZA O (b) CH,OH (c) ie (d) HS. 5 ZA O 

| C=0 CeO | 
HO—C—H | H—C—H 

H—C—OH HO—C—H 
H—C—OH - | | H—C—OH 

H—C—OH HO—C—H 
CH,OH | H—C—OH 

CH,OH H—C—OH 
| CH,OH 
CH,OH 

Threose Ribulose Tagatose 2-Deoxyribose 

Se ee 

24.2 Fischer Projections for Depicting 
Carbohydrates 

Since all carbohydrates have chiral carbon atoms, it was recognized long 
ago that a standard method of representation was needed to designate car- 
bohydrate stereochemistry. The method most commonly used employs 
Fischer projections (Section 9.13) for depicting a stereogenic center on a 
flat page. 

Recall that a tetrahedral carbon atom is represented in a Fischer pro- 
jection by two crossed lines. By convention, the horizontal lines represent 
bonds coming out of the page, and the vertical lines represent bonds going 
into the page. For example, (R)-glyceraldehyde, the simplest monosaccha- 
ride, can be drawn as follows: 

jee CHO CHO 

He. 10H 

aati = ~ i ~ H OH 
: CH,OH 
OH 

Bonds CH,OR NY Bond CH,OH 

(R)-Glyceraldehyde out of into Fischer 

page page projection 
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Recall also that Fischer projections can be rotated on the page by 180° 
without changing their meaning, but not by 90° or 270°: 

CHO CH,OH 

180°! H OH same as HO H 

CH,OH CHO 

(R)-Glyceraldehyde 

Fischer projections can be used to depict more than one stereogenic 
center in a molecule simply by stacking the stereogenic centers one on top 
of the other. By convention, the carbonyl carbon is always placed either at 
the top or near the top when showing the Fischer projection of a carbohy- 
drate. For example, glucose has four stereogenic centers stacked on top of 
each other in Fischer projection: 

| NG a 
HO H HO—=C =H nr 

oe Had, ee 
+ oT eck ws =~ Om \ ~OH 

H ye H O H ° OH CH, nc 

CH,OH CH,OH asia 

Glucose 
(carbonyl group at top) 

PROBU EN ore etalon a leloreieia siete afa)ie'oiip) slo, 0A doe vahe/s cllelwsfalsiein ie clases étsfelielsin wialeyse/ 0.6.6 

24.2 Which of these Fischer projections of glyceraldehyde represent the same enantiomer? 

CHO OH H CH,OH 

HO H HOCH, —|— H Hot CH,OH H CHO 

CH,0OH CHO CHO OH 

A B Cc D 

PRLOBBLEIA ooo cote oreo oS o ose =n) 818 nfo oe (e600 9016) 0h a 01.07@ os 0: si0.'4,0)4)8) 918) 9,0:10 0: 958) 018, 

24.3 Convert these Fischer projections into tetrahedral representations, and assign R or 

S stereochemistry to each. 

(a) COOH (b) CHO (c) CH; 

HN H H OH H CHO 

CH, CH; CH,CH; 

Siwieliel-aie.e\aite ohare) © Siar ekshere sis) eiteltal ar eh sta ees) okshs shell «loons e enae ehetelere 6.6 eerste ve) eier ee \s\ie\se\is\eis 
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24.3 D,L Sugars 

Glyceraldehyde has one chiral carbon atom and can therefore have two 
enantiomeric, mirror-image forms. Only one of these enantiomers occurs 
naturally, however, and this natural enantiomer is dextrorotatory. That is, 
a sample of naturally occurring glyceraldehyde placed in a polarimeter will 
rotate plane-polarized light in a clockwise direction, denoted (+). 

Since (+)-glyceraldehyde is known to have the R configuration at C2, 
it can be represented in Fischer projection as shown in Figure 24.1. For 
historical reasons dating back long before the adoption of the R,S system, 
(R)-(+)-glyceraldehyde is also referred to as D-glyceraldehyde (Dp from dex- 
trorotatory). The nonnatural enantiomer (S)-(—)-glyceraldehyde is similarly 
known as L-glyceraldehyde (L from levorotatory). 

Because of the way monosaccharides are biosynthesized in nature, glu- 
cose, fructose, and almost all other naturally occurring monosaccharides 
have the same stereochemical configuration as D-glyceraldehyde at the chi- 
ral carbon atom farthest from the carbonyl group. In Fischer projections, 
therefore, most naturally occurring sugars have the hydroxy] group at the 
lowest chiral carbon atom pointing to the right (Figure 24.1). Such com- 
pounds are referred to as D sugars. 

Sed Hee nee CH,OH 

H OH H OH H OH C=O 

CH,OH H OH HO H HO H 

> Ulycetaldchyde He eae H OH H OH 
[(R)-(+)-glyceraldehyde] CH,OH H OH H OH 

D-Ribose CH,OH CH,OH 

D-Glucose D-Fructose 

[na eee ee ee Se 

Figure 24.1 Some naturally occurring D sugars. The hydroxyl 

group at the stereogenic center farthest from the carbonyl group is 
on the right when the molecule is drawn in Fischer projection. 

In contrast to D sugars, all L sugars have the hydroxyl group at the 
lowest chiral carbon atom on the /eft in Fischer projection. Thus, L sugars 
are mirror images (enantiomers) of D sugars. Note that the p and L notations 
have no relation to the direction in which a given sugar rotates plane- 
polarized light; a D sugar may be either dextrorotatory or levorotatory. The 
prefix D indicates only that the stereochemistry of the lowest chiral carbon 
atom is to the right in Fischer projection when the molecule is drawn in 
the standard way with the carbonyl group at or near the top. 
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Mirror 

H O H O : O H 
ZA ZA ! SY C7 SS cw : S C 7 

HO H HO H inna: OH 

CH,OH H OH) T Gi HO H 

HO H | H OH 

HO H | H OH 

CH,OH | CH,OH 

L-Glyceraldehyde L-Glucose D-Glucose 

[(S)-(-)-glyceraldehyde] (not naturally occurring) 

The D,L system of carbohydrate nomenclature is of limited use, since it 

describes the configuration at only one stereogenic center and says nothing 
about other stereogenic centers that may be present. The advantage of the 
system, though, is that it allows a person to relate one sugar to another 
rapidly and visually. 

PRAGHCE PROBLEM Woncp sbteusss Suieint cei teiie teins eA eisieltas ociseuke 

Draw a Fischer projection of L-fructose. 

seee 

Solution Since L-fructose is the enantiomer (mirror image) of D-fructose, we simply 
look at the structure of p-fructose and then reverse the configuration at each stereo- 
genic center. 

Mirror 

CH,OH | CH,OH 

Gl O 
HO H | H OH 

H OH | HO H 

H OH | HO H 

CH,OH | CH,OH 

D-Fructose 

PROBLEM a otic ie vi cie etre ss alelacs wie a o/s e/slele ojnlslneis tele eis \e\elsie «oie s:0'0\o)e/alele/e)eie 

L-Fructose 

seee 

24.4 Assign R or S configuration to each chiral carbon atom in the following sugars, and 

tell if each is a D sugar or an L sugar. 

(a) CHO (b) CHO 

HO H H OH 

HO H HO H 

CH,OH H OH 

CH,OH 

(c) CH,OH 

b=0 
HO H 

H OH 
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24.5 (+)-Arabinose, an aldopentose that is widely distributed in plants, can be named 
systematically as (2R,3S,4.S)-2,3,4,5-tetrahydroxypentanal. Draw a Fischer projec- 

tion of (+)-arabinose, and identify it as a D sugar or an L sugar. 

Oe eee eee eee Mem eee eee eee eee ee ee eee EE ee HEE EHH ESE HEHEHE EHH HEHEHE ES 

24.4 Configurations of the Aldoses 

Aldotetroses are four-carbon sugars with two stereogenic centers. There are 
22 = 4 possible stereoisomeric aldotetroses, or two D,L pairs of enantiomers, 

called erythrose and threose. 
Aldopentoses have three stereogenic centers, leading to a total of 2? = 

8 possible stereoisomers, or four D,L pairs of enantiomers. These four pairs 
are called ribose, arabinose, xylose, and lyxose. All except lyxose occur widely 
in nature. D-Ribose is an important constituent of RNA (ribonucleic acid); 
L-arabinose is found in many plants; and D-xylose is found in wood. 

Aldohexoses have four stereogenic centers, for a total of 24 = 16 possible 
stereoisomers, or eight D,L pairs of enantiomers. The names of the eight are 
allose, altrose, glucose, mannose, gulose, idose, galactose, and talose. Of the 
eight, only D-glucose (from starch and cellulose) and D-galactose (from gums 
and fruit pectins) are found widely in nature. p-Mannose and p-talose also 
occur naturally, but in lesser abundance. 

Fischer projections of the four-, five-, and six-carbon aldoses are shown 

in Figure 24.2 for the p series. Starting from D-glyceraldehyde, we can 
construct the two D-aldotetroses by inserting a new chiral carbon atom just 
below the aldehyde carbon. Each of the two p-aldotetroses then leads to two 
p-aldopentoses (four total), and each of the four p-aldopentoses leads to two 
p-aldohexoses (eight total). { 

Louis Fieser! of Harvard suggested this procedure for remembering the 
names and structures of the eight D-aldohexoses: 

1. Set up eight Fischer projections with the aldehyde group on top and 
the CH2OH group at the bottom. 

2. Indicate stereochemistry at C5 by placing all eight hydroxyl groups 
to the right (D series). 

3. Indicate stereochemistry at C4 by alternating four hydroxyl groups 
to the right and four to the left. 

4. Indicate stereochemistry at C3 by alternating two hydroxyl groups 
to the right, two to the left, and so on. 

5. Indicate stereochemistry at C2 by alternating hydroxyl groups 
right, left, right, left, and so on. 

1Louis F. Fieser (1899-1977); b. Columbus, Ohio; Ph.D. Harvard (Conant); professor, Bryn 
Mawr College, Harvard University. 
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| ean 
O Nc oo O No as 

RU eed OH HO H 

2R H OH H OH 

CH,0OH CH,OH 

D-Erythrose D-Threose 

aaa he | ee 

R/L H OH HO H H OH HO H 

2R/2L H OH H OH HO H HO H 

4R H OH H OH H OH H OH 

CH,0OH CH,OH CH,OH CH,OH 

D-Ribose p-Arabinose D-Xylose D-Lyxose 

ee Mo de ae ee oe a ee oan 

H 

2R/2L =H 

4R/4L HH OH H OH H OH H OH HO H HO H HO H HO H 

H 3R OH H OH H OH H OH H OH H OH H OH H OH 

CH,OH CH,OH CH,OH CH,OH CH,OH CH,OH CH,OH CH,OH 

p-Allose p-Altrose D-Glucose D-Mannose  D-Gulose D-Idose D-Galactose D-Talose 

Figure 24.2 Configurations of p aldoses. The structures are 

arranged in order from left to right so that the hydroxyl groups on 

C2 alternate right/left (R/L) in going across a series. Similarly, the 
hydroxyl groups at C3 alternate two right/two left (2R/2L); the 

hydroxyl groups at C4 alternate 4R/4L; and the hydroxyl groups at 

C5 are to the right in all eight (8R). 
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6. Name the eight isomers according to the mnemonic “All altruists 

gladly make gum in gallon tanks.” 

The four p-aldopentose structures can be generated in a similar way 

and can be named by the mnemonic “Ribs are extra lean.” 

PROBLEM \« 5. 0:0)056'0 05018 visivin soon 0) 0/6.0:0l0ie win vate piel wrainininieisiais/d)alalalalulsiiels ©. 6/6) 68/018 

24.6 Only the p sugars are shown in Figure 24.2. Draw Fischer projections for these L 

sugars: 
(a) L-Xylose (b) L-Galactose (c) t-Glucose 

PROBLEM: < octhcs fa civ. Eemeen pine Spetenee elon mek bie tuladha da WS hate 4 

24.7 How many aldoheptoses are there? How many are D sugars, and how many are L 

sugars? 

PROBLEM 56 ees as ON Meta ola ens Sed isis gamete qtmans ieee 

24.8 Draw Fischer projections for the two p-aldoheptoses whose stereochemistry at C3, 
C4, C5, and C6 corresponds to that of glucose at C2, C3, C4, and C5. 

Cee ee eres erecse reser erecesesesereseesersesereesesseseseseserereeese 

24.5 Cyclic Structures of 
Monosaccharides: Hemiacetal 
Formation 

We said during the discussion of carbonyl-group chemistry in Section 19.14 
that alcohols undergo a rapid and reversible nucleophilic addition reaction 
with ketones and aldehydes to form hemiacetals: ( 

O - OH 
I + ROH catalyst I 

RH H’/ ~OR’ 
R 

An aldehyde A hemiacetal 

If both the hydroxyl and the carbony] group are in the same molecule, 
an intramolecular nucleophilic addition can take place, leading to the for- 
mation of a cyclic hemiacetal. Five- and six-membered cyclic hemiacetals 
form particularly easily, and many carbohydrates therefore exist in an equi- 
librium between open-chain and cyclic forms. Glucose, for example, exists 

in aqueous solution primarily as the six-membered pyranose ring formed 
by intramolecular nucleophilic addition of the hydroxyl group at C5 to the 
C1 aldehyde group. Fructose, on the other hand, exists to the extent of about 
20% as the five-membered furanose ring formed by addition of the hydroxyl 
group at C5 to the C2 ketone. The words pyranose for a six-membered ring 
and furanose for a five-membered ring are derived from the names of the 
simple cyclic ethers pyran and furan. The cyclic forms of glucose and fructose 
are shown in Figure 24.3. 
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H O 
No a 

H OH 

HO H CH,OH 

H OH H 0” (0H 
A — OH 

H OH 
G OH H 

CH,OH OH 

D-Glucose D-Glucose, pyranose form 
(Fischer) (Haworth) 

ie cs 

C=O 

HO H 
HOCH, O CH,OH 

H OH 
—— HO 

H OH OH 

CH,OH OH 

D-Fructose D-Fructose, furanose form 

(Fischer) (Haworth) 

Pyran Furan 

Figure 24.3 Glucose and fructose in their cyclic furanose and 
pyranose forms. 

Pyranose and furanose rings are often represented using the Haworth? 
projections shown in Figure 24.3, rather than Fischer projections. In a 
Haworth projection, the hemiacetal ring is drawn as if it were flat and is 
viewed edge-on with the oxygen atom at the upper right. Though convenient, 
this view is not really accurate because pyranose rings are actually chair 
shaped like cyclohexane (Section 4.9), rather than flat. Nevertheless, 

Haworth projections are widely used because they make it possible to see 
at a glance the cis—trans relationships among hydroxy] groups on the ring. 

When converting from one kind of projection to the other, remember 
that a hydroxyl on the right in a Fischer projection is down in a Haworth 

2Sir Walter Norman Haworth (1883-1950); b. Chorley, Lancashire; Ph.D. Gottingen; D.Sc. 
Manchester; professor, University of Birmingham; Nobel Prize (1937). 
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projection. Conversely, a hydroxyl on the left in a Fischer projection is up 

in a Haworth projection. For p sugars, the terminal -CH,OH group is always 

up in Haworth projections, whereas for L sugars the -CH2OH group is down. 

Figure 24.4 illustrates the conversion for D-glucose. 

H O 
ZA NS C a 

H OH 
H,OH yy 

HO H Turn on side OH OH 

O H OH OH 

H OH OH 

CH,OH 

D-Glucose 

(Fischer) 

CH,OH 
Crews ike 

Rotate Close OH 

ring 

OH H 

OH 

D-Glucose 

(Haworth) 

i a . 

Figure 24.4 Interconversion of Fischer and Haworth projections { 

of D-glucose. 

PRACTICE PROBLEM. ..... 360s Seatennes tomes eee tole teeter agarer: & 

p-Mannose differs from D-glucose in its stereochemistry at C2. Draw a Haworth 
projection of D-mannose in its pyranose form. 

Solution First draw a Fischer projection of D-mannose. Then lay it on its side, and 

curl it around so that the aldehyde group (C1) is toward the front and the CH,OH 
group (C6) is toward the rear. Now connect the hydroxyl at C5 to the C1 carbonyl 
group to form a pyranose ring. 

HL Ce 

HO H CH,OH 
CH,OH 

HO H Art a el O. OH 
ani OH OH OH a OH OH 

0 
f. oe OH | OH H 
H OH 

CH,OH 
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24.9 p-Galactose differs from p-glucose in its stereochemistry at C4. Draw a Haworth 
projection of p-galactose in its pyranose form. 

SOS CCG CVS UG AA CERES Soe CeC eM Ke RTF EH Cece nreecenreneseenece 

24.10 Draw Haworth projections of L-glucose in its pyranose form and p-ribose in its 
furanose form. 
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24.6 Monosaccharide Anomers: 
Mutarotation 

SSS eT Od BETS a 

When an open-chain monosaccharide cyclizes to a furanose or pyranose form, 
a new stereogenic center is formed at what used to be the carbonyl] carbon. 
The two diastereomers produced are called anomers, and the hemiacetal 
carbon atom is referred to as the anomeric center. For example, glucose 
cyclizes reversibly in aqueous solution to a 36:64 mixture of two anomers. 
The minor anomer with the C1 —OH group trans to the -CH,OH substituent 
at C5 (down in a Haworth projection) is called the alpha anomer;? its 
complete name is a-D-glucopyranose. The major anomer with the C1 -OH 
group cis to the -CH2OH substituent at C5 (up in a Haworth projection) is 
called the beta anomer; its complete name is 6-p-glucopyranose. 

ae Cis 

tee cron CH,OH ms 

O OH 

Oo = OH 

OH 

OH 

D-Glucose a-D-Glucopyranose (36%) B-D-Glucopyranose (64%) 
(alpha anomer: OH and (beta anomer: OH and 

CH,OH are trans) CH,OH are cis) 

Both anomers of p-glucopyranose can be crystallized and purified. Pure 
a-D-glucopyranose has a melting point of 146°C and a specific rotation, [alp, 
of +112.2°; pure B-p-glucopyranose has a melting point of 148—155°C and 
a specific rotation of +18.7°. When a sample of either pure anomer is dis- 
solved in water, however, the optical rotations slowly change and ultimately 
converge to a constant value of +52.6°. The specific rotation of the alpha- 
anomer solution decreases from +112.2° to +52.6°, and the specific rotation 
of the beta-anomer solution increases from +18.7° to +52.6°. Known as 
mutarotation, this phenomenon is due to the slow conversion of the pure 
a and 6 anomers into the 36:64 equilibrium mixture. 

3An alpha anomer is formally defined as having the same configuration at the anomeric 
center and at the last asymmetric center. A beta anomer has opposite configurations at the 
anomeric center and the last asymmetric center. 
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Mutarotation occurs by a reversible ring-opening of each anomer to the 

open-chain aldehyde, followed by reclosure. Although equilibration is slow 

at neutral pH, it is catalyzed by both acid and base. 

CH,OH 

OH H 
OH O 

OH 

OH 

D-Glucose 
CH,OH a ue CH,OH 

O Oo. OH 
OH OH 

OH OH OH 

OH OH 

a-D-Glucopyranose (36%) B-D-Glucopyranose (64%) 

[e]p = +112.2° [alp = +18.7° 
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24.11 Draw the two anomers of p-fructose in their furanose forms. 
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24.12 Knowing that the specific rotation of pure a-p-glucopyranose is +112.2° and that 
the specific rotation of pure B-D-glucopyranose is +18.7°, show how the equilibrium 
percentages of alpha and beta anomers can be calculated from the equilibrium 
specific rotation of +52.6°. ‘ 

PROBLEM ite chsiatelo/ aisle! «ieis\le/se(oieie) ols 21 sl(¢/e leiel<ls) cetsi(cl’eluleie)+is)srs|'9) el ela s16in{ol/slsin) seins 

24.13 Many other sugars besides glucose exhibit mutarotation. For example, a-p-galacto- 
pyranose has [a]p = +150.7°, and 6-p-galactopyranose has [a]p = +52.8°. If either 
anomer is dissolved in water and allowed to reach equilibrium, the specific rotation 
of the solution is +80.2°. What are the percentages of each anomer at equilibrium? 
Draw the pyranose forms of both anomers using Haworth projections. 

Beemer eee mee meee eee Hee eee E HEHEHE EET HEH EHO EHH HEHEHE HEHEHE HEHEHE EEE ES 

24.7. Conformations of Monosaccharides 

Although Haworth projections are fairly easy to draw and readily show cis— 
trans relationships between substituents on furanose and pyranose rings, 
they don’t give an accurate three-dimensional picture of molecular confor- 
mation. Pyranose rings, like cyclohexane rings (Section 4.9), have a chair- 
like geometry with axial and equatorial substituents. Any substituent that 



CH,OH 
| CH,OH 
0. HO O 

OH a 

OH on) HO is 
OH 

C CH,OH 

OH io, 

OH 
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is up in a Haworth projection is also up in a chair conformation, and any 
substituent that is down in a Haworth projection is down in the chair con- 
formation. Haworth projections can be converted into chair representations 
by following three steps: 

1. Draw the Haworth projection with the ring oxygen atom at the 
upper right. 

2. Raise the leftmost carbon atom (C4) above the ring plane. 

3. Lower the anomeric carbon atom (C1) below the ring plane. 

Figure 24.5 shows how this conversion is done for a-D-glucopyranose and 
B-p-glucopyranose. Make molecular models to see the process more clearly. 

Oxygen at 

upper right 

a-D-Glucopyranose 

CH,OH 
0. OH HO ; 

B-D-Glucopyranose 

Figure 24.5 Chair representations of a-p-glucopyranose and 

B-p-glucopyranose. 

PROBLEM... 

24.14 

PROBLEM... 

24.15 

eee ewer eres 

Note that in £-p-glucopyranose all the substituents on the ring are 

equatorial. Thus, 6-p-glucopyranose is the least sterically crowded and most 

stable of the eight p-aldohexoses. 

el celal win) witss 6.0 ible) oles. 16\ wi) ole) 6,001.60 paleo) 0 9 (ewe :ai0\n:.4 816,00 76) 0(6) 850, >i 0910" e ofe 

Draw chair conformations of B-p-galactopyranose and £-D-mannopyranose. Label the 

ring substituents as either axial or equatorial. Which would you expect to be more 

stable: galactose or mannose? 

elelerel olareusichs piel) eels) sielsja\s\e\o\siis|is)s\ ae) sjellgelele «' s)(a\6.i610)/6)\0)'6)'e)6)\e/e) sup) =, 0'e)2 sale 

Draw a chair conformation of B-L-glucopyranose, and label the substituents as either 

axial or equatorial. 

aiavalele)disiulstcl aca) sii Wiaraiel6)9 6) Siule) 8) 0/6) Sie) «| © e|e,b-8 4) 6 0).0 016) 6 ¢ 6) 00/0) eee 88) \9\ 01.0 
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24.8 Reactions of Monosaccharides 

ESTER AND ETHER FORMATION 

Monosaccharides behave as simple alcohols in much of their chemistry. For 
example, carbohydrate hydroxyl groups can be converted into esters and 
ethers. 

Esterification is normally carried out by treating the carbohydrate with 
an acid chloride or acid anhydride in the presence of a base. All the hydroxyl 
groups react, including the anomeric one. For example, B-p-glucopyranose 
is converted into its pentaacetate by treatment with acetic anhydride in 
pyridine solution: 

CH,OH CH2,0COCH, 

HO 0 (CH,CO),0 CH;COz 0 
SS 

HO OH Pyridine, 0°C CH3C O» OCOCH; 

OH OCOCH3; 

B-D-Glucopyranose Penta-0-acetyl-8-D-glucopyranose 

: (91%) 

Carbohydrates can be converted into ethers by treatment with an alkyl 
halide in the presence of base (the Williamson ether synthesis, Section 18.4). 
Normal Williamson conditions using a strong base tend to degrade the 
sensitive sugar molecules, but Purdie* showed in 1903 that silver oxide 
works particularly well and that high yields of ethers are obtained. For 
example, a-D-glucopyranose is converted into its pentamethy] ether in 85% 
yield on reaction with iodomethane and silver oxide: 

CH, 0H CH,OCH, 4 
HO O Ags0 CH;0 O 

HO OHsl CH; 0 
H CH;0 
oon " . .OCHs 

a-D-Glucopyranose a-D-Glucopyranose pentamethyl ether 

(85%) 

Ester and ether derivatives of carbohydrates are often prepared because 
they are easier to work with than the free sugars are. Because of their many 
hydroxyl groups, monosaccharides are usually soluble in water but insoluble 
in organic solvents such as ether. They are also difficult to purify and have 
a tendency to form syrups rather than crystals when water is removed. Ester 
and ether derivatives, however, behave like most other organic compounds 
in that they tend to be soluble in organic solvents and to be readily purified 
and crystallized. 

4Thomas Purdie (1843-1916); b. Biggar, Scotland; Ph.D. Wurzburg; professor, St. Andrews 
University. 
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24.16 Draw the products you would obtain by reaction of 6-p-ribofuranose with: 
(a) CH3I, Ag,O (b) (CH3CO).0, pyridine 

HOCH, 5 OH 

B-D-Ribofuranose 

GLYCOSIDE FORMATION 

We saw in Section 19.14 that treatment of a hemiacetal with an alcohol and 

an acid catalyst yields an acetal: 

OH OR 

i SRO aeree oheHO 
ar, Sea 2 2 

7 OR Cian OF 

In the same way, treatment of a monosaccharide hemiacetal with an alcohol 
and an acid catalyst yields an acetal in which the anomeric hydroxy] has 
been replaced by an alkoxy group. For example, reaction of glucose with 
methanol gives methyl] B-p-glucopyranoside: 

CH,OH CH,OH 
O 

me CH,OH, HCI HO + HO 
HO OH) oom once HO OCHs 

HO HO 
H H 

B-pD-Glucopyranose Methyl £-p-glucopyranoside 

(a hemiacetal) (an acetal) 

Carbohydrate acetals are called glycosides. They are named by citing 
the alkyl group and adding the -oside suffix to the name of the specific sugar. 
Note that glycosides, like all acetals, are stable to water. They aren’t in 
equilibrium with an open-chain form, and they don’t show mutarotation. 

They can, however, be converted back to the free monosaccharide by hydro- 
lysis with aqueous acid. 

Glycosides are widespread in nature, and a great many biologically 
important molecules contain glycosidic linkages. For example, digitoxin, 
the active component of the digitalis preparations used for treatment of 
heart disease, is a glycoside consisting of a complex steroid alcohol linked 

- to a trisaccharide. Note also that the three sugars are linked to each other 

by glycosidic bonds. 
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Steroid 

Trisaccharide 

ee 

CHs 

OH H Digitoxin, a complex glycoside 

CH,0Ac CH,0Ac 
AcO O Sieutd JACO O 

— 

AcO OAc AcO H 
AcO on c Br 

Pentaacetyl-B-p-glucopyranose Tetraacetyl-a-D- 
glucopyranosyl bromide 

OH 

cS + AgoO 
\A 
OCH, 

CH,0Ac 

AcO O ‘ 

AcO of _\-oon, 
AcO 

H 

A B-glycoside 
(Ac = CH;CO—) 

-OH 
HO 

CH,OH 

HO O 
HO 0 \-ocx, 

HO == 
H 

Methylarbutin 
(a glycoside) 

Figure 24.6 Synthesis of the glycoside methylarbutin by 

Koenigs—Knorr reaction of pentaacetyl-8-p-glucopyranose with 

p-methoxyphenol. 
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The laboratory synthesis of glycosides is often difficult, and a successful 
reaction scheme depends on the structures of both alcohol and saccharide 
components. One method (the Koenigs—Knorr’ reaction) that is particu- 
larly suitable for preparing glucose B-glycosides involves treatment of glu- 
cose pentaacetate with HBr, followed by addition of the appropriate alcohol 
in the presence of silver oxide. 

The Koenigs—Knorr reaction sequence involves formation of a pyranosy] 
bromide, followed by nucleophilic substitution, and yields a B-glycoside. For 
example, methylarbutin, a glycoside found in pear leaves, has been prepared 
by reaction between p-methoxyphenol and tetraacetyl-a-p-glucopyranosy] 
bromide (Figure 24.6). 

Although the Koenigs—Knorr reaction appears to involve a simple back- 
side Sy2 displacement of bromide ion by alkoxide ion in a Williamson ether 
synthesis, the actual situation is more complex. Both alpha and beta anom- 
ers of tetraacetyl-p-glucopyranosyl bromide give the same B-glycoside prod- 
uct, suggesting that both anomers react by a common pathway. 

The results are best explained by assuming that tetraacetyl-p-gluco- 
pyranosyl bromide (either alpha or beta anomer) undergoes a spontaneous 
Snl1 loss of bromide ion, followed by internal reaction of the cationic center 
at Cl with an oxygen atom of the ester group at C2 to form a stabilized 
oxonium ion intermediate. Since the ester group at C2 is on the bottom of 
the glucose ring, the new carbon—oxygen bond also forms from the bottom. 
An Sy2 displacement of the oxonium ion by back-side attack at C1 then 
occurs with the usual inversion of configuration, yielding a B-glycoside and 
regenerating the acetate ester group at C2 (Figure 24.7). 

CH,OAc Close CH,OAc 
AcO O AcO O AcO @ om 

Syl : OR 

AcO rs AcO ‘ AcO cas 
AcO O O 

- es ai (either a or B anomer) Gas = 
H.C Fo oS 6 H.C ee + 

ROH, Ag,O 
(Sy2) 

CH,OAc 
AcO 

AcO OR 
AcO 

A B-glycoside 
= Ee 

Figure 24.7 Mechanism of the Koenigs—Knorr reaction, showing 

the neighboring-group effect of a nearby acetoxyl. 

5Ludwig Knorr (1859-1921); Ph.D. Erlangen, 1882; professor, University of Jena. 



934 CHAPTER 24 Carbohydrates 

The kind of participation shown by the nearby acetoxy! group in the 
Koenigs—Knorr reaction is referred to as a neighboring-group effect and 
is a common occurrence in organic chemistry. Neighboring-group effects are 
usually noticeable only because they affect the rate or stereochemistry of a 
reaction; the nearby group itself does not undergo any evident change during 
the reaction. 

REDUCTION OF MONOSACCHARIDES 

The carbonyl groups of monosaccharides undergo many reactions charac- 
teristic of simple ketones and aldehydes. For example, treatment of an aldose 
or a ketose with NaBH, reduces it to a polyalcohol called an alditol. The 
reduction occurs by interception of the open-chain monosaccharide present 
in equilibrium between the aldehyde/ketone and the hemiacetal. Although 
only a small amount of open-chain form is present at any one time, that 
small amount is reduced, more is produced by opening of the pyranose form, 
that additional amount is reduced, and so on until the entire sample has 
undergone reaction. 

H O 
304 CH,OH 

H OH H OH 
CH,OH 

HO O eo H eae = HO H 

HO OH H On H OH 
HO 

H OH H—j—0OH 

B-D-Glucopyranose CH,OH ‘CH,OH 

p-Glucose D-Glucitol (D-sorbitol), 

an alditol 

see eee ewes 

p-Glucitol, the alditol produced on reduction of p-glucose, is itself a 
natural product that has been isolated from many fruits and berries. It is 
used in many foods under the name D-sorbitol as an artificial sweetener and 
sugar substitute. 

COPA ELECO KKK OTEK CEM OKO MC KETREDNVC CHOU OOOO eH DOs CHS ee BS 

How can you account for the fact that reduction of p-galactose (Figure 24.2) with 
NaBH, leads to an alditol that is optically inactive? 

CSS: 62780 8m oe 6 Nee 0/0 6.0) eeu 8 O8 Bee le BS alee oe) O.e. 6 al bielslel ewan) S, 6 

Reduction of L-gulose with NaBH, leads to the same alditol (p-glucitol) as reduction 
of p-glucose. Explain. 
SPCC E66 1018) W)'0'8 (0:8) 66) 80 a 0's) Ve We 6).0:e Ooi a)le)@ Sud wei Re epi e MNOIO Gla raTeIniA heii aie 
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OXIDATION OF MONOSACCHARIDES 

Like other aldehydes, aldoses are easily oxidized to yield carboxylic acids. 
Aldoses react with Tollens’ reagent (Ag+ in aqueous ammonia), Fehling’s 
reagent (Cu2+ in aqueous sodium tartrate), and Benedict’s reagent (Cu2+ 
in aqueous sodium citrate) to yield the oxidized sugar and a reduced metallic 
species. All three reactions serve as simple chemical tests for what are called 
reducing sugars (reducing because the sugar reduces the oxidizing agent). 

If Tollens’ reagent is used, metallic silver is produced as a shiny mirror 
on the walls of the reaction flask or test tube. If Fehling’s or Benedict’s 
reagent is used, a reddish precipitate of cuprous oxide signals a positive 
result. Some diabetes self-test kits sold in drugstores for home use employ 
the Benedict test. As little as 0.1% glucose in urine gives a positive test. 

All aldoses are reducing sugars because they contain an aldehyde car- 
bonyl group, but some ketoses are reducing sugars as well. For example, 
fructose reduces Tollens’ reagent even though it contains no aldehyde group. 
This occurs because fructose is readily isomerized to an aldose in basic 
solution by a series of keto—enol tautomeric shifts (Figure 24.8). Once 
formed, the aldose is oxidized normally. Glycosides, however, are nonre- 
ducing; they don’t react with Tollens’ reagent because the acetal group can’t 
open to an aldehyde under basic conditions. 

OH Heo 
CHLGH | x as 

C OH 
C=0 ae HwCw 0H 

HO H NaOH, H,O HO H NaOH,H,o | HO H 
H OH (keto—enol H OH (keto—enol H OH 

tautomerism) tautomerism) 

H OH H OH H OH 

CH,OH CH,OH CH,OH 

D-Fructose An enediol An aldohexose 

Ee ee 

Figure 24.8 Fructose gives a positive Tollens test as a reducing 

sugar because it undergoes base-catalyzed keto—enol tautomerism 

that results in its conversion to an aldohexose. 

Although the Tollens and Fehling reactions serve as useful tests for 

reducing sugars, they don’t give good yields of carboxylic acid products 

because the alkaline conditions used cause decomposition of the carbohy- 

drate skeleton. It has been found, however, that a buffered solution of aque- 

’ ous bromine oxidizes aldoses to monocarboxylic acids called aldonic acids. 

The reaction is specific for aldoses; ketoses are not oxidized by bromine 

water. 
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PROBLEM... 

24.19 

PROBLEM... 

24.20 
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H O HO O 
No Ff Pe o 

O H OH H OH 

CH,OH HO H 

O HO H Bro, H,O 

H H pH=6 HO H 
OH ? 

OH H OH H OH 

B-D-Galactose CH,OH CH,OH 

p-Galactonic acid 

(an aldonic acid) 

If a more powerful oxidizing agent such as warm dilute nitric acid is 

used, aldoses are oxidized to dicarboxylic acids called aldaric acids. Both 

the -CHO group at C1 and the terminal —-CH,OH group are oxidized in this 

reaction. 

H 0 HO 0 
No fa CO fo 

Cron H OH H OH 

HO HO H HNO; HO H 

HO OH H OH ‘ H OH 

cae H OH H OH 
B-D-Glucose CH,OH C 

; HOT > -O 
D-Glucaric acid 

(an aldaric acid) 

A summary of the various kinds of carbohydrate derivatives is shown 

in Figure 24.9. 

Come eae reer eee renee eTereneereeeeeeseeeeneereeeneseseoers 

p-Glucose yields an optically active aldaric acid on treatment with nitric acid, but 
p-allose yields an optically inactive aldaric acid. Explain. 

Cee wm ee ee ww eee eee eee eee HEHE Eee HEE HEHEHE EER EEE 

Which of the other six p-aldohexoses yield optically active aldaric acids on oxidation, 
and which yield meso aldaric acids? (See Problem 24.19.) 

CHAIN LENGTHENING: THE KILIANI-FISCHER 
SYNTHESIS 

Much early activity in carbohydrate chemistry was devoted to unraveling 
the various stereochemical relationships among monosaccharides. One of 
the most important methods used was the Kiliani—Fischer synthesis, 
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Hi 0 

H OH 

_ a An aldohexose 

H OH 

H OH 

CH,OH 

re Boho \ no. eee HCl 

OR 

CH,OH SNe: a ao 

H OH H OH H OH H OH 

HO H HO H HO H HO H 

H OH H OH H OH H OH 

H OH H OH H OH H O 

CH,OH CH,OH eee CH,OH 

An alditol An aldonic acid A glycoside 

An aldaric acid 

Figure 24.9 A summary of carbohydrate derivatives. 

which results in the lengthening of an aldose chain by one carbon atom. 
For example, an aldopentose is converted by the Kiliani—Fischer synthesis 
into an aldohexose. 

Discovery of the chain-lengthening sequence was initiated by the obser- 
vation of Heinrich Kiliani® in 1886 that aldoses react with HCN to form 
cyanohydrins (Section 19.9). Emil Fischer immediately realized the impor- 
tance of Kiliani’s discovery and in 1890 published a method for converting 
the cyanohydrin nitrile group into an aldehyde group. 

i H O 
ZA FE . C are 

Se 
se HwCMwoOH HwCwOH 

HCN se 

H a OH H ae OH H ae OH 

An aldose A cyanohydrin A chain-lengthened 

aldose 

6Heinrich Kiliani (1855-1945); b. Wurzburg, Germany; Ph.D. Munich (Erlenmeyer); pro- 
fessor, University of Freiburg. 
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Conversion of the nitrile into an aldehyde is carried out by catalytic 
hydrogenation over a palladium catalyst to yield an imine intermediate, 
followed by hydrolysis. Note that the initial cyanohydrin is a mixture of 
stereoisomers at the new stereogenic center. Thus, two new aldoses, differing 

only in their stereochemistry at C2, result from Kiliani—Fischer synthesis. 
For example, chain extension of D-arabinose yields a mixture of D-glucose 
and D-mannose (Figure 24.10). 

N 

I I 

H O i 
Z 

Co H Si Ho H 

HO H HO H HO H 
HCN SiS Two 

tel OH H OH H OH cyanohydrins 

H OH H OH H OH 

CH,OH CH,OH CH,OH 
SS eee eee 

p-Arabinose 
Hy 
ae catalyst 

H NH H NH 
a C Fa Sy C fo 

H OH HO H 

HO H HO H Two 
at imines ° 

H OH H OH 

H OH H OH 

CH,OH CH,OH 
Se ee eee 

| su0* 
H = Z O H a i ot O 

H OH HO H 

HO H HO H 
ob 

H OH H OH 

H OH H OH 

CH,OH CH,OH 

D-Glucose 

LSE SS ea 

Figure 24.10  Kiliani—Fischer chain lengthening of p-arabinose 
leads to a mixture of p-glucose and p-mannose. 

D-Mannose 
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ROBE Mitrtatepetalaletate cfolees shee leFelatevelc siare)alerols) craicls.eyalaisie/eneie levels istoistete evereeis eis ans 

24.21 What product(s) would you expect from Kiliani—Fischer reaction of p-ribose? 

PROBLEM fel intotaen inca ctonstarehe acters) 0 alec yeiwiaieitierenianelosisislleieie: ses Sie anaes ye atantes 

24.22 What aldopentose would give a mixture of L-gulose and L-idose on Kiliani—Fischer 
chain extension? 

Ce Ce ee ee ee er 0 

CHAIN SHORTENING: THE WOHL DEGRADATION 

Just as the Kiliani—Fischer synthesis lengthens an aldose chain by one 
carbon, the Wohl’ degradation shortens an aldose chain by one carbon. 
The Wohl degradation is almost exactly the opposite of the Kiliani—Fischer 
sequence: The aldose aldehyde carbony] group is first converted into a nitrile 
group, and the resulting cyanohydrin loses HCN under basic conditions (a 
retro nucleophilic addition reaction). 

Conversion of the aldehyde into a nitrile is accomplished by treatment 
of an aldose with hydroxylamine, followed by dehydration of the oxime 
product with acetic anhydride. The Wohl degradation does not give partic- 
ularly high yields of chain-shortened aldoses, but the reaction is general for 
all aldopentoses and aldohexoses. For example, D-galactose is converted by 
Wohl degradation into D-lyxose: 

N 
H O H NOH || mS Cc a S C A CG 

H OH H OH H OH 

H,NOH (CH3CO) 0 

HO H HO H HO H 

H OH H OH H OH 

CH,0OH CH,OH CH,OH 

D-Galactose D-Galactose oxime A cyanohydrin 

| Nat -OCH; 

HL 20 

HO H 

HO H + HCN 

H OH 

CH,OH 

D-Lyxose (37%) 

7Alfred Wohl (1863-1933); b. Graudenz; Ph.D. Berlin (Hofmann); professor, University of 
Danzig. 
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PROBLEM 

CHAPTER 24 Carbohydrates 

eee ee meres ese eeeesrerseseseesereeeeseeeeeoeseesseseeeeeeHe® 

24.23 What two p-aldopentoses yield p-threose on Wohl degradation? 

see eww eene ee 

24.9 Stereochemistry of Glucose: 
The Fischer Proof 

In the late 1800s, the stereochemical theories of van’t Hoff and Le Bel on 
the tetrahedral geometry of carbon were barely a decade old. Modern chro- 
matographic methods of product purification were unknown, and modern 
spectroscopic techniques of structure determination were undreamed of. 
Despite these obstacles, Emil Fischer published in 1891 what stands today 
as one of the finest examples of chemical logic ever recorded: a structure 
proof of the stereochemistry of glucose. Let’s follow Fischer’s logic and see 
how he arrived at his conclusions. 

1. (+)-Glucose is an aldohexose. Glucose has four stereogenic centers 
and can therefore be any one of 2* = 16 possible stereoisomers (eight pairs 
of enantiomers). Since no method was available at the time for determining 
the absolute three-dimensional stereochemistry of a molecule, Fischer real- 
ized that the best he could do would be to limit his choices for the structure 
of glucose to a pair of enantiomers. He decided to simplify matters by con- 
sidering only the eight enantiomers having the C5 hydroxyl group on the 
right in Fischer projections—what we now call the pD series. Fischer was 
well aware that this arbitrary choice of D-series stereochemistry had only 
a 50/50 chance of being right, but it was finally shown some 60‘years later 
by the use of sophisticated X-ray techniques that the choice was indeed 
correct. 

The four possible p-aldopentoses and the eight possible p-aldohexoses 
derived from them by Kiliani—Fischer synthesis are shown in Figure 24.11. 
One of the eight aldohexoses is glucose, but which one? 

2. Arabinose, an aldopentose, is converted by Kiliani—Fischer chain 
extension into a mixture of glucose and mannose. This means that 
glucose and mannose have the same stereochemistry at C3, C4, and C5, 

and differ only at C2. Glucose and mannose are therefore represented by 
one of the pairs of structures 1 and 2, 3 and 4, 5 and 6, or 7 and 8 in Figure 
24.11. 

3. Arabinose is converted by treatment with warm nitric acid into 
an optically active aldaric acid. Of the four aldopentoses (A, B, C, and 
D in Figure 24.11), A and C give optically inactive meso aldaric acids when 
oxidized, whereas B and D give optically active products. Thus, arabinose 
must be either B or D, and mannose and glucose must therefore be either 
3 and 4 or 7 and 8 (Figure 24.12 on page 942). 
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H OH H OH HO H 

H OH HO H HO H 
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(plane of symmetry) (plane of symmetry) 

Figure 24.12 Oxidation of aldopentoses to aldaric acids. Only 

structures B and D lead to optically active products. 
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Figure 24.13 Oxidation of aldohexoses to aldaric acids. Only the 
pair of structures 3 and 4 both give optically active products. 
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4. Both glucose and mannose are oxidized by warm nitric acid to 
optically active aldaric acids. Of the possibilities left at this point, the 
pair represented by structures 3 and 4 would both be oxidized to optically 
active aldaric acids, but the pair represented by 7 and 8 would not both give 
optically active products. Compound 7 would give an optically inactive meso 
aldaric acid (Figure 24.13). Thus, glucose and mannose must be 3 and 4, 

though we can’t yet tell which is which. 

5. One of the other 15 aldohexoses is converted by nitric acid oxi- 
dation to the same aldaric acid as that derived from glucose. How 
can two different aldohexoses give the same aldaric acid? Since aldaric acids 
have —COOH groups at both ends of the carbon chain, there is no way to 
tell which was originally the -CHO end and which was the -CH2OH end. 
Thus, a given aldaric acid can have two different precursors. The aldaric 
acid from compound 8, for example, might also come from oxidation of a 
second aldohexose, and the aldaric acid from compound 4 might come from 
oxidation of a second aldohexose (Figure 24.14): 

Rotate 180° 

Wile 
CHO COOH CH,OH CHO 

OH H OH H OH HO H 

H BNO, HO H ey HO H F HO H 
6s = 

OH H OH H OH H OH 

OH H OH H OH HO H 

CH,OH COOH CHO CH,OH 

3 (D-glucose) Glucaric acid (L-gulose) 

Rotate 180° 
vais). 

CHO COOH CH,OH CHO 

-H HO H HO H HO H 

H HNO, HO H HNO, HO H HO H 
> co — 

OH H OH H OH H OH 

OH H OH, H OH H OH 

CH,0OH COOH CHO CH,OH 

4 (D-mannose) Mannaric acid 

me So ee 

Figure 24.14 There is another aldohexose (L-gulose) that can 

produce the same aldaric acid as compound 3 can, but there is no 

other aldohexose that can produce the same aldaric acid as 

compound 4 can. Thus, glucose has structure 3. 

(also D-mannose) 
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If we look carefully at the aldaric acids derived from compounds 3 and 
4, we find that the aldaric acid derived from 3 could also come from oxidation 

of another aldohexose (L-gulose), but that the aldaric acid derived from 4 
could not. The “other” aldohexose that could produce the same aldaric acid 
as that from compound 4 is in fact identical to 4 by a simple 180° rotation. 
Thus, glucose must have structure 3 and mannose must have structure 4 
(Figure 24.14). 

Reasoning similar to that described for glucose allowed Fischer to deter- 
mine the stereochemistry of 12 of the 16 aldohexoses. For this remarkable 
achievement, he was awarded the 1902 Nobel Prize in chemistry. 

PROBLEM VIL AVUGUAEL cRUR ARE ACA BE Rs A 

24.24 The structures of the four aldopentoses, A, B, C, and D, are shown in Figure 24.11. 

In light of point 2 presented by Fischer, what is the structure of arabinose? In light 
of point 3, what is the structure of lyxose, another aldopentose that yields an optically 
active aldaric acid? 

PROBLEM. o ncmamer ert ch ste tec meetin ote cette ona aicae ae ae coe ite 

24.25 The aldotetrose p-erythrose yields a mixture of D-ribose and D-arabinose on Kiliani— 
Fischer chain extension. 
(a) What is the structure of p-ribose? 

(b) What is the structure of p-xylose, the fourth possible aldopentose? 
(c) What is the structure of p-erythrose? 
(d) What is the structure of p-threose, the other possible aldotetrose? 

24.10 Disaccharides ‘ 

We saw earlier that reaction of a monosaccharide hemiacetal with an alcohol 
yields a glycoside in which the anomeric hydroxy] group is replaced by an 
alkoxy substituent. If the alcohol is itself a sugar, however, the glycosidic 
product is a disaccharide. 

CELLOBIOSE AND MALTOSE 

Disaccharides are compounds that contain a glycosidic acetal bond between 
C1 of one sugar and a hydroxy] group at any position on the other sugar. A 
glycosidic bond between C1 of the first sugar and C4 of the second sugar is 
particularly common but is by no means required. Such a bond is called a 
1,4’ link, read as “one, four-prime.” The prime superscript indicates that 
the 4’ position is on a different sugar than the nonprime 1 position is. 

A glycosidic bond to the anomeric carbon can be either alpha or beta. 
Maltose, the disaccharide obtained by enzyme-catalyzed hydrolysis of starch, 
consists of two p-glucopyranoses joined by a 1,4’-a-glycoside bond. Cello- 
biose, the disaccharide obtained by partial hydrolysis of cellulose, consists 
of two p-glucopyranoses joined by a 1,4'-8-glycoside bond. 
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HO 4 CH,OH 
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OH 

Maltose, a 1,4'-a-glycoside 

[4-0-(a-D-glucopyranosy]l)-a -D-glucopyranose] 
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HO a 4 CH,OH a 

HO |! 

O OH 
HO 

H 

Hoy 

Cellobiose, a 1,4'-8-glycoside 

[4-0-(B-D-glucopyranosy])-£ -D-glucopyranose] 

Maltose and cellobiose are both reducing sugars because the anomeric 
carbons on the right-hand glucopyranose subunits have hemiacetal groups. 
Both are therefore in equilibrium with aldehyde forms, which can reduce 
Tollens’ or Fehling’s reagent. For a similar reason, both maltose and cello- 
biose exhibit mutarotation of alpha and beta anomers of the glucopyranose 
unit on the right (Figure 24.15). 
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Glucose —O O Glucose—O OH 

HO Stiles, HO 
HO HO = 

H 

Maltose or cellobiose Maltose or cellobiose 

(B anomers) (aldehydes) 

CH,OH 

Glucose—O O 

HO H 

HO 
OH 

Maltose or cellobiose 
(@ anomers) 

=e SS 

Figure 24.15 Mutarotation of maltose and cellobiose. 
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Despite the similarities of their structures, cellobiose and maltose are 

dramatically different biologically. Cellobiose can’t be digested by humans 

and can’t be fermented by yeast. Maltose, however, is digested without 

difficulty and is fermented readily. 

PROBLEM. «Doi Ge carole Nagase  Spinkeielelns erie Waien ennatn of lato 

24.26 Show the product you would obtain from the reaction of cellobiose with these 

reagents: 

(a) NaBH, (b) Brg, HzO (c) CH3COCI, pyridine 

LACTOSE 

HO 
CH,OH 

: 4’ CH,OH 

HO 1o O 

HO 
H 

se 

B-Galactopyranoside B-Glucopyranose 

Lactose is a disaccharide that occurs naturally in both human and cow’s 

milk. It is widely used in baking and in commercial infant-milk formulas. 

Like cellobiose and maltose, lactose is a reducing sugar. It exhibits mutarota- 

tion and is a 1,4'-B-linked glycoside. Unlike cellobiose and maltose, however, 

lactose contains two different monosaccharide units. Acidic hydrolysis of 

lactose yields one equivalent of p-glucose and one equivalent of D-galactose; 

the two are joined by a B-glycosidic bond between C1 of galactose and C4 

of glucose. 

HO OH 

Lactose, a 1,4'-B-glycoside 
[4-0-(B-p-galactopyranosy])-B-D-glucopyranose] 

SUCROSE 

Sucrose, ordinary table sugar, is probably the single most abundant pure 
organic chemical in the world and the one most widely known to nonchem- 
ists. Whether from sugar cane (20% by weight) or sugar beets (15% by 
weight), and whether raw or refined, all table sugar is sucrose. 

Sucrose is a disaccharide that yields one equivalent of glucose and one 
equivalent of fructose on acidic hydrolysis. This 1:1 mixture of glucose and 
fructose is often referred to as invert sugar, because the sign of optical 
rotation changes (inverts) during the hydrolysis from sucrose ([alp = 
+66.5°) to a glucose/fructose mixture ([a]p ~ —22.0°). Certain insects such 
as honeybees have enzymes called invertases that catalyze the hydrolysis of 
sucrose to a glucose + fructose mixture. Honey, in fact, is primarily a mixture 
of glucose, fructose, and sucrose. 
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Unlike most other disaccharides, sucrose is not a reducing sugar and 
does not exhibit mutarotation. These observations imply that sucrose has 
no hemiacetal groups and suggest that glucose and fructose must both be 
glycosides. This can happen only if the two sugars are joined by a glycoside 
link between C1 of glucose and C2 of fructose. 

HOCH, _o 
HO 

1 

HO oe) OH % 

Glucose 

Sucrose, a 1,2'-glycoside 

[2-O-(a-D-glucopyranosy])-8-D-fructofuranoside] 

24.11 Polysaccharides 

Polysaccharides are carbohydrates in which tens, hundreds, or even 
thousands of simple sugars are linked together through glycoside bonds. 
Since they have no free anomeric hydroxyls (except for one at the end of 
the chain), polysaccharides aren’t reducing sugars and don’t show muta- 
rotation. Cellulose and starch are the two most widely occurring poly- 
saccharides. 

CELLULOSE 

Cellulose consists simply of D-glucose units linked by the 1,4’-B-glycoside 
bonds we saw in cellobiose. Several thousand glucose units are linked to 
form one large molecule, and different molecules can then interact to form 
a large aggregate structure held together by hydrogen bonds. 

CH,OH 
79 CH.OH 

HO O O CH,OH 

OH Ho 0 0 CH,OH 
POH WHO O O 

OH HO 0% 
OH 

Cellulose, a 1,4’-O-(8-D-glucopyranoside) polymer 

Nature uses cellulose primarily as a structural material to impart 

" strength and rigidity to plants. Wood, leaves, grasses, and cotton are pri- 

marily cellulose. Cellulose also serves as raw material for the manufacture 

of cellulose acetate, known commercially as acetate rayon. 
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O 
O OAc 

I AcO 

where Ac = CH,;,C— OAc 

A segment of cellulose acetate (acetate rayon) 

STARCH AND GLYCOGEN 

Starch is a polymer of glucose in which monosaccharide units are linked by 

the 1,4’-a-glycoside bonds we saw in maltose. Starch can be separated into 

two fractions: a fraction soluble in cold water, called amylopectin, and a 
fraction insoluble in cold water, called amylose. Amylose, which accounts 

for about 20% by weight of starch, consists of several hundred glucose mole- 

cules linked together by 1,4’-a-glycoside bonds. 

CH,OH 
O 

HO H 

HO H 
CH,OH 

HO 
O O 

HO H 

HO 6 z 

Amylose, a 1,4'-O-(a-D-glucopyranoside) polymer 

Amylopectin, which accounts for the remaining 80% of starch, is more 
complex in structure than amylose. Unlike cellulose and amylose, which 
are linear polymers, amylopectin contains 1,6'-a-glycoside branches approxi- 
mately every 25 glucose units. As a result, amylopectin has an exceedingly 
complex three-dimensional structure. Nature uses starch as the means by 
which plants store energy for later use. Potatoes, corn, and cereal grains 
contain large amounts of starch. 

When eaten, starch is digested in the mouth and stomach by enzymes 
called glycosidases, which catalyze the hydrolysis of glycoside bonds and 
release individual molecules of glucose. Like most enzymes, glycosidases 
are highly selective in their action. They. hydrolyze only the a-glycoside 
links in starch and leave the B-glycoside links in cellulose untouched. Thus, 
humans can eat potatoes and grains but not grass and wood. 
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CH,OH 
O 

HO ye 

cH,OH HO 
O O 

HO H ee 
6'Ue HO 4 0 

HO H 
HO CH,0OH 

HO H 

HO 
Amylopectin e 

Glycogen is a polysaccharide that serves the same energy-storage pur- 
pose in animals that starch serves in plants. Dietary carbohydrate that isn’t 
needed for immediate energy is converted by the body to glycogen for long- 
term storage. Like the amylopectin found in starch, glycogen contains a 
complex three-dimensional structure with both 1,4’ and 1,6’ links (Figure 
24.16). Glycogen molecules are larger than those of amylopectin—up to 
100,000 glucose units—and contain even more branches. 

Figure 24.16 A representation of the structure of glycogen. The 

hexagons represent glucose units linked by 1,4’ and 1,6’ acetal 

bonds. 

24.12 Other Important Carbohydrates 
cS EI ES Se ee 

In addition to the common carbohydrates mentioned in previous sections, 

there are a variety of important carbohydrate-derived materials whose 

structures have been chemically modified. Their structural resemblance to 

sugars is clear, but they aren’t simple aldoses or ketoses. 

Deoxy sugars differ from normal sugars by having one of their oxygen 

atoms “missing.” In other words, an —OH group is replaced by an —H. 
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2-Deoxyribose, a sugar found in DNA (deoxyribonucleic acid), is the most 

important deoxy sugar. Note that 2-deoxyribose adopts a furanose (five- 

membered) form. 

HOCH, , OH 
Oxygen missing 

OH 

2-Deoxyribose 

Amino sugars such as D-glucosamine have one of their -OH groups 
replaced by an —NHg. The N-acetyl amide derived from pD-glucosamine is 
the monosaccharide unit from which chitin, the hard crust that protects 
insects and shellfish, is built. Still other amino sugars are found in anti- 
biotics such as streptomycin and gentamicin. 

NHCH, Purpurosamine 

ue 3 

HOCH, 2-Deoxystreptamine 
HN NH, pea H O 

O 

HO OH 
NH, HO 

B-p-Glucosamine 
(an amino sugar) 

HO 

Gentamicin 

(an antibiotic) 

24.13 Carbohydrates on Cell Surfaces 

For many years, carbohydrates were thought to be dull compounds whose 
only biological purposes were to serve as structural materials and as energy 
sources. Although carbohydrates do indeed fill these two roles, it’s now 
known that they perform many other important biochemical functions as 
well. For example, polysaccharides are centrally involved in the critical 
process by which one cell type recognizes another. Small polysaccharide 
chains, covalently bound by glycosidic links to hydroxy] groups on proteins 
(glycoproteins), act as biochemical labels on cell surfaces, as illustrated by 
the human blood-group antigens. 

It has been known for over 90 years that human blood can be classified 
into four blood-group types, A, B, AB, and O, and that blood from a donor 
of one type can’t be transfused into a recipient having another type unless 
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the two types are compatible (Table 24.1). Should an incompatible mix be 
made, the red blood cells clump together, or agglutinate. 

TABLE 24.1 Human Blood-Group 
Compatibilities 

Acceptor blood type 

A B AB O 

© = compatible; < = incompatible 

This agglutination of incompatible types of red blood cells, which indi- 
cates that the body’s immune system has recognized the presence of foreign 
substances in the body and has formed antibodies against them, results from 
the presence of polysaccharide markers on the surface of the cells. Types A, 
B, and O red blood cells each have characteristic markers, called antigenic 
determinants; type AB cells have both type A and type B markers. The 
structures of all three blood-group determinants are shown in Figure 24.17. 

HO =< | oO CH,OH CH,CNH 

0] | ED 
HO res 6 Jena 

a. wey rotein 

I O® es HO A ‘ y 
CH,OH a H;( N H Gal)—GleNAcProtein 

en are 

O0LT—0 , 
O ea ; 

O : 
Ly HO CH.OH 

HOY. 
/ waa | 

\.. CH,OH | 
HO OH 

CH; OH 

Blood group A,X = NHCOCH3; 
Blood group B, X = OH 

See eee 

' Figure 24.17 Structures of the A, B, and O blood-group antigenic 

determinants (Gal = p-galactose; GIcNAc = N-acetylglucosamine; 

GalNAc = N-acetylgalactosamine). 
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Note that some unusual carbohydrates are involved. Thus, all three 

blood-group antigenic determinants contain N-acetylamino sugars as well 

as the unusual monosaccharide L-fucose. 

HO 
CH,OH CH,OH OH 

HO 0 2 
HO OH HO OH HC O 

NHCOCH, NHCOCH; OH 
OH 

B-p-N-Acetylglucosamine B-p-N-Acetylgalactosamine HO 
(D-2-acetamino-2-deoxyglucose) (D-2-acetamino-2-deoxygalactose) a-L-Fucose 

(L-6-deoxygalactose) 

The antigenic determinant of blood group O is a trisaccharide, whereas 
the determinants of blood groups A and B have an additional sugar attached 
at C3 of the galactose unit. The type A and B determinants differ only in 
the substitution of an acetylamino group (-NHCOCHs) for a hydroxyl in 
the terminal galactose residue. 

Elucidation of the role of carbohydrates in cell recognition is an exciting 
area of current research that offers hope of breakthroughs in the under- 
standing of a wide range of diseases from bacterial infections to cancer. The 
potential benefits of work in this field are enormous. 

24.14 Summary and Key Words 

Carbohydrates are polyhydroxy aldehydes and ketones. They can be clas- 
sified according to the number of carbon atoms and the kind of carbonyl 
group they contain. Glucose, for example, is an aldohexose, a six-carbon 
aldehydo sugar. Monosaccharides are further classified as either D or L 
sugars, depending on the stereochemistry of the chiral carbon atom farthest 
from the carbonyl group. 

Monosaccharides normally exist as cyclic hemiacetals rather than as 
open-chain aldehydes or ketones. The hemiacetal linkage results from reac- 
tion of the carbonyl group with a hydroxyl group three or four carbon atoms 
away. A five-membered-ring hemiacetal is called a furanose, and a six- 
membered-ring hemiacetal is called a pyranose. Cyclization leads to the 
formation of a new stereogenic center and production of two diastereomeric 
hemiacetals called alpha and beta anomers. 

Stereochemical relationships among monosaccharides are portrayed in 
several ways. Fischer projections display chiral carbon atoms as a pair of 
crossed lines; cyclic Haworth projections provide a more accurate view. 
Any group to the right in a Fischer projection is down in a Haworth pro- 
jection, and any group to the left in a Fischer projection is up in a Haworth 
projection. 

Much of the chemistry of monosaccharides is the now-familiar chemistry 
of alcohols and aldehydes/ketones. Thus, the hydroxyl groups of carbohy- 
drates form esters and ethers in the normal way. The carbonyl group of a 
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monosaccharide can be reduced with sodium borohydride to form an alditol, 
oxidized with bromine water to form an aldonic acid, oxidized with warm 
nitric acid to form an aldaric acid, or treated with an alcohol in the presence 
of acid to form a glycoside. Monosaccharides can also be chain-lengthened 
by the multistep Kiliani—Fischer synthesis and can be chain-shortened 
by the Wohl degradation. 

Disaccharides are complex carbohydrates in which two simple sugars 
are linked by a glycoside bond between the anomeric carbon of one unit and 
a hydroxy] of the second unit. The two sugars can be the same, as in maltose 
and cellobiose, or different, as in lactose and sucrose. The glycosidic bond 
can be either a (maltose) or B (cellobiose, lactose) and can involve any 
hydroxy] of the second sugar. A 1,4’ link is most common (cellobiose, mal- 
tose), but others such as 1,2’ (sucrose) are also known. 

24.15 Summary of Reactions 

CH,;0—CH shart RO—CH 

eae O pa ees O las O 

CH,OCHs CH,0Ac CH,OH 

An ether An ester A glycoside 

(Section 24.8) (Section 24.8) (Section 24.8) 

| CH,OH 
CHal, Ac,O, 
Ag ,O pyridine HCI (CHOH),, 

CH,OH 

CHO An alditol 

(Section 24.8) 
(CHOH),, 

Br. COOH 

CH,OH 
sea shal 

CH,OH 
1. HyNOH 
2. (CH3CO),0 2. Hp, Pd, BaSO4 An aldonic acid 

| 3. NaOCH; 3. H30* (Section 24.8) 

HO HO ; C ] COOH 
CHOH (CHOH),,-1 | (CHOH), 

, CHOH),, CH,OH i ) COOH 
A eee CH,OH antes aera 

a yi 3 A chain-lengthened (Section 24.8) 
(Section 24.8) aliseo 

(Section 24.8) 
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ADDITIONAL PROBLEMG.................000cceeee eee ee ees 

24.27 

24.28 

24.29 

24.30 

24.31 

24.32 

24.33 

24.34 

24.35 

24.36 

Classify the following sugars by type; for example, glucose is an aldohexose. 

(a) CH,OH (b)  CH,OH (c) CHO 

— H OH H OH 

CH20H C=0 HO H 

H OH H OH 

CH,OH HO H 

H OH 

CH,OH 

Write open-chain structures for a ketotetrose and a ketopentose. 

Write an open-chain structure for a deoxyaldohexose. 

Write an open-chain structure for a five-carbon amino sugar. 

Does ascorbic acid (vitamin C) have a D or an L configuration? 

CH,OH 

Ascorbic acid 

Draw a Haworth projection of ascorbic acid (Problem 24.31). 

Define the following terms, and give an example of each. 
(a) Monosaccharide (b) Anomeric center 
(d) Fischer projection (e) Glycoside (f) Reducing sugar 
(g) Pyranose form (h) 1,4’ Link (i) p-Sugar 

The following cyclic structure is that of gulose. Is this a furanose or pyranose form? 
Is it an a or a B anomer? Is it a D-sugar or an L-sugar? 

(c) Haworth projection 

OH 
CH,OH 

O 

OH 

OH OH 

Gulose 

Uncoil gulose (Problem 24.34), and write it in its open-chain form. 

Draw p-ribulose in its five-membered cyclic B-hemiacetal form. 
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24.38 

24.39 

24.40 

24.41 

24.42 

24.43 

24.44 

24.45 

24.46 

24.47 

24.48 

24.49 

Additional Problems 955 

CH,OH 

C=O 

H—C—OH Ribulose 

H= 9 —OH 

CH,OH 

Look up the structure of p-talose in Figure 24.2, and draw the 8 anomer in its 
pyranose form. Identify the ring substituents as axial or equatorial. 

Draw structures for the products you would expect to obtain from reaction of B-p- 
talopyranose with each of the following reagents: 
(a) NaBH, in H,O (b) Warm dilute HNO; (c) Bra, HzO 

(d) CH3;CH,OH, HCl (e) CH3I, AgsO (f) (CH3CO).0, pyridine 

How many p-2-ketohexoses are possible? Draw them. 

One of the p-2-ketohexoses (Problem 24.39) is called sorbose. On treatment with 

NaBHg, sorbose yields a mixture of gulitol and iditol. What is the structure of 
sorbose? 

Another p-2-ketohexose, psicose, yields a mixture of allitol and altritol when reduced 
with NaBHy,. What is the structure of psicose? 

Fischer prepared the L-gulose needed for his structure proof of glucose in the fol- 
lowing way. D-Glucose was oxidized to p-glucaric acid, which can form two six- 
membered-ring lactones. These were separated and reduced with sodium amalgam 
to give D-glucose and L-gulose. What are the structures of the two lactones, and 
which one is reduced to L-gulose? 

What other p-aldohexose gives the same alditol as p-talose gives? 

Which of the eight p-aldohexoses give the same aldaric acids as their L enantiomers 
give? 

Which of the other three D-aldopentoses gives the same aldaric acid as D-lyxose 
gives? 

Gentiobiose, a rare disaccharide found in saffron and gentian, is a reducing sugar 
and forms only p-glucose on hydrolysis with aqueous acid. Reaction of gentiobiose 
with iodomethane and silver iodide yields an octamethyl] derivative, which can be 
hydrolyzed with aqueous acid to give 1 equiv of 2,3,4,6-tetra-O-methyl-p-gluco- 
pyranose and 1 equiv of 2,3,4-tri-O-methyl-p-glucopyranose. If gentiobiose contains 

a B-glycoside link, what is its structure? 

Amygdalin, or Laetrile, is a glycoside isolated in 1830 from almond and apricot 
seeds. It is known as a cyanogenic glycoside since acidic hydrolysis liberates HCN, 
along with benzaldehyde and two equivalents of p-glucose. Structural studies have 

shown amygdalin to be a B-glycoside of benzaldehyde cyanohydrin with gentiobiose 

(Problem 24.46). Draw the structure of amygdalin. 

Trehalose is a nonreducing disaccharide that is hydrolyzed by aqueous acid to yield 
two equivalents of p-glucose. Methylation followed by acidic hydrolysis yields two 
equivalents of 2,3,4,6-tetra-O-methylglucose. How many possible structures are 

there for trehalose? 

Trehalose (Problem 24.48) is cleaved by enzymes that hydrolyze a-glycosides but 
not by enzymes that hydrolyze B-glycosides. What are the structure and the system- 
‘atic name of trehalose? 
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24.50 

24.51 

24.52 

24.53 

24.54 

24.55 

24.56 

Isotrehalose and neotrehalose are chemically similar to trehalose (Problem 24.48) 
except for the fact that neotrehalose is hydrolyzed only by £-glycosidase enzymes, 
whereas isotrehalose is hydrolyzed by both a- and B-glycosidase enzymes. What are 
the structures of isotrehalose and neotrehalose? 

Propose a scheme for the synthesis of gentiobiose methyl glycoside (Problem 24.46), 
starting from B-p-glucose and methy] 2,3,4-tri-O-acetyl-6-p-glucopyranoside. 

p-Glucose reacts with acetone in the presence of acid to yield the nonreducing 1,2:5,6- 
diisopropylidene-p-glucofuranose. Propose a mechanism for this reaction. 

CH,OH O ae 
O I 

HosCHGCH aia a O + 2H,0 
HO OH OH 

OH O 

1,2 :5,6-diisopropylidene-D-glucofuranose 

p-Mannose reacts with acetone to give a diisopropylidene derivative that is still 
reducing toward Tollens’ reagent. Propose a likely structure for this derivative. 

Propose a mechanism to account for the fact that p-gluconic acid and p-mannonic 
acid are interconverted when either is heated in pyridine solvent. 

The cyclitols are a group of carbocyclic sugar derivatives having the general for- 
mulation 1,2,3,4,5,6-cyclohexanehexol. How many stereoisomeric cyclitols are pos- 
sible? Draw them in Haworth projection. 

Compound A is a D-aldopentose that can be oxidized to an optically inactive aldaric 
acid, B. On Kiliani—Fischer chain extension, A is converted into C and D; C can be 

oxidized to an optically active aldaric acid E, but D is oxidized to an optically inactive 
aldaric acid, F. What are the structures of A-F? { 
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Aliphatic Amines 

Amines are organic derivatives of ammonia in the same way that alcohols 
and ethers are organic derivatives of water. Amines are classified as pri- 
mary (RNHg2), secondary (R2NH), or tertiary (R3N), depending on the 
number of organic substituents attached to nitrogen. For example, methyl- 
amine (CH3NH,) is a primary amine, dimethylamine [(CH3)2NH] is a sec- 
ondary amine, and trimethylamine [(CH3)3N] is a tertiary amine. Note that 
this usage of the terms primary, secondary, and tertiary is different from 
our previous usage. When we speak of a tertiary alcohol or alkyl halide, we 
refer to the degree of substitution at the alkyl carbon atom; when we speak 
of a tertiary amine, however, we refer to the degree of substitution at the 
nitrogen atom. 

ha ln le 
Bag OM caer aoe Somalia 

CH; CHs CH3 

tert-Butyl alcohol Trimethylamine tert-Butylamine 
(a tertiary alcohol) (atertiary amine) (a primary amine) 

Compounds with four groups attached to nitrogen are also known, but 
the nitrogen atom must carry a positive charge. Such compounds are called 
quaternary ammonium salts. 

R 
+ 

R—N—R X™ A quaternary ammonium salt 

R 

957 
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PROBLEM... 

25.1 

25.1 

Amines can be either alky] substituted or aryl substituted. Much of the 

chemistry of the two classes is similar, but there are sufficient differences 

that we’ll consider them separately. Arylamines will be discussed in Chapter 

26. 

CH,CH,NH, ¢ \-xu, ( \-cussn, 

Ethylamine Aniline Benzylamine 
(an aliphatic amine) (an arylamine) (an aliphatic amine) 

Classify these compounds as either primary, secondary, or tertiary amines, or as 

quaternary ammonium salts. 

(a) NH, (b) CH, (c) CH,N(CHs)s ~I 

Oo 
(d) [(CH3)2.CH],NH (e) 

N 

Nomenclature of Amines 

{ 

Primary amines, RNHg, are named in the IUPAC system in several ways, 
depending on their structure. For simple amines, the suffix -amine is added 
to the name of the alkyl substituent. 

ie 
Hoo—O—NE (ene, H)NCH,CH,CH,CH,NH> 

CHg 

tert-Butylamine Cyclohexylamine 1,4-Butanediamine 

Alternatively, the suffix -amine can be used in place of the final -e in the 
name of the parent compound. 

H3C 

NH» 
H3C 

4,4-Dimethylcyclohexanamine 

Amines with more than one functional group are named by considering the 
—NHg as an amino substituent on the parent molecule. 
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COOH 

ne | 
CH3;CH,CHCOOH H,NCH2CH,CCH3 
a 3 2 4 3 21 

NH» 

NH» 

2-Aminobutanoic acid 2,4-Diaminobenzoic acid 4-Amino-2-butanone 

Symmetrical secondary and tertiary amines are named by adding the 
prefix di- or tri- to the alkyl group. 

i 
No Co eH: 

| Ze C H, C Hs 

Diphenylamine Triethylamine 

Unsymmetrically substituted secondary and tertiary amines are named 
as N-substituted primary amines. The largest alkyl group is chosen as the 
parent name, and the other alkyl groups are considered N-substituents on 
the parent (N since they’re attached to nitrogen). 

H,C = _CH2CH 3 

CH; m 
\ . 

N ad C H 2 G H 2 6 H 3 

i 
CH3 

N,N-Dimethyl propylamine N-Ethyl-N-methylcyclohexylamine 

(propylamine is the parent name; the two (cyclohexylamine is the parent name; 

methyl groups are substituents on nitrogen) methyl and ethyl are N-substituents) 

There are relatively few common names for simple amines, but IUPAC 
rules do recognize the names aniline and toluidine for aminobenzene and 
aminotoluene, respectively. 

NH; CH, 

Aniline m-Toluidine 

Heterocyclic amines, compounds in which the nitrogen atom occurs 
as part of a ring, are also common, and each different heterocyclic ring 
‘system is given its own parent name. In all cases, the nitrogen atom is 
numbered as position 1. 
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4 5 4 

[een alae 2 
oe 7 Za 

N v1 3 Nj 

‘ H 

Pyridine Pyrrole Quinoline 

3 4 3 : 

ESE ALES none a ; 6 N Gene? 
1 1 

| ‘i | 1 
H H 

Imidazole Indole Pyrimidine 

4 

CS: — So 2 
ied Z 7 

V4 v4 72 

H H H 

Pyrrolidine Morpholine Piperidine 

PROBLEM yore io co ipius 5) ove) eye: ie aie ee pins satel stele plat ve atte 6 e)reltel ctohatereelsVrelerant atiave' ¢ elaletatel nt eye 

25.2 Name these compounds by IUPAC rules: 

(a) CH;NHCH,CH3 (b) Ce (c) CH; —-N—CH,CH2CH3 
3 

| 
(d) Te (e) [(CH3)2CH],NH (f) H,NCH,CH,CHNH, 

1 
CH; 

PROBLEM «5.0 0:0) 01001016 a:eleie 01010 /0.e's\00, «! em) sheleiejalels e/s\/eis'ecg olsinimraiele claire isroleleisi 

25.3 Draw structures corresponding to these IUPAC names: 
(a) Triethylamine (b) Triallylamine 
(c) N-Methylaniline (d) N-Ethyl-N-methylcyclopentylamine 
(e) N-Isopropylcyclohexylamine (f) N-Ethylpyrrole 

25.4 Draw structures for the following heterocyclic amines: 
(a) 5-Methoxyindole (b) 1,3-Dimethylpyrrole 
(c) 4-(N,N-Dimethylamino)pyridine (d) 5-Aminopyrimidine 
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25.2 Structure and Bonding in Amines 
I re” 

PROBLEM... 

25.5 

The bonding in amines is similar to the bonding in ammonia. The nitrogen 
atom is sp® hybridized, with the three substituents occupying three corners 
of a tetrahedron and the nitrogen’s nonbonding lone pair of electrons occu- 
pying the fourth corner. As expected, the C-N-C bond angles are very close 
to the 109° tetrahedral value. For trimethylamine, the C-N-C bond angle 
is 108° and the C-N bond length is 1.47 A. 

sp® hybridized 

H,C- 4 cu, 

H3C 

Trimethylamine 

One consequence of tetrahedral geometry is that amines with three 
different substituents on nitrogen are chiral. Such an amine has no plane 
of symmetry and therefore is not superimposable on its mirror image. If we 
consider the lone pair of electrons to be the fourth substituent on nitrogen, 
these chiral amines are analogous to chiral alkanes with four different 
substituents attached to carbon: 

(W) W 

? 
A chiral amine aN eG A chiral alkane 

YY, Y 

Unlike chiral alkanes, though, most chiral amines can’t be resolved into 

their two enantiomers, because the two enantiomeric forms rapidly inter- 
convert by a pyramidal inversion, much as an alkyl halide inverts in an 
Sn2 reaction. Pyramidal inversion occurs by a momentary rehybridization 
of the nitrogen atom to planar, sp? geometry, followed by rehybridization of 
the planar intermediate to tetrahedral, sp? geometry (Figure 25.1). 

Spectroscopic studies have shown that the barrier to nitrogen inversion 
is about 6 kcal/mol (25 kJ/mol), a figure only twice as large as the barrier 
to rotation about a carbon-carbon single bond. Pyramidal inversion is there- 
fore rapid at room temperature, and the two optically active forms can’t 
normally be isolated. 

Cees ese reserscerceeeeeeesernesrereeseeeeeerseereseseeseered 

Although rapid pyramidal inversions prevent chiral trialkylamines from being 
resolved, chiral tetraalkylammonium salts such as N-ethyl-N-methyl-N-propylben- 
zylammonium chloride are configurationally stable. Draw both the R and the S 
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sp® hybridized sp® hybridized 

Nabe a 

Z 

sp* hybridized 
(planar) 

Figure 25.1 Pyramidal inversion of amines interconverts the two 

mirror-image forms. 

enantiomers of this chiral ammonium salt, and explain why they don’t interconvert 

by pyramidal inversion. 

CHC HaGH 

ee ae Cl- 

CH; ( 

N-Ethyl-N-methyl-N-propylbenzylammonium chloride 

& bil0) B16 Soleo ou ipo! 6,6, (018 0 010,66 9,04 06:0 wi OrW fw) wie le ‘abe (00) ules 14) Ble lwiele\e 4/6 ¢7e mi e\ipia 6 (6eners esse 

25.3 Physical Properties of Amines 

Amines are highly polar and therefore have higher boiling points than 
alkanes of equivalent molecular weight have. Like alcohols, amines with 
fewer than five carbon atoms are generally water-soluble. Also like alcohols, 
primary and secondary amines form strong hydrogen bonds and are highly 
associated in the liquid state. The physical properties of some simple amines 
are given in Table 25.1. 
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One characteristic of amines that doesn’t show up in Table 25.1 is their 
odor. All low-molecular-weight amines have a characteristic and distinctive 
fish-like aroma, while diamines such as putrescine (1,4-butanediamine) 
have names that are self-explanatory. 

TABLE 25.1 Physical Properties of Some Simple Amines 
SSS ES EE a EE 

Melting Boiling 
point point 

Name Structure (C) (°C) 

Ammonia NH3 Pack —33.3 

Primary amines 
Methylamine CH3NH>, —94 —6.3 

Ethylamine CH3;CH,NH>, —81 16.6 

tert-Butylamine (CH3)3C NH» —67.5 44.4 

Aniline (an arylamine) CgH;NH2 —6.3 184.1 

Secondary amines 
Dimethylamine (CH3)2NH —93 7.4 

Diethylamine (CH3CH2)2.NH —48 56.3 

Diisopropylamine [(CH3)2CH],NH -61 84 

Pyrrolidine ( \H 2 89 

Tertiary amines 

Trimethylamine (CH3)3N -—117 3 

Triethylamine (CH3CH2)3 N —114 89.3 

N-Methylpyrrolidine [ )- CH3 —21 81 

25.4 Amine Basicity 

The chemistry of amines is dominated by the nitrogen lone pair of electrons. 
Because of the nitrogen lone pair, amines are both basic and nucleophilic. 
They react with Lewis acids to form acid/base salts, and they react with 
electrophiles in many of the polar reactions seen in past chapters. 

i, ely wk ce 

Ste at Wied — SN—H+:A 
/ Z 

An amine An acid A salt 

(a Lewis base) : 
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Amines are much more basic than alcohols, ethers, or water. When an 
amine is dissolved in water, an equilibrium is established in which water 
acts as a protic acid and donates a proton to the amine. Not all amines are 
equal in base strength, though; some amines are stronger and some are 
weaker. Just as we were able to measure the acid strength of a carboxylic 
acid (Section 20.3), we can also measure the base strength of an amine. 

The most convenient way to measure the basicity of an amine is to look 
at the acidity (pK,) of the corresponding ammonium salt. Since a more 
strongly basic amine holds a proton more tightly, its corresponding ammo- 
nium ion is less acidic (higher pK,). A more weakly basic amine, however, 
holds a proton less tightly, and its corresponding ammonium ion is more 
acidic (lower pK,). This correlation between acidity and basicity is, of course, 
just another example of the general relationship we saw in Section 2.6. The 
conjugate base (RNHg2) that results from deprotonation of a weak acid 
(RNH3*) is a strong base, and the conjugate base from deprotonation of a 
strong acid is a weak base. 

If this ammonium salt has a lower pK, 
C (stronger acid), then this amine 

is a weaker base. 

R—NH;* + H,O = R—NH, + H,0+* 

If this ammonium salt has a higher pK, 
(weaker acid), then this amine 

is a stronger base. 

Table 25.2 lists the measured pK,’s of some common ammonium salts 
and indicates that there is little effect of substitution on alkylamine basicity. 
The salts of most simple alkylamines have pK,’s in the narrow range, 10— 
11, regardless of their exact structure. 

In contrast to amines, amides (RCONHg2) are completely nonbasic. 
Amides don’t form salts when treated with aqueous acids; their aqueous 
solutions are neutral; and they are very poor nucleophiles. There are two 
main reasons for the difference in basicity between amines and amides. 
First, the ground state of an amide is stabilized by delocalization of the 
nitrogen lone-pair electrons through orbital overlap with the carbonyl group. 
In resonance terms, we can draw two contributing forms: 

Since this amide resonance stabilization is lost in the protonated product, 
protonation is disfavored (larger positive AG°). Second, a protonated amide 
is higher in energy than a protonated amine because the electron-with- 
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TABLE 25.2 Basicity of Some Common Alkylamines 
SSS a TE 

Name Structure pK, of ammonium ion 

Ammonia : NH; 9.26 

Primary alkylamine 

Methylamine CH,N Hy, 10.64 

Ethylamine CH;CH,NH, —10.75 

Secondary alkylamine 

Dimethylamine (CH;),NH 10.73 

Diethylamine (CH;CH,),NH 10.94 

Pyrrolidine 11.27 Ou 
Tertiary alkylamine 

Trimethylamine (CH3)3N : 9.79 

Triethylamine (CH3CHg)3N : 10.75 

drawing carbonyl group inductively destabilizes the neighboring positive 
charge. 

O A protonated amide has no resonance 
sell stabilization and has inductive 
we + destabilization of the positive charge. R~ AH, p g 

Both factors—increased stability of an amide versus an amine and 
decreased stability of a protonated amide versus a protonated amine—lead 
to a large difference in AG° and a resultant large difference in basicity for 
amines and amides. Figure 25.2 shows these relationships on a reaction 
energy diagram. 

It’s often possible to take advantage of their basicity to purify amines. 
For example, if a mixture of a basic amine and a neutral compound such 
as a ketone, an alcohol, or an ether is dissolved in an organic solvent and 
extracted with aqueous acid, the basic amine dissolves in the water layer 
as its protonated salt, while the neutral compound remains in the organic 
solvent layer. Separation, basification, and extraction of the aqueous layer 
with organic solvent then provides the pure amine (Figure 25.3). 

In addition to their behavior as bases, primary and secondary amines 
can also act as extremely weak acids, since their N-H protons can be 
removed by a sufficiently strong base. We’ve already seen, for example, how 
diisopropylamine (pK, ~ 40) reacts with butyllithium to yield lithium diiso- 
propylamide (LDA) and butane (Section 22.5). 
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Destabilization of 
protonated amide versus 
protonated amine 

Resonance stabilization 

of amide versus amine 

Reaction progress ———>— 

Figure 25.2 A reaction energy diagram comparing the 

protonation of amines and amides. The AG® for amide protonation 
is larger because of increased reactant stability and decreased 

product stability. 

Dissolve in ether; 

add HCl, H,O 

Ether layer 
(neutral compound) 

Add NaOH, ether 

Aqueous layer 

(NaCl) 

Bee ee ee 

Figure 25.3 Separation and purification of an amine component 
from a mixture. 
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CH(CHs3). CH(CH3). 

n-C,HoLi + H—N BEETS POT OF fin-C io 
Ae solvent \ 

Diisopropylamine Lithium diisopropylamide (LDA) 

Dialkylamide anions like LDA are extremely powerful bases that are 
much used in organic chemistry, particularly for the generation of enolate 
ions from carbonyl compounds (Section 22.9). 

PROBLEM 

25.6 Which compound in each of the following pairs is more basic? 
(a) CH3;CH,NH, or CH3CH,CONH, (b) NaOH or CH3;NH, 
(c) CH;NHCH3 or CH;0CH; 

25.7 In each of the following molecules, predict which nitrogen atom is more basic. 
(a) Imidazole (b) 2-Aminoquinoline 

NH, CH,CH,NH, 

(c) x (@) \ 
N N 
\ \ 
H H 

25.8 Protonation of an amide actually occurs on oxygen rather than on nitrogen. Suggest 
a reason for this behavior. 

OH 
H.SO. | ee 

=== R—C—NH, + HSO; 

POP e meee eee HEHEHE EH HEHEHE HERE E HEHEHE HEHEHE HH HEHEHE OE EH EEE EEE EO 

25.5 Resolution of Enantiomers via 
Amine Salts 

We saw in the previous section that it’s possible to take advantage of the 
basic properties of an amine to carry out its purification. We can also take 
advantage of amine basicity in another important way: to carry out the 
resolution of a racemic carboxylic acid into its two pure enantiomers. 
[Recall from Section 9.10 that a racemic mixture is a 50:50 mixture of (+) 
and (—) enantiomers.] 
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Historically, Louis Pasteur was the first person to resolve a racemic 
mixture when he was able to crystallize a salt of (+)-tartaric acid and 
separate two kinds of crystals by hand (Section 9.5). Pasteur’s method isn’t 
generally applicable, though, because few racemic compounds crystallize 
into separate mirror-image forms. The most commonly used method of res- 
olution uses an acid—base reaction between a racemic mixture of carboxylic 

acids and a chiral amine. 
To understand how this method of resolution works, let’s see what hap- 

pens when a racemic mixture of chiral acids such as (+)- and (—)-lactic acids 
reacts with an achiral amine base such as methylamine (Figure 25.4). Ste- 
reochemically, the situation is analogous to what happens when left and right 
hands (chiral) pick up a tennis ball (achiral). Both left and right hands pick 
up the ball equally well, and the products—ball in right hand versus ball 
in left hand—are mirror images. In the same way, both (+)- and (—)-lactic 
acid react with methylamine equally well, and the product is a mixture of 
two salts: methylammonium (+)-lactate and methylammonium (—)-lactate. 
Just as with the chiral hands and the achiral ball, the two salts are mirror 
images and we still have a racemic mixture. 

aon COO” H3NCHs; 

| 
(R) s2C EO H CH. H 2 — Hi of 3 H of CH; 

R salt a 

(o! 3: 2 s 7 s Be ig ee Mirror ------------- Enantiomers 

plo ) 
HO HO 
A CHs nes 0. ~ HA 

| + 
COOH COO” H3,NCH, 

S salt 

Racemic lactic acid Racemic ammonium salt 
(50% R, 50% S) (50% R, 50% S) 

=a eae ee 

Figure 25.4 Reaction of racemic lactic acid with achiral 
methylamine leads to a racemic mixture of ammonium salts . 

Now let’s see what happens when the racemic mixture of (+)- and (—)- 
lactic acids reacts with a single enantiomer of a chiral amine base such as 
(f)-1-phenylethylamine (Figure 25.5). Stereochemically, the situation is 
analogous to what happens when a hand (a chiral reagent) puts on a right- 
handed glove (also a chiral reagent). Left and right hands do not put on the 
same glove in the same way. The products—right hand in right glove versus 
left hend in right glove—are not mirror images; they’re altogether different. 
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te H i 

COOH o- - i NH, yes Hy <— 

my 7,--C H——CH, HO omc || i? ~cH a HO : o~ O 
a (R)-1-Phenylethylamine An a salt Diastereomers 

HO N CH. HO H3N 

(3) HY ee | | Hy i eS COOH COO- HCY ae 
Pas 

Racemic lactic acid An SR salt 
(50% R, 50% S) 

LE SE eee 

Figure 25.5 Reaction of racemic lactic acid with pure 

(R)-1-phenylethylamine yields a mixture of diastereomeric 
ammonium salts. 

PROBLEM... 

25.9 

PROBLEM... 

25.10 

In the same way, (+)- and (—)-lactic acids react with (R)-1-phenyl- 
ethylamine to give two different products. (R)-Lactic acid reacts with (R)- 
1-phenylethylamine to give the R,R salt, whereas (S)-lactic acid reacts with 
the same R amine to give the S,R salt. These two salts are diastereomers. 
They are different compounds and have different chemical and physical 
properties. It may therefore prove possible to separate them physically by 
fractional crystallization or by some other laboratory technique. Once sep- 
arated, acidification of the two diastereomeric salts with mineral acid then 
allows us to isolate the two pure enantiomers of lactic acid and to recover 
the pure chiral amine for further use. A flow diagram for the overall process 
is shown in Figure 25.6. 

The reaction between two enantiomers of a chiral acid and one enan- 
tiomer of a chiral base to yield diastereomeric salts is an example of a general 
rule: Any reaction between a racemic mixture and another chiral partner 
always yields a mixture of diastereomeric products. 

«lw coe 6 ola 6 ble 66 e066 6.6 O18 66010 4 0 Ole Oe © Ciclo Sluis 2 oe 601666 610 ¢\neets 0 06s 

Suppose that racemic lactic acid reacts with methanol to yield the ester methyl 
lactate. What stereochemistry would you expect the product(s) to have? What is the 

relationship of one product to another? 

ib) a] o sybils) Sep UR Ols has) eine tale) g 6a) «eles. 00, 8) 0 #4) 0 610) 4 4 0/70\s) 0.¢| éehe) 06) 0) 6) .0'\@\ar6 

Suppose that a chiral acid such as (S)-lactic acid reacts with a chiral alcohol such 
as (R)-2-butanol to form an ester. What stereochemistry would you expect the prod- 
uct(s) to have? Draw the starting materials and product. 
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R,R salt + S,R salt 
(diastereomers) 

Separate 

R,R salt 
er SR sa pee 

HCl 

Figure 25.6 A flow diagram for the resolution of a racemic 

carboxylic acid into its two pure enantiomers. 
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25.11 Suppose that racemic lactic acid reacts with (S)-2-butanol to form an ester. What 
stereochemistry does the product(s) have? What is the relationship of one product 
to another? How might you use this reaction to resolve (+)-lactic acid? 

Se Sa sy Se hs Re es a a ara eT all San oS waa eg ee i 

25.6 Industrial Sources and Uses of 
Alkylamines 

Simple alkylamines such as methylamine, ethylamine, and dimethylamine 
all find a variety of minor applications in the chemical industry as starting 
materials for the preparation of insecticides and pharmaceuticals. For exam- 
ple, propranolol, a heart stimulant used in the control of cardiac arrhyth- 
mias, is prepared by Sy2 reaction of an epoxide with isopropylamine. 

CHs 
| 

Propranolol (a heart stimulant) 
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Simple methylated amines are prepared by reaction of ammonia with 
methanol in the presence of an alumina catalyst. The reaction yields a 
mixture of mono-, di-, and trimethylated products but is nonetheless useful 

industrially since the separation of the three products by distillation is easy. 

Al,O3 
NH; + CH,0H 

450°C 
CH3NH»2 + (CH3)2NH + (CH3)3N + H,O 

25.7 Synthesis of Amines 

Sn2 REACTIONS OF ALKYL HALIDES 

Ammonia and other alkylamines are excellent nucleophiles in Sy2 reactions. 
As a result, the simplest method of amine synthesis is by Sy2 alkylation of 
ammonia or an alkylamine with an alkyl halide. If ammonia is used, a 
primary amine results; if a primary amine is used, a secondary amine 
results; and so on. Even tertiary amines react rapidly with alkyl halides to 
yield quaternary ammonium salts, R4N*t X~. 

: aS vos - NaOH : 
Ammonia NH; + R~X -—— RNH3 X ——> RNH, Primary 

Primary | RNH, + R—-X —> R,NH}X- —““4, R,NH _ Secondary 
Secondary R,NH + R—X ——> R,NH* X7 eo R3N Tertiary 

Tertiary R,N + R—X ——> R,N* X~ Quaternary ammonium salt 

Syn2 reaction 

Unfortunately, these reactions don’t stop cleanly after a single alky]l- 
ation has occurred. Since primary, secondary, and even tertiary amines are 
all of similar reactivity, the initially formed monoalkylated product often 
undergoes further reaction to yield a mixture of products. For example, 
treatment of 1-bromooctane with a twofold excess of ammonia leads to a 
mixture containing only 45% of octylamine. A nearly equal amount of dioc- 
tylamine is produced by double alkylation, along with smaller amounts of 
trioctylamine and tetraoctylammonium bromide. 

CH,(CH,),CH»Br + :NH; —> CH,(CH,)sCH,NH2 + [CH,(CH2),CH2],NH 

1-Bromooctane Octylamine (45%) Dioctylamine (43%) 

+ [CH3(CH2)gCH2]3N: + [CHs(CH2)¢CHo]4NBr 
Trace Trace 

Higher yields of monoalkylated product can sometimes be obtained by 

using a large excess of the starting amine, but even so the reaction is a poor 

one, and better methods of synthesis are needed. Two such methods are often 
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used: the azide synthesis and the Gabriel synthesis. Both methods are 

excellent ways to prepare primary amines from alkyl halides: 

RCH,Br Via azide synthesis RCH,NH, 

or Gabriel synthesis 

An alkyl halide A primary amine 

Azide ion, N3~, is a nonbasic, highly reactive nucleophile that displaces 

halide ion from primary and even secondary alkyl halides to give alkyl 

azides, RNs, in high yield. Since alkyl azides are not themselves nucleo- 

philic, overalkylation can’t occur. Reduction of alkyl azides, either by cat- 

alytic hydrogenation over palladium or by reaction with LiAlHy4, leads to 

the desired primary amine. Yields are usually excellent, but the value of 

the process is tempered by the fact that low-molecular-weight alkyl azides 

are explosive and must be handled carefully. 

+ - 

CH,CH,Br } CH,CH,N =—=N=N CH,CH,NH, 

NaN3 1. LiAlH,, ether 
—__ ed 

Ethanol 2. H,O 

1-Bromo-2- 2-Phenylethyl azide 2-Phenylethylamine 

phenylethane (89%) 

Br N3 NH, 

NaN3 1. LiAlHy,, ether 
———_—_——> > 

Ethanol 2. HO 

{ 
Bromocyclohexane Cyclohexyl] azide Cyclohexylamine 

(54%) 

The Gabriel! amine synthesis, introduced in 1887, uses an imide alky]l- 
ation to provide an alternative means of preparing primary amines from 
alkyl halides. Imides (-CONHCO-) are structurally similar to ethyl ace- 
toacetate in that the proton on nitrogen is flanked by two acidifying carbonyl 
groups. Thus, imides are readily deprotonated by such bases as KOH, and 
their resultant anions are readily alkylated in a reaction similar to 
the acetoacetic ester synthesis (Section 22.9). Basic hydrolysis of the 
N-alkyl phthalimide then yields a primary amine product. The reaction is 
best carried out in the highly polar solvent, dimethylformamide, DMF 
[HCON(CH3)2]. Note that the imide hydrolysis step to yield amine plus 
phthalate ion is closely analogous to the hydrolysis of an amide (Section 
21.8). 

1Siegmund Gabriel (1851-1924); b. Berlin; Ph.D. University of Berlin (1874); assistant to 
A. W. von Hofmann; professor, University of Berlin. 
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i Kt 

ae 

oe res cea” yp Ke 

i 

Phthalimide Potassium phthalimide [oun 

Co,- 

RNH, + cl 

CO.” 

CO K*t + DMF i. as 
CH, Br CH,NH2 

Lvs eres y > eee 

ie 2. -OH/H,O 

Benzyl bromide Benzylamine (81%) 

For example, 

on 

Recall the acetoacetic ester synthesis: 

i I i 
C2H;0—C C2H;0—C C2H;0—C 

- Nat -OEt at en a as 

ca a CH; i eS 

O O O 

25.12 Show the mechanism of the last step in the Gabriel amine synthesis, the base- 
promoted hydrolysis of an imide to yield an amine plus phthalate ion. 

BROBEEIM oreve ololelavel ole! oles gale) cle\ alee) oeleie) oles (ate « loi eKe).e1 +) 51-1 =] n4v leleliele\(e/s«) ayeje/siajs elon ope 

25.13 Show two methods for the synthesis of dopamine, a neurotransmitter involved in 

regulation of the central nervous system. Use any alkyl halide needed. 

HO nee CH,CH,NH, 

HO 

Dopamine 

Miele) alma) Slee 0) eiele 6. ee) sim.s\-e//a)/¥\ es) (s\\a),s)(0\ 0) wile:o|im wie i@,@'@ ee) 6 04 p\6)e.01¢ (0106.0 0 5,00) 86 #60 80 8 
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REDUCTION OF NITRILES AND AMIDES 

We’ve already seen how amines can be prepared by reduction of nitriles 

(Section 21.9) and amides (Section 21.8) with LiAlH,. Both reactions usually 

take place in high yield. 
The two-step sequence of Sy2 displacement with cyanide ion followed 

by reduction provides an excellent method for converting alkyl halides into 
primary amines having one more carbon atom. Amide reduction provides 
an excellent method for converting carboxylic acids and their derivatives 

into amines with the same number of carbon atoms. 

RX —<*, Ron > aa ether, RCH,NH, 

Alkyl halide 1° amine 

O O 

| | 1. SOC], 1. LiAlHg, ether 
R—C—OH 2.NH, R—C NH, 2. H,O RCH,NH2 

Carboxylic acid 1° amine 

25.14 Propose structures for either a nitrile or an amide that might be a precursor of each 
of these amines. 
(a) Propylamine (b) Dipropylamine 
(c) Benzylamine, CgH;CH,NH,2 (d) N-Ethylaniline 

Ome eee mw ee eee wee eee eee eee Hee EH HH EH EEE HEE HEE HEE HEHEHE EEE HE HEE EE ES 

REDUCTIVE AMINATION OF KETONES AND 
ALDEHYDES 

Amines can be synthesized in a single step by treatment of a ketone or an 
aldehyde with ammonia or an amine in the presence of a reducing agent, 
a reaction called reductive amination. For example, amphetamine, a cen- 
tral nervous system stimulant, is prepared commercially by reductive ami- 
nation of phenyl-2-propanone with ammonia, using hydrogen gas over a 
Raney nickel catalyst as the reducing agent: 

O :NH» 
| | 

Z CH,CCH, CH,CHCH, 
:NHy 

= | H,/Raney Ni CY + H,0 

Phenyl-2-propanone Amphetamine 
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Reductive amination takes place by the pathway shown in Figure 25.7. 
As indicated, an imine intermediate is first formed by a nucleophilic addition 
reaction (Section 19.12), and the imine is then reduced. 

1 
ee 

Ammonia attacks the carbonyl group 
in a nucleophilic addition reaction to 
yield an intermediate carbinolamine. 

cncon 

Chee 

an imine. 

pet 

The intermediate loses water to give es 

The imine is reduced catalytically 
over Raney nickel to yield the amine Perey ay: 
product. 

1p 
CH,CHCH, 

ae ee a Se ee ee 

Figure 25.7 Mechanism of reductive amination of a ketone to 

yield an amine. (Complete details of the imine-forming step are 

shown in Figure 19.8.) 

Ammonia, primary amines, and secondary amines can all be used in 

the reductive amination reaction to yield primary, secondary, and tertiary 
‘amines, respectively. 



976 CHAPTER 25. Aliphatic Amines 

O 

I 

Hee 
NH , R’,NH 

rae a \ eet 

H NH, H NHR’ H, NR’, 
ff. ee nan 

yee Wee RY of OR’ Roser 
Primary amine Secondary amine Tertiary amine 

Many different reducing agents are effective, but the most common 

choice on a laboratory scale (as opposed to an industrial scale) is sodium 

cyanoborohydride, NaBH3CN. 

H3C_ « CHyg 
O N 

as NaBH,CN + HO 
+ HN(CHs)o CH,OH 2 

Cyclohexanone N,N-Dimethylcyclohexylamine 

(85%) 

PROBLEM ao ios 51 0's 0) dine co saa tatoo ob oiglieh oie) He. i nis a) cleo!) 91» s\\e) 191s «sis e0eieln.® ms) eieininisle 

25.15 Show how these amines might be prepared by reductive amination of a ketone or 
an aldehyde. Show all precursors if more than one is possible. { 

(a) CHs;CH,NHCH(CHs3)2 (b) N-Ethylaniline 
(c) N-Methylcyclopentylamine 

PROBLEM 5 oio5 acai ara e msi atalateraliesaisioifaieusliais wie a) eee) eines lala lvjel(esiale elec) aiale ta siielal'aahetais cele 

25.16 Show the mechanism of reductive amination of cyclohexanone and dimethylamine 
with NaBH3CN. What intermediates are involved? 

25.17 Ephedrine is an amino alcohol that is widely used for the treatment of bronchial 
asthma. Show how a reductive amination step might be used to synthesize ephedrine. 

OH 
| 
CHOHNECH, 

Ephedrine 

Cem eee em eee mere eH EH EERE HEHEHE HH EERO EHHEH ERE EHH EEE OEE HEHE EEE 
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HOFMANN AND CURTIUS REARRANGEMENTS 

Carboxylic acid derivatives can be converted into primary amines with loss 

of one carbon atom (RCOY — RNHz,) by both the Hofmann? rearrange- 
ment and the Curtius® rearrangement. Although the Hofmann rearrange- 
ment involves a primary amide and the Curtius rearrangement involves an 
acyl azide, both proceed through similar mechanisms: 

| NaOH, Br, 
Hofmann rearrangement " ye NH, HO RNH, + CO, 

Curtius rearrangement & ats RNH, + CO, + N § R Ea N= N = N A 2 2 2 

Hofmann rearrangement occurs when a primary amide, RCONHg, is 
treated with halogen and base (Figure 25.8). Although the overall mecha- 
nism is lengthy, most of the individual steps have been encountered before. 
Thus, the bromination of an amide in steps 1 and 2 is analogous to the base- 
promoted bromination of a ketone enolate ion (Section 22.7), and the rear- 
rangement of the bromoamide anion in step 4 is analogous to a carbocation 
rearrangement (Section 6.13). The primary difference between the migration 
step in a Hofmann rearrangement and that in a carbocation rearrangement 
is that the R- group begins its migration to the neighboring atom at the 
same time that the bromide ion is leaving, rather than after it has left. 
Nucleophilic addition of water to the isocyanate carbonyl group in step 5 is 
a typical carbonyl-group process (Section 19.8), as is the final decarboxyla- 
tion step (Section 22.9). 

Despite its mechanistic complexity, the Hofmann rearrangement often 
gives high yields of both aryl- and alkylamines. For example, the appetite- 
suppressing drug phentermine is prepared commercially by Hofmann rear- 

rangement of a primary amide: 

CHs ie 

CHC CON eo CH,;—C—NH, 
| see | 
C H 3 C Hs 

2,2-Dimethy]-3-phenylpropanamide Phentermine 

The Curtius rearrangement, like the Hofmann rearrangement, involves 

migration of an R- group from the carbonyl carbon atom to the neighboring 

nitrogen with simultaneous loss of a leaving group. The reaction takes place 

2 August Wilhelm von Hofmann (1818-1892); b. Giessen, Germany; professor, Bonn, the Royal 

College of Chemistry, London (1845-1864), Berlin (1865-1892). 

3Theodor Curtius (1857-1928); b. Duisberg; Ph.D. Leipzig; professor, universities of Kiel, 

Bonn, and Heidelberg (1898-1926). 
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Base abstracts an acidic N-H 
proton, yielding an anion. 

The anion reacts with bromine in an 

alpha-substitution reaction to give 
an N-bromoamide. 

Base abstraction of the remaining 
amide proton gives a bromoamide 
anion. 

The bromoamide anion rearranges 
as the R group attached to the 
carbonyl! carbon migrates to 
nitrogen at the same time the 
bromide ion leaves, giving an 
isocyanate. 

The isocyanate adds water in a 
nucleophilic addition step to yield a 
carbamic acid. 

The carbamic acid spontaneously 
loses COg, yielding the amine 
product. 

C Br 
Fan Ne 

R N + Br- 
co 

cae Abromoamide _.. 
OH 

el] 
i 
Cf\ Br 

R< “NU + HO 

@| 
eis, + Br- 

Figure 25.8 Mechanism of the Hofmann rearrangement of 
an amide to an amine. Each step is analogous to a reaction 
studied previously. 
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on heating an acy] azide that is itself prepared by nucleophilic acyl substi- 
tution of an acid chloride. 

O O 

NaN; (2 : A H,O 
R—C—Cl —— > R~C~N—N=N —> No + O=C=N—R — > R—NHe | 2 

Acid Isocyanate Amine 
chloride Acyl azide 

+ CO, 

Like the Hofmann rearrangement, the Curtius rearrangement is often 
used commercially. For example, the antidepressant drug tranylcypro- 
mine is made by Curtius rearrangement of 2-phenylcyclopropanecarbony] 
chloride: 

trans-2-Phenylcyclopropanecarbony] 
chloride 

25.18 Show the mechanism of the Curtius rearrangement of an acy] azide to an isocyanate, 
indicating the origin and fate of all bonding electrons. Show also the mechanism of 
the addition of water to an isocyanate to yield a carbamic acid. 

RRC EI erecta ra ae oe oat nals ele olial oo elo fel aliot o elie yataie eden assvep aleve lana ie) <)=) oe Velale 

25.19 What starting materials would you use to prepare these amines by Hofmann and 

Curtius rearrangements? 

(a) (CH3)sCCH,CH,NH, (b) nol) vi 
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25.8 Reactions of Amines 
=e ee ee ee 

We’ve already studied the two most important reactions of alkylamines: 

alkylation and acylation. As we saw earlier in this chapter, primary, sec- 

ondary, and tertiary amines can all be alkylated by reaction with primary 

alkyl halides. Alkylations of primary and secondary amines are difficult to 

control and often give mixtures of products, but tertiary amines are cleanly 

alkylated to give quaternary ammonium salts. Primary and secondary (but 

‘not tertiary) amines can also be acylated by reaction with acid chlorides or 

acid anhydrides (Sections 21.5 and 21.6) to yield amides. 
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O 

I a: | Pyridine 

H 

O 

: + RONG ee ! R’ + HCl 
R~ RS Cl a solvent R ew Fa , ee 

H 

i ak Nine é R’ + HCl 
ae SS Cl 2 : solvent Ro ~ a 

R’ 

If a sulfonyl chloride, R’SO,2Cl, is used as the acylating agent, a sul- 
fonamide (R’SO,NRz,) is produced. This reaction forms the basis of the 
Hinsberg test, a classic laboratory method for distinguishing among pri- 
mary, secondary, and tertiary amines. A primary amine yields a sulfonamide 
product that has one remaining acidic N-H proton and can therefore be 
identified by its solubility in aqueous NaOH. A secondary amine yields a 
sulfonamide that has no acidic protons and can be identified by its lack of 
base solubility. A tertiary amine yields a product that reacts instantly with 
water to give back amine starting material. Thus, no apparent reaction 
occurs with a tertiary amine. 

1 1 
Primary RNH, =u (Ysa oe ( \-s—wng Base- 
amine | | soluble 

O O product 

Benzenesulfonyl A sulfonamide 

chloride 

1 
Secondary R,NH -C Vso ee ( \-s—nn, Base- 
amine | | insoluble 

O O product 

1 i 
Tertiary RsN: + S—Cl ee (Ss Snor 

amine | 
O 

| 
O 

| HO 

R3N: at C.H;SO3H 
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HOFMANN ELIMINATION 

Just as alcohols can be dehydrated to yield alkenes, amines can also be 
converted into alkenes under suitable conditions. In the Hofmann elimi- 
nation reaction, an amine is first methylated with excess iodomethane to 
produce a quaternary ammonium salt, which then undergoes an elimination 
reaction to give an alkene on fetes with silver oxide. For example, 1- 
hexene is formed from hexylamine in 60% yield: 

CH,I 

(excess) 
CH3;CH,CH,CH,CH,CH,NH>» CH3CH,CH,CH,CH2CH,2 N (CH3)3I- 

Hexylamine Hexyltrimethylammonium iodide 

Ag,O 

H,O, A 

CH3;CH,CH,CH,CH=CH, + N(CHs)s 

1-Hexene (60%) 

Silver oxide functions by exchanging hydroxide ion for iodide ion in the 
quaternary salt, thus providing the base necessary to effect elimination. The 
actual elimination step is an E2 reaction (Section 11.11) in which hydroxide 
ion removes a proton and the positively charged nitrogen atom acts as the 
leaving group. 

oma ta 
HO?” \ \paemnyh 

oe Cr eee ee +H Ont N(CHa)s 

N(CH), 
Alkene 

Quaternary ammonium 

salt 

An interesting feature of the Hofmann elimination is that it gives prod- 
ucts different from those of most other E2 reactions. Whereas the more highly 
substituted alkene product generally predominates in the E2 reaction of an 
alkyl halide (Zaitsev’s rule; Section 11.10), the less highly substituted alkene 
predominates in the Hofmann elimination of a quaternary ammonium salt. 
The reasons for this selectivity aren’t fully understood, but are probably 
steric in origin. Because of the large size of the trialkylamine leaving group, 
hydroxide ion must abstract a hydrogen from the most sterically accessible, 
least hindered position. For example, (1-methylbutyl)trimethylammonium 
hydroxide yields 1-pentene and 2-pentene in a 94:6 ratio: 

; pice OH 
CH3;CH,CH2,CHCH3 aha CH;CH,CH,CH=CH, + CH3CH,CH—CHCH3 

(1-Methylbuty])trimethylammonium 1-Pentene 2-Pentene 
hydroxide a a 

94:6 ratio 
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PROBLEM... 

25.20 

PROBLEM... 

25.21 

ry 

The Hofmann elimination reaction is important primarily because of 

its historical use as a degradative tool in the structure determination of 

many complex naturally occurring amines. The reaction is not often used 

today, since the product alkenes can usually be made more easily in other 

ways. 

Sere rere s eer ereresereeesesesesesesesnsesesseseseeeeveseoes 

What products would you expect to obtain from Hofmann elimination of these 

amines? If more than one product is formed, indicate which is major. 

(a) CH3sCH,CH,CH(NH,)CH,CH,CH2CH3 (b) Cyclohexylamine 
(c) CHs;CH,CH,CH(NH2)CH,CH2CHs3 (d) N-Ethylcyclohexylamine 

wee eee eee eee ener eee ereeessesseoeseeesseonesseeseereosaleeees 

What product would you expect from Hofmann elimination of a cyclic amine such 

as piperidine? Formulate all the steps involved. 

NH 1. CHgI (excess) 
2. Ag,O, H,O 

3A 

Cece e rere v eer een rere sererseeserereeseeeseseseeeneoerreseers 

25.9 Tetraalkylammonium Salts as 
Phase-Transfer Agents 

Tetraalkylammonium salts, R4N* X~, are easily prepared by Sy2 reaction 
between a tertiary amine and an alkyl halide and have come tb be widely 
used in the past decade as catalysts for many different kinds of organic 
reactions. For example, we saw in Section 7.11 that chloroform reacts with 
a strong base such as NaOH to generate dichlorocarbene, which can then 
add to a carbon-carbon double bond to yield a dichlorocyclopropane. 

Imagine an experiment where cyclohexene is dissolved in chloroform 
and the organic solution is stirred with 50% aqueous sodium hydroxide. 
Since the organic layer and the water layer are immiscible, the strong base 
in the aqueous phase is unable to come into contact with chloroform in the 
organic phase, and there is no reaction. If, however, a small amount of a 
tetraalkylammonium salt such as benzyltriethylammonium chloride is 
added to the two-phase mixture, an immediate reaction occurs, leading to 

formation of the dichlorocyclopropane product in 77% yield: 

H 

ara : 4 Cl 
CHC ‘13, 50% NaOH in H,O 

+ 
CgHsCH2N(CH2CH3)3 Cl- \ Cl 

H 
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How does the tetraalkylammonium salt exert its catalytic effect? Ben- 
zyltriethylammonium ion, even though positively charged, is nevertheless 
soluble in organic solvents because of the four hydrocarbon substituents on 
nitrogen. When the positively charged tetraalkylammonium ion goes into 
the organic layer, a negatively charged counter-ion must also move into the 
organic layer to preserve charge neutrality. Hydroxide ion, present in far 
greater amount than chloride ion, is thus transferred into the organic phase 
where reaction with chloroform immediately occurs (Figure 25.9). 

Aqueous phase H20 + Nat HO™ Add R,N* CI” H,O + Nat HO-+cr 

Organic phase 

Figure 25.9 Phase-transfer catalysis. Addition of a small amount 

of a tetraalkylammonium salt to a two-phase mixture allows an 

inorganic anion to be transferred from the aqueous phase into the 

organic phase, where a reaction can occur. 

Transfer of an inorganic ion from one phase to another is called 
phase transfer, and the tetraalkylammonium salt is referred to as a phase- 
transfer catalyst. Many different kinds of organic reactions, including oxi- 
dations, reductions, carbonyl-group alkylations, and Sy2 reactions, are sub- 
ject to phase-transfer catalysis, often with considerable improvements in 
yield. Sy2 reactions are particularly good candidates for phase-transfer 
catalysis, since inorganic nucleophiles can be transferred from an aqueous 
(protic) phase to an organic (aprotic) phase, where they are far more reactive. 

For example: 

CH,(CH;),CH,Br°+-NaCN !———22: beware, SCH ACH)).CH,CN™ + NaBr 
C,gH;CH,N(CH2CHs3)3 Cl- 

1-Bromooctane Nonanenitrile (92%) 

25.10 Naturally Occurring Amines: 
Alkaloids 

== ee ee ee ee eee 

A large variety of amines are widely distributed among plants and animals. 
‘Trimethylamine, for instance, occurs in animal tissues and is partially 
responsible for the distinctive odor of many fish; quinine is an important 
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antimalarial drug isolated from the bark of the South American Cinchona 

tree; and reserpine is a useful antihypertensive (blood-pressure-lowering) 

agent isolated from the Indian shrub Rawwolfia serpentina. 

OCH, 

CH,;0 
OCH, 

OCH, 

Quinine (antimalarial) Reserpine (antihypertensive) 

Naturally occurring amines derived from plant sources were once 
known as “vegetable alkali,” since their aqueous solutions are slightly basic, 
but they are now referred to as alkaloids. The study of alkaloids provided 
much of the impetus for the growth of organic chemistry in the nineteenth 
century and remains today a fascinating area of research. Rather than 
attempt to classify the many kinds of alkaloids, let’s look briefly at one 
particular group, the morphine alkaloids. 

Morphine (an analgesic) 

The medical uses of morphine alkaloids have been known at least since 
the seventeenth century, when crude extracts of the opium poppy, Papaver 
somniferum, were used for the relief of pain. Morphine was the first pure 
alkaloid to be isolated from the poppy, but its close relative, codeine, also 
occurs naturally. Codeine, which is simply the methyl ether of morphine, is 
used in prescription cough medicines. Heroin, another close relative of mor- 
phine, does not occur naturally but is synthesized by diacetylation of 
morphine. 

Chemical investigations into the structure of morphine occupied some 
of the finest chemical minds of the nineteenth and early twentieth centuries, 
until the puzzle was finally solved by Robert Robinson in 1925. The key 
reaction used to establish structure was the Hofmann elimination. 
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Codeine 

Heroin 

Morphine and its relatives constitute a class of extremely useful phar- 
maceutical agents, yet they also pose an enormous social problem because 
of their addictive properties. Much effort has therefore gone into under- 
standing how morphine works and into developing modified morphine ana- 
logs that retain the analgesic activity but don’t cause physical dependence. 
Our present understanding is that morphine appears to bind to opiate recep- 
tor sites in the brain. It doesn’t interfere with or lessen the transmission of 
a pain signal to the brain but rather changes the brain’s reception of the 
signal. 

Hundreds of morphine-like molecules have been synthesized and tested 
for their analgesic properties. For example, replacement of the morphine 
N-methyl] group by an N-allyl substituent yields nalorphine, an analgesic 
agent that acts as a narcotic antagonist to reverse many of the undesirable 
side effects of morphine. 

N—CH,CH=CH, 

H Nalorphine 

Studies have shown that not all of the complex tetracyclic framework 

of morphine is necessary for biological activity. According to the “morphine 

rule,” biological activity requires four things: (1) an aromatic ring attached 

to (2) a quaternary carbon atom and (3) a tertiary amine situated (4) two 

carbon atoms farther away. Thus, the bicyclic amine meperidine (Demerol) 

is widely used as a painkiller, and methadone has been used in the treatment 

of heroin addiction. 

The morphine rule: 

an aromatic ring, attached to a quaternary carbon, 

C wl 7 Kass ye attached to two more carbons, attached to a 

po | tertiary amine 
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CH, 

O 7 _&Hsg 
C,H; i C,H;0,C N—CH; 

CH, 

Methadone Meperidine 

PRROIBLEEM ss i oye -s\selte els W101 v1 o's (900 1/0iis) Cvs) 01 0.8, = lnie\ 4-6) aiCouein)ulolisiosmyais)iaies elm, «(Ais 0/0 «ells 5 ge 

25.22 Show how the morphine rule fits the structure of dextromethorphan, a common 

constituent of cough remedies. 

CH3;0 

N SS 
CH3 

Dextromethorphan 

Sea MORSE MCHC DO SEMA CERES CHE CN SCE SCH SRL ORCE TEER EHS O CES SOC 8 ea Es Oe 

25.11 Spectroscopy of Amines 
a A a a] 

MASS SPECTROSCOPY 

The nitrogen rule of mass spectroscopy says that compounds with an odd 
number of nitrogen atoms have odd-numbered molecular weights. Thus, the 
presence of nitrogen in a molecule is detected simply by observing its mass 
spectrum. An odd-numbered molecular ion usually means that the unknown 
compound has one or three nitrogen atoms, and an even-numbered molecular 

ion usually means that the compound has either zero or two nitrogen atoms. 
The logic behind the rule derives from the fact that nitrogen is trivalent, 

thus requiring an odd number of hydrogen atoms in the molecule. For exam- 
ple, methylamine has the formula CH;N and a molecular weight of 31; 
morphine has the formula C,7H;9NO3 and a molecular weight of 285. 

Aliphatic amines undergo a characteristic alpha cleavage in the mass 
spectrometer, similar to the cleavage observed for aliphatic alcohols (Section 
17.11). A carbon-carbon bond nearest the nitrogen atom is broken, yielding 
an alkyl radical and a nitrogen-containing cation: 

y® be : ye oe 

RCH,>CH,—N ee eee er ROM MCE SEN ae eae, es 
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For example, the mass spectrum of N-ethylpropylamine shown in Figure 
25.10 has peaks at m/z = 58 and m/z = 72, corresponding to the two possible 
modes of alpha cleavage. 

100 

co So 

> o 

abundance (%) Relative 

20 40 60 80 100 120 140 

H 
| 

° CH; + CH,—=N—CH,CH,CH; 

H ee / m/z = 72 

fic NCH, =< CH.CH,| = Poe ceaee 

m/z = 87 H a 

ae | 
CH;CH,—_N=CH, | + -CH,CH3 

m/z = 58 , 

SSS a ae ae ee ea 

Figure 25.10 Mass spectrum of NV-ethylpropylamine. The two 

possible modes of alpha cleavage occur, leading to the observed 

fragment ions at m/z = 58 and m/z = 72. 

INFRARED SPECTROSCOPY 

Primary and secondary amines can be identified by characteristic N—H bond 
stretching absorptions in the 3300-3500 cm~! range of the infrared spec- 
trum. Alcohols also absorb in this range (Section 17.11), but amine absorp- 
tion bands are generally both sharper and less intense than hydroxy] bands. 
Primary amines show a pair of bands at about 3400 and 3500 cm=!, and 
secondary amines show a single band at 3350 cm~!. Tertiary amines show 
no absorption in this region, since they have no N-H protons. Representative 
infrared spectra of both primary and secondary amines are shown in Figure 
Zolde 

In addition to looking for characteristic N—H bands, there’s also a simple 
trick that can be used to tell whether or not a given unknown is an amine. 
Addition of a small amount of mineral acid produces a broad and strong 
ammonium band in the 2200-3000 cm7! range if the sample contains an 
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Wave number (cm — 1) 
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(b) 

Figure 25.11 Infrared spectra of (a) cyclohexylamine and { 
(b) diethylamine. 

amino group. All protonated amines give rise to this readily observable 
absorption caused by the ammonium R3N-Ht* bond. Figure 25.12 gives an 
example. 

NUCLEAR MAGNETIC RESONANCE 
SPECTROSCOPY 

Amines are often difficult to identify solely by 1H NMR spectroscopy because 
N-H protons tend to appear as broad signals without clear-cut coupling to 
neighboring C—-H protons. The situation is similar to that for hydroxyl 
protons (Section 17.11). As with hydroxyl O-H protons, amine N-H proton 
absorptions can appear over a wide range and are best identified by adding 
asmall amount of D2O to the sample tube. Exchange of N—D for N-H occurs, 
and the N-H signal disappears from the NMR spectrum. 

\ pa 
ats: — dali + HDO 
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Wave number (cm™!) 
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Figure 25.12 Infrared spectrum of triethylammonium chloride. 

Protons on the carbon next to nitrogen are somewhat deshielded because 
of the electron-withdrawing effect of the nitrogen, and they therefore absorb 
at lower field than alkane protons do. N-Methyl groups are particularly 
distinctive, since they absorb as a sharp three-proton singlet at 2.2-2.6 6. 
The N-methyl resonance at 2.42 6 is easily seen in the 1H NMR spectrum 
of N-methylcyclohexylamine (Figure 25.18). 

Intensity ————> 

Chemical shift (5) 

Figure 25.13 Proton NMR spectrum of \V-methylcyclohexylamine. 

Carbons next to amine nitrogens are slightly deshielded in the 3C NMR 
spectrum and absorb about 20 ppm downfield from where they would absorb 
in an alkane of similar structure. In N-methylcyclohexylamine, for example, 
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the ring carbon to which nitrogen is attached absorbs at a position 24 ppm 
lower than that of any other ring carbon (Figure 25.14). 

| 
33.3 NV 33.4 

a 25.2 CH; 

26.5 2 
58.7 

Figure 25.14 '3C NMR absorptions for N-methylcyclohexylamine. 

ry 

25.23 The infrared and 'H NMR spectra shown are those of methamphetamine, which has 
a molecular ion in the mass spectrum at m/z = 149. Propose a structure for meth- 
amphetamine, and justify your answer. [Note: The signal at 1.2 6 disappears when 
D,O is added to the sample.] 

Wave number (cm™?) 

4000 3000 2500 2000 1500 1300 1100 1000 900 800 700 
100 

80 

60 } 

40 

Transmittance (%) 

20 

Wavelength (um) 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 
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25.12 Summary and Key Words 
Se ET 

Amines are organic derivatives of ammonia. They are named in the IUPAC 
system either by adding the suffix -amine to the names of the alkyl sub- 
stituents or by considering the amino group as a substituent on a more 
complex parent molecule. 

Bonding in amines is similar to that in ammonia. The nitrogen atom 
is sp® hybridized, the three substituents are directed to three corners of a 
tetrahedron, and the lone pair of nonbonding electrons occupies the fourth 
corner of the tetrahedron. An interesting feature of this tetrahedral struc- 
ture is that amines undergo a rapid, umbrella-like pyramidal inversion, 
which interconverts mirror-image structures. 

The chemistry of amines is dominated by the lone-pair electrons on 
nitrogen. Thus, amines are both basic and nucleophilic. The simplest method 
of amine synthesis involves Sy2 reaction of ammonia or an amine with an 
alkyl halide. Alkylation of ammonia yields a primary amine; alkylation of 
a primary amine yields a secondary amine; and so on. This method often 
gives poor yields, however, and an alternative such as the Gabriel amine 
synthesis is often preferred. 

Amines can also be prepared by a number of reductive methods. For 
example, LiAlH, reduction of amides, nitriles, and azides yields amines. 
Even more important is the reductive amination reaction, whereby a 
ketone or an aldehyde is treated with an amine in the presence of a reducing 
agent such as NaBH3CN. An intermediate imine is formed and then imme- 
diately reduced by the hydride reagent present. 

A final method of amine synthesis involves the Hofmann and Curtius 
rearrangements of carboxylic acid derivatives. Both methods involve 
migration of the R— group bonded to the carbonyl carbon and provide a 
product that has one less carbon atom than the starting material has. 

Many of the reactions of amines are familiar from past chapters. Thus, 
amines react with alkyl halides in Sy2 reactions and with acid chlorides in 
nucleophilic acyl substitution reactions. Amines also undergo E2 elimina- 
tion to yield alkenes if they are first quaternized by treatment with methyl 
iodide and then heated with silver oxide (the Hofmann elimination). 

Amines show a number of characteristic features that aid their spec- 
_ troscopic identification. In the infrared spectrum, N—H absorptions are readi- 
ly detectable at 3200-3500 cm™!. In the 1H NMR spectrum, protons on 
carbon next to nitrogen are deshielded and absorb in the range 2.2—2.6 6. 
In the mass spectrum, amines undergo a characteristic alpha cleavage. 

25.13 Summary of Reactions 

1. Preparation of amines (Section 25.7) 
a. The Sy2 alkylation of alkyl halides 

Ammonia >NH, + RX —> RNHg X7 ES RNH, Primary 

Primary :NH.R + RX — > R2NHgZ X~ eats R2.NH Secondary 
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Secondary :NHR, + RX —> R,NH*X- —“. R,N Tertiary 
Tertiary =NRz + RX —> R,N* X~ Quaternary ammonium salt 

b. Gabriel amine synthesis 

O 

Lan detec arte OF, CeRNE 
solvent H,0 

c. Reduction of azides 

fe Ethanol Sar «=n pole LaAIH, sether: RCH,X + Na*-N, —[="> RCH,-N=N=N 335 RCH,NH, 

d. Reduction of nitriles 

RCH,X + Nat-cN —DMF.. RCH,C=N LANs ether’, RCH,CH,NH, 
solvent 2. H,O 

e. Reduction of amides 

Y H 
_ LiAlH,, ether / Hl 4 a 

ros . Y SiO oe HO RCH, a Primary 

| H 
H 

Ri 

I as LiAlH,, ether R CH te Secondary 

wae is 

| H 
H 

1 : # R’ 1. LiAlH,, ether bate c 
R~’ SN“. 2. 0 RCH, en Tertiary 

| R’ 
R’ 

f. Reductive amination of ketones/aldehydes 

| 
OX, + NHs ee RON Primary 

| NaBH;CN ox, + RINE, —— R,CHNHR’ Secondary 

NaBH,CN Cx, + RuNH —— = R,CHNR’, Tertiary 
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g. Hofmann rearrangement of amides 

1 Br, NaOH 

petoetonie, ominkeOmnat Se aciver ? 

h. Curtius rearrangement of acyl azides 

O 

| Ethanol | H,0, A a 2» 
eae ry ie Nat* N3 a as agin ne nC ——— RNH, a CO, ie No 

2. Reactions of amines (Section 25.8) 
a. Alkylation of alkyl halides [see reaction 1(a)] 
b. Nucleophilic acyl substitution (see also Section 21.5) 

0 O 

Ammonia ant Nee { H + HCl 
Ro” geal saleat cin Rr aneds Nine 

H 
O 

Primary ae + R’NH, es lee vi, + HCl 
R Cl solvent R N 

H 

Secondary -C\ + UNH — ee + HCl 

R’ 

c. Sulfonamides (Hinsberg test) 

Primary R’NH, + RSO,Cl] ——> RSO,NHR’ + HCl 

Secondary Ri5NH + RSO.Cl ——> RSO,NR; + HCl 

Tertiary R3N + RSO.Cl —— Product hydrolyzes 

d. Hofmann elimination 

A / 
C=C + R,N + H,O 

ye af 

The less highly substituted alkene product is favored. 
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ADDITIONAL PROBLEMSG..................0:::eeeeee seen 

25.24 Classify each of the amine nitrogen atoms in these substances as primary, secondary, 

or tertiary: 

(a) (b) O i 

H3C N 
(C2H;)2N—C 3 aa N | 7 

Ayo 
Sie 

CH; 

Caffeine 

Lysergic acid diethylamide 

25.25 Draw structures corresponding to these IUPAC names: 
(a) N,N-Dimethylaniline (b) (Cyclohexylmethyl)amine 
(c) N-Methylcyclohexylamine (d) (2-Methylcyclohexyl)amine 

(e) 3-(N,N-Dimethylamino)propanoic acid 
(f) N-Isopropyl-N-methylcyclohexylamine 

25.26 Name these compounds by IUPAC rules: 

(a) NH, (b) 
Br 

CH, CH, NH, 

Br 

(c) (d) CH 
: [ -NHCH,CH, Be, ' 

<u ‘ 

CH3 

(e) [ y-cHcH.cH, (f) H,NCH,CH,CH2CN 

25.27 Howcan you explain the fact that trimethylamine (bp 3°C) boils lower than dimethy]l- 
amine (bp 7°C) even though it has a higher molecular weight? 

25.28 How would you prepare these substances from 1-butanol? 
(a) Butylamine (b) Dibutylamine 
(c) Propylamine (d) Pentylamine 
(e) N,N-Dimethylbutylamine (f) Propene 

25.29 How would you prepare these substances from pentanoic acid? 
(a) Pentanamide (b) Butylamine 
(c) Pentylamine (d) 2-Bromopentanoic acid 
(e) Hexanenitrile (f) Hexylamine 

25.30 Treatment of bromoacetone with ammonia yields a compound having the formula 
CgHoNe, rather than the expected 1-amino-2-propanone. What is a likely structure 
for the product? 

25.31 Propose structures for substances that fit these descriptions: 
(a) A chiral quaternary ammonium salt 
(b) A five-membered heterocyclic amine 
(c) A secondary amine, CgH,,N 



25.32 

25.33 

25.34 

25.35 

25.36 
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How might you prepare pentylamine from these starting materials? 
(a) Pentanamide (b) Pentanenitrile (c) 1-Butene 

(d) Hexanamide (e) 1-Butanol (f) 5-Decene 

(g) Pentanoic acid 

Although most chiral trisubstituted amines cannot be resolved into enantiomers 

because nitrogen pyramidal inversion occurs too rapidly, one exception to this gen- 
eralization is the substance known as Tréger’s base. Make molecular models of 
Tréger’s base, and then explain why it is resolvable into enantiomers. 

N CH . 3 

CH» 

H3C \ 

Tréger’s base 

Predict the product(s) of these reactions. If more than one product is formed, tell 

which is major. 

Ag,O, H,O 

SS oe) i = i : A S 
N 

H 

COC] 

(b) ee elation Geen — B dH seni 

O 

N—H KOH in C.H;CH.Br B KOH C 

(c) H,0 

O 

NaOH 
(d) BrCH,CH,CH,CH,Br + 1 equiv CH3NH, Fou a 

Phthalimide used in the Gabriel synthesis is prepared by reaction of ammonia with 

phthalic anhydride (1,2-benzenedicarboxylic anhydride). Propose a mechanism for 

the reaction. 

The following syntheses are incorrect. What is wrong with each? 

(a) CH,CH,CONH, @27=*"._CcH,CH,CH,NH; 

ff 
0 N. 6 ey + (CHy)N  NSBHEN, (ey ay. 

(c) (CH3)3C—Br + NH; ——~ (CH3)sC—NHe 

; CONH, N=-C=0 oC 
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25.37 

25.38 

25.39 

25.40 

25.41 

25.42 

25.43 

NH, 

| 1. CHsglI (excess) 
(e) CH3;CH,CH,CHCH3; 2 EGO CH3;CH,CH=CHCHs, 

. 2 
3. A 

Coniine, CgH,7N, is the toxic principle of poison hemlock drunk by Socrates. When 
subjected to Hofmann elimination, coniine yields 5-(N,N-dimethylamino)-1-octene. 
When subjected to the Hinsberg test, coniine yields a benzenesulfonamide derivative 
that is insoluble in base. What is the structure of coniine? 

Atropine, C;7H23NOs3, is a poisonous alkaloid isolated from the leaves and roots of 
Atropa belladonna, the deadly nightshade. In low doses, atropine acts as a muscle 
relaxant; 0.5 ng (nanogram; 10-9 g) is sufficient to cause pupil dilation. On basic 
hydrolysis, atropine yields tropic acid, CgH;CH(CH,OH)COOH, and tropine, 
CgH,5NO. Tropine is an optically inactive alcohol that yields tropidene on dehydra- 
tion with H,SO4,. Propose a structure for atropine. 

LH 
N 

Tropidene 

Tropidene (Problem 25.38) can be converted by a series of steps into tropilidene 
(1,3,5-cycloheptatriene). How would you accomplish this conversion? 

One problem with reductive amination as a method of amine synthesis is that by- 
products are sometimes obtained. For example, reductive amination of benzaldehyde 
with methylamine leads to a mixture of methylbenzylamine and methyldibenzyl- 
amine. How do you suppose the tertiary amine by-product is formed? Propose a 
mechanism. 

What are the major products you would expect from Hofmann elimination of these 
amines? 
(a) N-Methylcyclopentylamine (b) (CH3),CHCH(NH,)CH2CH,CH; 
(c) N-Phenyl-N-(2-hexyl)amine 

Cyclopentamine is an amphetamine-like central nervous system stimulant. Propose 
a synthesis of cyclopentamine from materials of five carbons or less. 

CH, 

[)-cr.cunncr, 

Cyclopentamine 

Prolitane is an antidepressant drug that is prepared commercially using a reductive 
amination. What amine and what carbonyl precursors are used? 

oF 
Prolitane 
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Tetracaine is a substance used medicinally as a spinal anesthetic during lumbar 
punctures (spinal taps). 

i 1 
CH3;CH,CH,CH,—N -< \- COCH,CH2N(CH3)e2 

Tetracaine 

(a) How would you prepare tetracaine from the corresponding aniline derivative, 
ArNH,? 

(b) How would you prepare tetracaine from p-nitrobenzoic acid? 
(c) How would you prepare tetracaine from benzene? 

Propose a structure for the product of formula CygH,7N that results when 2-(2-cyano- 
ethyl)cyclohexanone is reduced catalytically. 

CH,CH,CN 
el WP, gy N 

O 

How would you synthesize coniine (Problem 25.37) from acrylonitrile (H,C=CHCN) 
and ethyl 3-oxohexanoate (CH3;CH,CH,COCH,CO.,C2H;5)? [Hint: See Problem 

25.45.] 

How would you synthesize the heart stimulant propranolol starting from 1-hydroxy- 
naphthalene and any other reagents needed? 

a 

OH OCH,CHCH,NHCH(CHs3), 

1-Hydroxynaphthalene Propranolol 

Although the barrier to nitrogen inversion is normally too low to allow isolation of 
one enantiomer of a chiral amine, (+)-1-chloro-2,2-diphenylaziridine has been pre- 
pared optically pure and has been shown to be stable for several hours at 0°C. Propose 
an explanation of this unusual stability. 

Cl 
| 
N 
7 ene 

Ph 

1-Chloro-2,2-diphenylaziridine 

The hydrolysis of phthalimides is often slow, and an alternative method is sometimes 

needed to liberate the primary amine in the last stage of a Gabriel synthesis. In the 
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Ing—Manske modification, reaction of an N-alkylphthalimide with hydrazine is 
employed. Propose a mechanism for this hydrazinolysis. 

O O 

| I 
C ml ‘ : CL Wor site CL Rifts fy Sigal 
Cc 2 oan 

| | 
O 

Phthalhydrazide 

25.50 Cyclooctatetraene was first synthesized in 1911 by a route that involved the following 

transformation: 

How might you use the Hofmann elimination to accomplish this reaction? How would 
you finish the synthesis by converting cyclooctatriene into cyclooctatetraene? 

25.51 When an a-hydroxy amide is treated with Br, in aqueous NaOH under Hofmann 
rearrangement conditions, loss of CO, occurs and a chain-shortened aldehyde is 
formed. Propose a mechanism for the reaction. 

OH 
NH, 

eee + CO, + NH O NaOH, H,0 2 3 

25.52 Propose a mechanism for the following reaction: 

O 
COOCH, 

_CH;NH; | N—CH; + CH;0H 
CH, A 

0 O 

25.53 Propose a mechanism for the following reaction: 

ci 
ne 

| 
H 

+ BrCH, COOCH, —H:CHwN.4
, N~ ~~ cOocH; 

ey, ee 

25.54 Propose structures for amines with the following 1H NMR spectra. The peaks marked 
by an asterisk disappear when D,0O is added to the sample. 
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(a) C4,H,,N 

im 
a 
a 

5 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

(b) CsH,NO 

c= 

g 
z 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

(c) C4Hy,NO2 

Intensity 

6 4 2 O ppm 

Chemical shift (6) 



1000 

Arylamines and 
Phenols 

The founding of the modern organic chemical industry can be traced to the 
need for a single organic compound—aniline—and to the activities of one 
person—Sir William Henry Perkin.! Perkin, a student of Hofmann’s at the 
Royal College of Chemistry in London, worked during the day on problems 
assigned him by Hofmann but spent his free time working on his own ideas 
in an improvised home laboratory. One day during Easter vacation in 1856, 
he decided to examine the oxidation of aniline with potassium dichromate. 
Although the reaction appeared unpromising at first, yielding a tarry black 
product, Perkin was able by careful extraction with methanol ‘to isolate a 
small amount of a beautiful purple pigment that had the properties of a dye. 

Since the only dyes known at the time were the naturally occurring 
vegetable dyes such as indigo, Perkin’s synthetic purple dye, which he 
named mauve, created a sensation. Realizing the possibilities, Perkin 
resigned his post with Hofmann and, at the age of 18, formed a company to 
exploit his remarkable discovery. 

No chemical industry existed at the time, since there had never before 
been a need for synthetic chemicals. Large-scale chemical manufacture was 
unknown, and Perkin’s first task was to devise a procedure for preparing 
the needed quantities of aniline. He therefore worked out the techniques of 
manufacture and soon learned to prepare aniline on a large scale by nitration 
of benzene, followed by reduction of nitrobenzene with iron and hydrochloric 
acid. A similar procedure is used today to prepare some 500,000 tons of 
aniline annually in the United States, although the reduction step is now 
carried out by catalytic hydrogenation. 

1Sir William Henry Perkin (1838-1907); b. London; studied at Royal College of Chemistry, 
London; industrial consultant, London. 
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NH, 

_HNO; Fe, Fe HO 

H,SO, or TONG Ni 

Benzene Nitrobenzene Aniline 

Subsequent work showed that Perkin’s original mauve was not derived 
from aniline but from a toluidine (methylaniline) impurity in his starting 
material. Pure aniline yields a similar dye, however, which came to be 
marketed under the name pseudomauveine. 

geneween 
ener 

Perkin’s mauve 

(pseudomauveine has no methyl groups) 

Dyestuff manufacture is today a thriving and important part of the 
chemical industry, and many commonly used pigments are derived from 
aniline. Although aniline itself and several substituted anilines are avail- 
able naturally from coal tar, synthesis from benzene is the major source. 

26.1 Basicity of Arylamines 

Arylamines, like their aliphatic counterparts, are basic; the lone pair of 
nonbonding electrons on nitrogen can bond to Lewis acids, yielding an aryl- 
ammonium salt. The base strength of arylamines is generally lower than 
that of aliphatic amines, however. Thus, methylammonium ion has pK, = 
10.64, whereas anilinium ion has pK, = 4.63. [Remember: The base strength 
of an amine is inversely related to the acid strength of its corresponding 
ammonium ion (Section 25.4). A stronger base like methylamine corresponds 

to a less acidic ammonium ion (higher pK,), whereas a weaker base like 

aniline corresponds to a more acidic ammonium ion (lower pK,).] 
Arylamines are less basic than alkylamines because the nitrogen lone- 

pair electrons are delocalized by orbital overlap with the aromatic ring pi 
electron system and are less available for bonding. In resonance terms, 
arylamines are stabilized relative to alkylamines because of the five con- 
tributing resonance structures: 

*>NH» *NH2 *NH2 

O-0-0-0-0 
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Resonance stabilization is lost on protonation, though, since only two 

resonance structures are possible for the arylammonium ion: 

*NHz *NH3 

As a result, the energy difference (AG°) between protonated and nonpro- 

tonated forms is higher for arylamines than it is for alkylamines, and ary]- 

amines are therefore less basic. Figure 26.1, which compares reaction energy 

diagrams for protonation of alkylamines and arylamines, illustrates the 

difference in AG° for the two reactions. 

~ —  RNH,+H,0 
Resonance 
stabilization 

ArNH» + H.0 

Reaction progress 

SS See ee ee 

Figure 26.1 Reaction energy diagrams for the protonation of 

alkylamines (green curve) and arylamines (red curve). Arylamines 

have a larger AG® and are therefore less basic than alkylamines, 

primarily because of resonance stabilization of their ground state. 

Substituted arylamines can be either more basic or less basic than 
aniline, depending on the nature of the substituent. Table 26.1 presents data 
for a variety of para-substituted anilines. 

As a general rule, substituents that increase the reactivity of an aro- 
matic ring toward electrophilic substitution (-CH3, -NH 2, -OCHs3) also 
increase the basicity of the corresponding arylamine. Conversely, substit- 
uents that decrease ring reactivity (-Cl, -NO,, —CN) also decrease ary]l- 
amine basicity. Although Table 26.1 considers only para-substituted 
anilines, the same general trends are observed for ortho and meta 
derivatives. 

The best way to understand the effect of substituent groups on aryl- 
amine basicity is to look at reaction energy diagrams for the amine proton- 
ation step (Figure 26.2). Activating substituents make the aromatic ring 
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TABLE 26.1 Base Strength of Para-substituted Anilines 

vt \ sn, + H,O —2 vt \-8in Or 

Substituent, Y pK, 

Stronger —NH, 6.15 

af mae ae Activating groups 

— CH; 5.08 

—H 4.63 

—Cl 3.98 

—Br 3.86 eo 

Weaker =@=N 74 Deactivating groups 

aie —NOz 1.00 

electron-rich, thereby increasing the stability of the positively charged 
ammonium ion. Deactivating substituents, however, make the aromatic ring 
electron-poor, thereby decreasing the stability of the positively charged ion. 
We therefore find a lower AG° for protonation of an activated arylamine 
than for protonation of a deactivated arylamine. 

Reaction progress ————> 

ae ee ee ee ee 

Figure 26.2 Reaction energy diagrams for the protonation of 

substituted arylamines. An electron-donating substituent (red curve) 

stabilizes the ammonium salt much more than an electron- 

withdrawing substituent does (green curve). 
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PROBLEM 

CHAPTER 26 Arylamines and Phenols 

Samm e ee meee meee e eee a eee meee eee ee eee eee ee ee eeeeeeeeneeee 

26.1 How do you account for the fact that p-nitroaniline (pK, = 1.0) is less basic than 

PROBLEM 

m-nitroaniline (pK, = 2.5) by a factor of 30? Draw resonance structures to support 

your answer. (The pK, values refer to the corresponding ammonium ions.) 

eee ee ee ee 

26.2 Rank the following compounds in order of ascending basicity. Don’t look at Table 

see eee nen 

26.1 to decide your answers. 
(a) p-Nitroaniline, p-aminobenzaldehyde, p-bromoaniline 
(b) p-Chloroaniline, p-aminoacetophenone, p-methylaniline 
(c) p-(Trifluoromethyl)aniline, p-methylaniline, p-(fluoromethyl)aniline 

Pee e eee rere rereeereeseseresaeeseesesesseseesseeesessessssse 

26.2 Preparation of Arylamines 

Arylamines are usually prepared by nitration of an aromatic starting mate- 
rial, followed by reduction of the nitro group. No other method of synthesis 
approaches this nitration—reduction route for versatility and generality. 

The reduction step can be carried out in many different ways, depending 
on the circumstances. Catalytic hydrogenation over platinum is clean and 
gives high yields, but is often incompatible with the presence of other reduc- 
ible groups such as carbon—carbon double bonds or carbonyl groups else- 
where in the molecule. Iron, zinc, tin metal, and stannous chloride (SnClg) 
are also effective when used in acidic aqueous solution. Stannous chloride 
is particularly mild and is often used when other reducible functional groups 
are present. 

ct nue ( 
ll Ho, Pt catalyst ae 

CH, CH; 

p-tert-Butylnitrobenzene p-tert-Butylaniline (100%) 

INO NH, 

1. Fe, HCl 

2. NaOH, H,O 

N Oz N H 2 

CH; CH; 

2,4-Dinitrotoluene Toluene-2,4-diamine 

(74%) 

NO» NH; 

1. SnCly, HzO” 
——————— 
2. NaOH, H,O 

CHO CHO 

m-Nitrobenzaldehyde m-Aminobenzaldehyde 

(90%) 
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26.3 Reactions of Arylamines 
SR 8 EE IES SS Sy 

ELECTROPHILIC AROMATIC SUBSTITUTION 

a 
p-Toluidine 

Amino substituents are strongly activating, ortho- and para-directing 
groups in electrophilic aromatic substitution reactions (Section 16.5). The 
high reactivity of amino-substituted benzenes can be a drawback at times, 

since it’s sometimes difficult to prevent polysubstitution. For example, re- 
action of aniline with bromine takes place rapidly to yield the 2,4,6-tribro- 
minated product. The amino group is so strongly activating that it’s not 
possible to stop cleanly at the monobromo stage. 

N H 2 N H 2 

Br Br 
Bro 
> 
H,O 

Aniline Br 

2,4,6-Tribromoaniline 

(100%) 

Another drawback to the use of amino-substituted benzenes in electro- 
philic aromatic substitution reactions is that Friedel-Crafts reactions are 
not successful (Section 16.3). The amino group forms an acid—base complex 
with the aluminum chloride Friedel—Crafts catalyst, which prevents further 
reaction from occurring. Both of these drawbacks, high reactivity and amine 
basicity, can be overcome by carrying out electrophilic aromatic substitution 

reactions on the corresponding amide, rather than on the free amine. 
As we saw in Section 21.6, treatment of an arylamine with acetic anhy- 

dride yields an N-acetylated product. Though still ortho- and para-directing 
and activating, amido substituents (-NHCOR) are much less strongly acti- 
vating and much less basic than amino groups because their nitrogen lone- 
pair electrons are delocalized by overlap with the neighboring carbonyl 
group (Section 25.4). As a result, bromination of an N-arylamide occurs 
cleanly to give a monobromo product, which can be hydrolyzed by aqueous 
base to give the free bromoamine. For example, p-toluidine (4-methylani- 
line) can be acetylated, brominated, and hydrolyzed to yield 2-bromo-4- 
methylaniline in 79% yield. None of the 2,6-dibrominated product is 

obtained. 

O O 
on I 

ce Be maces 

_(CH3C0)20 , a + CH,CO,- 
ieryidins 

2-Bromo-4-methyl- 

aniline (79%) 
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Friedel-Crafts alkylations and acylations of N-arylamides also pro- 

ceed normally. For example, benzoylation of acetanilide (N-acetylaniline) 

under Friedel-Crafts conditions gives 4-aminobenzophenone in 80% yield 

after hydrolysis: 

O 

ocala H C 
NH, yes OH, Das rsrary NH, 

(CH3CO),0 CgH;COCI1 NaOH 

Pyridine AICls H,O 

\ Aniline C C 

4-Aminobenzophenone 

(80%) 

The simple chemical trick of modulating the reactivity of amino-sub- 
stituted benzenes by forming an amide is an extremely useful one that allows 
many kinds of electrophilic aromatic substitutions to be carried out that 
would otherwise be impossible. A good example is the preparation of sulfa 
drugs. 

Sulfa drugs such as sulfanilamide were among the first pharmaceutical 
agents to be used clinically against infection. Although they have largely 
been replaced today by safer and more powerful antibiotics, sulfa drugs were 
widely used in the 1940s and were credited with saving the lives of thousands 
of wounded during World War II. They are prepared by chlorosulfonation 
of acetanilide, followed by reaction of p-(N-acetylamino)benzenesulfonyl 
chloride with ammonia or some other amine to give a sulfonamide. Hydro- 
lysis of the amide then yields the sulfa drug. Note that this hydrolysis can 
be carried out in the presence of the sulfonamide group, because sulfon- 
amides hydrolyze very slowly. 

O O O 

° I we wed 
EB, a 

_HOSO;Cl . _NHs . a 

7TH: 

Acetanilide O= ; O O= we O Oo= rel O 

a a Ae 

Sulfonilamide 

(a sulfa drug) 

PROBLEM is o''sje'0.5ce.acsresso-5, wu: wibreye, 415.5: 508 b opaios¥Srara ave rere ICE Eee TR eae 

26.3 Propose a synthesis of sulfathiazole from benzene and any necessary amine. 
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feel 8 Ot 0 N 

Sulfathiazole 

Ee CeO OC CC CC a aC CY CC TC YC YT et te} 

Account for the fact that an amido substituent (- NHCOR) is ortho- and para-direct- 
ing, by drawing resonance structures that share the nitrogen lone-pair electrons 
with the aromatic ring. 

CH OCS HHA T OTHE H OCC CC EHC Tee e EOE ERE eL CCC RCC CERO Base eC en Eee 

Propose syntheses of these compounds from benzene: 
(a) N,N-Dimethylaniline (b) p-Chloroaniline 
(c) m-Chloroaniline (d) 2,4-Dimethylaniline 

SOM ee eee eee eee eee eeeeeeeeereseeeeeeseseenereseeeEsse 

DIAZONIUM SALTS: THE SANDMEYER REACTION 

Primary aromatic amines react with nitrous acid, HNOxg, to yield stable 
+ 

arenediazonium salts, Ar-N=N X~. This diazotization reaction is com- 
patible with the presence of a wide variety of substituents on the aromatic 
ring. 

N +Z 
NH, Ni 

CY #2 HINO; 9H,s0; ==> CY HSO,- + 2H,O 

Alkylamines also react with nitrous acid, but the products of these reactions, 
alkanediazonium salts, are too reactive to isolate since they lose nitrogen 
instantly to yield carbocations. 

RNH, +°HNO, 4! 'H)S0, —3  [RN=N=-Hs0,|"—> RY -HS0, YN, 

Arenediazonium salts are extremely useful in synthesis, because the 
diazonio group (Nog*) can be replaced by nucleophiles: 

N 

NZ Nu 

G- HsO;; 4+): Nu] >— CY + Nop 

Many different nucleophiles react with arenediazonium salts, and many 
different substituted benzenes can be prepared with this reaction. The over- 

\ 

‘all sequence of (1) nitration, (2) reduction, (3) diazotization, and (4) nucleo- 

phile replacement is probably the single most versatile method of aromatic 

substitution (Figure 26.3). Although the details aren’t fully understood, the 
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mechanism by which these substitutions occur is a radical, rather than a 

polar, one. 

Br I 

C ll Cl N 

H OH 

Ee Ee eS ee ee 

Figure 26.3 Preparation of substituted aromatic compounds by 

diazonio replacement reactions. 

Aryl chlorides and bromides are prepared by reaction of an arenedi- 
azonium salt with the corresponding cuprous halide, CuX, a process called 
the Sandmeyer? reaction. Ary] iodides can be prepared by direct reaction 
with sodium iodide without using a cuprous salt. Yields generally fall in 
the 60—80% range. 

N=N HSO,- Br 
_ HNO; . HBr 

“H,S0,- CuBr 

H;C H3C 

p-Methylaniline p-Bromotoluene (73%) 

[ + 
N=N HSO,- I 

_HNO, | Nal 
H2SO,4 

Aniline Iodobenzene (67%) 

2Traugott Sandmeyer (1854-1922); b. Wettingen, Switzerland; Ph.D. Heidelberg (Gatter- 
mann); Geigy Company, Basel, Switzerland. 
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Similar treatment of an arenediazonium salt with cuprous cyanide 
yields the arenenitrile, ArCN. This reaction is particularly useful, because 
it allows the replacement of a nitrogen substituent by a carbon substituent. 
The nitrile can then be further converted into other functional groups such 
as carboxyl, -COOH. For example, hydrolysis of o-methylbenzonitrile, pro- 
duced by Sandmeyer reaction of o-methylbenzenediazonium bisulfate with 
cuprous cyanide, yields o-methylbenzoic acid. This product could not be 
prepared from o-xylene by the usual side-chain oxidation route, since both 
methyl groups would be oxidized. 

+ 

NH, N=N HSO,- C=N COOH 

CH; CH; CH, CH, 
HNO, KCN H3;0* 
a cannementeiat hs x eed 

H2SO4 CuCN 

o-Methylaniline o-Methylbenzene- o-Methylbenzonitrile o-Methylbenzoic 

diazonium bisulfate acid 

The diazonio group can also be replaced by —OH to yield phenols and 
by —H to yield arenes. Phenols are usually prepared by addition of the 
arenediazonium salt to hot aqueous acid. This reaction is especially impor- 
tant, since few other general methods exist for introducing an -OH group 
onto an aromatic ring. 

+ 

NH, N=N HSO,” OH 

HNO, H3;0* 

H.SO,4 

NO, NO, NO, 

m-Nitroaniline m-Nitrophenol (86%) 

Arenes are produced by reduction of the diazonium salt with hypo- 
phosphorous acid, H3POg. This reaction is not particularly useful, however, 
unless there’s a need for temporarily introducing an amino substituent onto 
a ring to take advantage of its activating effect. The preparation of 3,5- 
dibromotoluene from p-methylaniline (p-toluidine) illustrates how this can 
be done. Dibromination of p-toluidine occurs ortho to the strongly directing 
amino substituent, and diazotization followed by treatment with hypophos- 
phorous acid yields 3,5-dibromotoluene. This product can’t be prepared by 
direct bromination of toluene, however, since reaction would occur at posi- 

tions 2 and 4. 

+ 

NH, NH, N=N HSO,- 

Br Br Br Br Br Br 

2 Bra HNO, H3PO2 

H2SO,4 

CH; CH; CH; CH; 

p-Methylaniline 3,5-Dibromotoluene 
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Br 

2 Bro 
44> 

FeBrs3 

: Br 

CH, CH, 

Toluene 2,4-Dibromotoluene 

26.6 Alkanediazonium salts can’t be isolated because they spontaneously lose Ne to 
yield a carbocation. Why do you suppose arenediazonium salts are more stable than 
alkanediazonium salts? 

MPR ERIN erate olivia aul in fn feo oll ol si ellndx tat ele tere al aletot eins inter elalefebetelole ele wlelietetalints/iels tact 

26.7 How would you prepare these compounds from benzene, using a diazonium replace- 
ment reaction at some point? 
(a) p-Bromobenzoic acid (d) p-Methylbenzoic acid 
(b) m-Bromobenzoic acid (e) 1,2,4-Tribromobenzene 

(c) m-Bromochlorobenzene 

Peewee eee eee eee eee e eee eee HEH HEE OHH EEE HEHE EEE HO OEE EEE EE EOE EEE EEE 

DIAZONIUM COUPLING REACTIONS ; 
{ 

In addition to their reactivity in Sandmeyer-type substitution reactions, 
arenediazonium salts undergo a coupling reaction with activated aromatic 
rings to yield brightly colored azo compounds, Ar—N=N-Ar': 

‘ 

+ ee 

N=N HSO,- Y N fe 

CY poten 
An azo compound 

where Y = —OH or -NR, 

Diazonium coupling reactions are typical electrophilic aromatic sub- 
stitutions (Section 16.2) in which the positively charged diazonium ion is 
the electrophile that reacts with the electron-rich ring of a phenol or an 
arylamine. Reaction almost always occurs at the para position, although 
ortho attack can take place if the para position is blocked. 
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a 
a 

HSO, + ext wae ei nb 
‘HG 

Benzenediazonium Phenol 
bisulfate | 

OH 

N cr 

SS 

ais 
p-Hydroxyazobenzene 

(orange crystals, mp 152°C) 

ie 
CH; N 

OSs 
+ yer | CH; 

a Non “Sy 
HSO,- ate 3 ee 

Benzenediazonium N,N-Dimethylaniline p-(Dimethylamino)azobenzene 
bisulfate (yellow crystals, mp 127°C) 

Azo-coupled products are widely used as dyes because their extended 
conjugated pi electron system causes them to absorb in the visible region 
of the electromagnetic spectrum. For example, p-(dimethylamino)azoben- 
zene is bright yellow and was at one time used as a coloring agent in mar- 
garine. Another azo compound, Alizarin Yellow R, is used for dyeing wool. 

OH 

N ae O- Na* 

oem eee 
O.N O 

Alizarin Yellow R 

PROBE crctcie coal aeemcber ala at aiar eed aie ela vie ceuelille inn eis (oi) vie pholete oan cies eieleceele’ ovale 

26.8 Propose a synthesis of p-(dimethylamino)azobenzene from benzene. 

PROBEEM 6:5. oiatovelatvists <beteieteishsl ole \eletn lel =| eje) aja! 51 cle/\ej.0%e1.si/01e) eiisie/e/vlatalatai.cisio.oie\elsio/s0 ie. 

26.9 Methyl Orange is an azo dye that is widely used as a pH indicator. How would you 
‘synthesize Methyl Orange from benzene? 
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naoss_\-nan-(_\—mecui. 

Methyl Orange 

BRP O HECHT RHR A RTE RETHHE MODERATES ORSEHH CECH MER H OO es KiB eee 

26.4 Phenols 

26.5 

Phenols are compounds with a hydroxyl group directly bonded to an aro- 
matic ring, ArOH. They occur widely throughout nature, and they serve as 
intermediates in the industrial synthesis of products as diverse as adhesives 
and antiseptics. Phenol itself is a general disinfectant found in coal tar; 
methyl] salicylate is a flavoring agent and liniment found in oil of winter- 
green; and the urushiols are the main allergenic constituents of poison oak 
and poison ivy. Note that the word phenol is the name both of a specific 

compound and of a class of compounds. 

OH OH OH 

R 

Phenol Methy] salicylate Urushiols 
(also known as (R = different C,; alkyl 

carbolic acid) and alkeny! chains) 

Industrial Uses of Phenols 

The outbreak of World War I provided a stimulus for industrial preparation 
of large amounts of synthetic phenol, needed as raw material for the manu- 
facture of the explosive, picric acid (2,4,6-trinitrophenol). Today, approxi- 
mately 1.8 million tons of phenol per year are manufactured in the United 
States for use in a variety of products, including Bakelite resin and adhesives 
for binding plywood. 

For many years, phenol was manufactured by the Dow process in which 
chlorobenzene reacts with sodium hydroxide at high temperature and pres- 
sure (Section 16.10). Now, however, an alternative synthesis from isopro- 
pylbenzene (cumene) is used. Cumene reacts with air at high temperature 
by a radical mechanism to form cumene hydroperoxide, which is converted 
into phenol and acetone by treatment with acid. This is a particularly effi- 
cient process, since two valuable chemicals are prepared at the same time. 

The reaction occurs by protonation of oxygen, followed by rearrange- 
ment of the phenyl group from carbon to oxygen, and concurrent loss of 
water. Readdition of water then yields a hemiacetal, which breaks down to 
phenol and acetone (Figure 26.4). 
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‘ i 

H3C— cS CH3 H3;C— = CHs 

+ e —— CS al + Care 

Cumene Cumene hydroperoxide Phenol Acetone 

H;C CH HG i 
is oi : : 

a. O. CH Ses Dar O _ 10+. a —CY me * + 9E.0 

CH, 

oe N+ _CHs _ OH O 

1 eee ‘ce: 
ar tl ‘ CH ee 

CH; fo ; H;C CH3 

4 
RSuZ ORE 

A hemiacetal 

Ba ee a Se eS 

Figure 26.4 Mechanism of the formation of phenol by acid- 

catalyzed reaction of cumene hydroperoxide. 

In addition to its use in resins and adhesives, phenol also serves as 
starting material for the synthesis of chlorinated phenols and of the food 
preservatives BHT (butylated hydroxytoluene) and BHA (butylated hy- 
droxyanisole). Thus, pentachlorophenol, a widely used wood preservative, 
is prepared by reaction of phenol with excess chlorine. The herbicide 2,4-D 
(2,4-dichlorophenoxyacetic acid) is prepared from 2,4-dichlorophenol, and 
the hospital antiseptic agent hexachlorophene is prepared from 2,4,5-tri- 
chlorophenol. 

OH OCH,COOH OH OH 

Cl Cl Cl Cl e be Cl 

Cl Cl ’ ElGl 

Cl Cl Cl Cl 

Pentachlorophenol 2,4-Dichlorophenoxyacetic acid, Hexachlorophene 

(wood preservative) 2,4-D (herbicide) (antiseptic) 

: The food preservative BHT is prepared by Friedel-Crafts alkylation of 
p-methylphenol (p-cresol) with 2-methylpropene in the presence of acid; 
BHA is prepared similarly by alkylation of p-methoxyphenol. 
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OH OH 

(CH3)3C C(CH3)3 

—- (CHs gC = CHa a 

CH; CH3 

p-Methylphenol BHT 

OH 

C(CH3)3 

at (CHs pC = CH heeds ar 

C(CHs3)3 

OCH; OCH3 OCH; 

p-Methoxyphenol 

BHA 
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26.10 2,4-Dichlorophenoxyacetic acid is prepared from phenol by a two-step sequence 
involving an electrophilic aromatic substitution followed by a Williamson ether 
synthesis. Formulate the reactions. 

Seem eee eee were eee reer esse essere eeeeeereseeeeeeeeEeEHEe EEE EE HEE EEE EE 

26.6 Properties of Phenols: Acidity 

The properties of phenols are similar in many respects to those of alcohols. 
Low-molecular-weight phenols are generally somewhat water-soluble and 
are high boiling because of intermolecular hydrogen bonding. The most 
important property of phenols, however, is their acidity. Phenols are weak 
acids that dissociate to a small extent in aqueous solution to give H30* and 
a phenoxide anion, ArO~. Acidity values for some common phenols are given 
in Table 26.2. 

The data in Table 26.2 show that phenols are much more acidic than 
alcohols. Indeed, some phenols, such as the nitro-substituted ones, even 
approach or surpass the acidity of carboxylic acids. One practical conse- 
quence of this acidity is that phenols are soluble in dilute aqueous sodium 
hydroxide. Thus, a phenolic component can often be separated from a mix- 
ture of compounds simply by basic extraction into aqueous solution, followed 
by reacidification. 

( \-o-1 + NaOH —> ( \-o-no: + HO 

Phenol Sodium phenoxide 

Phenols are more acidic than alcohols because the phenoxide anion is 
resonance stabilized by the aromatic ring. Sharing of the negative charge 
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TABLE 26.2 Physical Properties of Some Phenols 
SS I I IER] 

Melting Boiling 
point point 

Phenol (°C) (°C) pK, 

Acetic acid? 4.75 Stronger 

2,4,6-Trinitrophenol 122 — 0.60 at 
p-Nitrophenol 115 — 7.16 
o-Nitrophenol 97 — Medd. 

m-Nitrophenol 45 216 8.36 
p-lodophenol 94 _ 9.30 
p-Bromophenol 66 238 9.35 
p-Chlorophenol 43 220 9.38 

Phenol 43 182 10.00 

p-Methoxyphenol 57 243 10.21 
p-Methylphenol (p-cresol) 35 202 10.26 
p-Aminophenol 186 — 10.46 Wanker 

Ethanol? 16.00 acid 

*Values for acetic acid and ethanol are given for reference. 

on oxygen with the ortho and para positions of the aromatic ring results in 
increased stability of the phenoxide anion relative to undissociated phenol, 
and in a consequently lower AG’ for the dissociation reaction. 

Figure 26.5 compares the acidity of phenols and alcohols on reaction 
energy diagrams. 

The arguments just used to account for phenol acidity are similar to 
those used in Section 26.2 to account for arylamine basicity, but the two 
situations are opposite. Arylamines are less basic than alkylamines because 
resonance stabilization of the free arylamine is greater than the stabilization 
of the arylammonium ion. Phenols, however, are more acidic than alcohols 

because resonance stabilization of the phenoxide ion is greater than that of 
the free phenol. 

In general, any effect that stabilizes the starting material more than 
it stabilizes the product will raise AG° and disfavor the reaction. Conversely, 
any effect that stabilizes the product more than it stabilizes the starting 
material will lower AG° and favor the reaction. These effects are shown in 

Figure 26.6. 
Substituted phenols can be either more acidic or less acidic than phenol 

. itself, depending on their structure. As a general rule, phenols with an 
electron-withdrawing substituent are more acidic, since these substituents 
stabilize the phenoxide ion by delocalizing the negative charge. Phenols 
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RO” + H30* 

ROH + H,0 AGS enol 

ArOH + H2O 

Reaction progress ———> 

i | 

Figure 26.5 A comparison of phenol and alcohol acidities. 

Phenols (red curve) are more acidic than alcohols (green curve) 

because a phenoxide ion is stabilized relative to free phenol more 

than an alkoxide ion is stabilized relative to free alcohol. 

Less stable 

Less stable 
te hd 

nt nF i More stable 

More stable 

Reaction progress Reaction progress ———_»> 

(a) (b) 

rn ee ee eee eee 

Figure 26.6 Effect of stabilizing factors on equilibria (AG°). 

(a) Stabilization of starting material relative to product raises AG° 
and disfavors the reaction, whereas (b) stabilization of product 

relative to starting material lowers AG® and favors the reaction. 
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with an electron-donating substituent, however, are less acidic, since these 

substituents destabilize the phenoxide ion by concentrating the charge. 

EWG EDG 
SS 

Electron-withdrawing groups (EWG) Electron-donating groups (HDG) 
stabilize phenoxide anion, resulting destabilize phenoxide anion, 

in increased phenol acidity resulting in decreased phenol acidity 

The acidifying effect of an electron-withdrawing substituent is partic- 
ularly noticeable for phenols having a nitro group at the ortho or para 
positions because the phenoxide anion is strongly stabilized in these cases. 

ge 
wOcally: O78 

Note that the effect of substituents on phenol acidity is the same as 
their effect on benzoic acid acidity (Section 20.5), but opposite to their effect 
on arylamine basicity (Table 26.3). The same resonance factors operate in 
all three cases. 

TABLE 26.3 Substituent Effect on Acidity of Benzoic Acids and 
Phenols, and on Basicity of Arylamines 

Type of compound Effect of group Y 

COOH 

Electron-withdrawing; increased acidity 
Electron-donating; decreased acidity 

zy 

OH 

Electron-withdrawing; increased acidity 
Electron-donating; decreased acidity 

¥ 

>NHo 

Electron-withdrawing; decreased basicit rE aaaiall 

Electron-donating; increased basicity 
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26.11 Rank the compounds in each group in order of increasing acidity: 
(a) Phenol, p-methylphenol, p-(trifluoromethyl)phenol 
(b) Benzyl alcohol, phenol, p-hydroxybenzoic acid 
(c) p-Bromophenol, 2,4-dibromophenol, 2,4,6-tribromophenol 

eee eee ey 

26.7 Preparation of Phenols 

We've already seen the two best methods of phenol synthesis. To review 
briefly: 

1. Alkali fusion of aromatic sulfonates takes place when an arene- 
sulfonic acid is melted with sodium hydroxide at high temperature 
(Section 16.2). Few functional groups can survive such harsh con- 
ditions, and the reaction is therefore limited to the preparation of 
alkyl-substituted phenols. 

SO3H 

_ 503, 1, NaOH | NaOH 

3 

Toluene p-Toluenesulfonic acid p-Methylphenol 

(72%) 

2. Hydrolysis of arenediazonium salts in a Sandmeyer-type replace- 
ment reaction is the most versatile and widely used laboratory 
method of phenol synthesis (Section 26.4). Most functional groups 
are compatible with the reaction conditions needed, and yields are 
generally good. 

NH, N.* HSO,- OH 

Br Br Br 
HNO, H,0+ 
—_——— — 
H.SO4 

CH; CH3 CHs 

2-Bromo-4-methylaniline 2-Bromo-4-methylphenol 

(92%) 

PROBLEM Serie roice roiose\iviol 5-003 ialoves'e ays (61s: a1 b'e, shehwvetenlaravatevei ne )ere atures pereretet a aera istatate 

26.12 p-Cresol (p-methylphenol) is used industrially both as an antiseptic and as a starting 
material to prepare the food additive BHT. How would you prepare p-cresol from 
benzene? 
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26.13 Carvacrol (5-isopropyl-2-methylphenol) is a natural product isolated from oregano, 
thyme, and marjoram. Propose two different syntheses of carvacrol from benzene. 

POOR e ee ee eee ee ee eee eee tee HEHE EEE HEE HEHE REE EE HEHEHE RHEE HERE EEE REESE 

26.8 Reactions of Phenols 
Se SS eee ee eee 

ALCOHOL-LIKE REACTIONS 

Much of the chemistry of phenols is similar to that of alcohols. Thus, phenols 
can be converted into esters by reaction with acid chlorides or acid anhy- 
drides, and into ethers by reaction with alkyl halides in the presence of base 
(Williamson synthesis). Both reactions occur under fairly mild conditions 
since phenols are so much more acidic than alcohols and since the reactive 
phenoxide ion intermediates are formed much more readily than alkoxide 
ions. Direct Fischer esterification by acid-catalyzed reaction between a phe- 
nol and a carboxylic acid, however, is not usually successful. 

go OH Cc O 
“cl NaOH =e 

+ -——— 
H,0 I 

O 

Phenol Benzoyl] chloride Phenyl benzoate (96%) 

OH OCH,CH,CH,CH; 
KyCO3 

aa + CH,CH,CH,CH,Br Mace Cit 

NO, NO, 

o-Nitrophenol 1-Bromobutane Butyl o-nitropheny] ether (80%) 

ELECTROPHILIC AROMATIC SUBSTITUTION 
REACTIONS 

The hydroxyl group is a strongly activating, ortho- and para-directing sub- 

stituent in electrophilic aromatic substitution reactions (Section 16.5). As 

a result, phenols are highly reactive substrates for electrophilic halogena- 

tion, nitration, and sulfonation, as well as for coupling with diazonium salts 

to produce azo dyes. 
Not surprisingly, phenoxide ions are even more reactive toward elec- 

trophilic aromatic substitution than neutral phenols because they have a 

full negative charge: 
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:O:- :O:- [3 EO +02 

An enolate ion 

Resonance structures of a phenoxide anion show a similarity to the 
resonance structures of a ketone enolate anion, which suggests the possi- 
bility that phenoxides might undergo alpha-substitution reactions similar 
to those of ketones (Section 22.6). In practice, phenoxide ions are less reactive 
than enolate ions because of the stability of the benzene ring. Nevertheless, 
there are a number of examples of enolate-like reactivity of phenoxide ions. 
For example, in the Kolbe—Schmitt?* carboxylation reaction, a phen- 
oxide ion adds to carbon dioxide under pressure to yield an intermediate 
keto acid anion that enolizes to give an o-hydroxybenzoic acid (salicylic acid). 
This reaction is the key step in the industrial synthesis of aspirin (acetyl- 
salicylic acid). 

(o- Nat O OH 

CR + ose <6 ie elloake CT. 0 
a yea H 

C C 
H | | 

O 

Sodium phenoxide Salicylic acid 

Ow _CHsg 

1 
OH O 

Sie (CH3CO)20 fe a 
OH OH 

om on 
| | 
O O 

Salicylic acid Acetylsalicylic acid 

(Aspirin) 

3Herman Kolbe (1818-1884); b. Germany; Ph.D. Gottingen; professor, universities of Mar- 
burg and Leipzig. 

4Rudolf Schmitt (1830-1898); b. Wippershain, Germany: Ph.D. Marburg; professor, Univer- 
sity of Dresden. 
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26.14 When sodium phenoxide is treated with allyl bromide in a Williamson ether syn- 
thesis, a mixture of phenyl allyl ether and o-allylphenol is formed. How can you 
account for the formation of o-allylphenol? 
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OXIDATION OF PHENOLS: QUINONES 

The susceptibility of phenols to electrophilic aromatic substitution is one 
consequence of the electron-rich nature of the phenol ring. Another conse- 
quence is the susceptibility of phenols to oxidation. Treatment of a phenol 
with any of a number of strong oxidizing agents yields a 2,5-cyclohexadiene- 
1,4-dione, or quinone. Older procedures employed sodium dichromate as 
oxidant, but Fremy’s salt, potassium nitrosodisulfonate [(KSO3),NO], is now 
preferred. The reaction takes place under mild conditions through a radical 
mechanism, and good yields are normally obtained. Arylamines are simi- 
larly oxidized to quinones. 

OH O 

(KSO3)2NO 
— 

HO 

Phenol 

Benzoquinone (79%) 

NH, O 

CH;0 CH3 CH;0 CH3 
(KSO3)2NO 

> 
H,O 

2-Methyl-6-methoxyaniline 

2-Methy1-6-methoxybenzoquinone 

(96%) 

Quinones are an interesting and valuable class of compounds because 
of their oxidation—reduction properties. They can be easily reduced to 
hydroquinones (p-dihydroxybenzenes) by reagents like NaBH, and SnClo, 
and hydroquinones can be easily reoxidized back to quinones by Fremy’s 

salt. 

SnCl, 5 H,0 
SS 

Fremy’s salt 

OH 

Benzoquinone Hydroquinone 
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These redox properties of quinones are important to the functioning of 
living cells, where compounds called uwbiquinones act as biochemical oxi- 
dizing agents to mediate the electron-transfer processes involved in energy 
production. Ubiquinones, also called coenzymes @, are components of the 
cells of all aerobic organisms, from the simplest bacterium to humans. They 
are so named because of their ubiquitous occurrence in nature. 

O 

CH,0 CH, 
CH, 
| 

CH;0 (CH,CH=CCH,),H 

Ubiquinones (n = 1-10) 

Ubiquinones function within the mitochondria of cells as mobile elec- 
tron-carriers (oxidizing agents) to mediate the respiration process in which 
electrons are transported from the biological reducing agent NADH (reduced 
form of nicotinamide adenine dinucleotide) to molecular oxygen. Although 
a complex series of steps is involved in the overall process, the ultimate 
result is a cycle whereby NADH is oxidized to NAD*, oxygen is reduced to 
water, and energy is produced. Ubiquinone acts only as an intermediary 
and is itself unchanged. 

Step 1: O OH 

CH;0 CH3 CH;0 CH; 

NADH + Ht + —— + NAD+ 

Reduced form ©H30 R CH30 R (Oxidized form 
O OH 

Step 2: 

OH O 

CH30 Z CHs CH;0 CHs 

| +3400) os + H,O 
— 

CH;0 R CH30 R 

OH O 

Net change: 
NADH + 50, + H+ —> NAD+ + H,O 

SC) 6.160 6010 0:0 ee F016. 0.16) 80.8 8 0 8 Oe Oe VON eve S Bh © loys leieles 6/6616 WM ely p16 60a bie 6: one 

26.15 Early work on the structural elucidation of ubiquinones was complicated by the fact 
that extraction of the compounds from cells was carried out using basic ethanol 



26.8 Reactions of Phenols 1023 

solution. Under these conditions, the ubiquinone methoxy] groups became exchanged 
for ethoxyls. Propose a mechanism to account for this exchange. (See Section 19.18.) 

O O 
CH30 CH; CH;CH,O CH; 

CH;CH,0H 

an + 2CH3;0H 

CH3;0 R CH;CH,O R 
O O 

CLAISEN REARRANGEMENT 

Treatment of a phenoxide ion with 3-bromopropene results in a Williamson 
ether synthesis and production of an allyl phenyl ether. Heating the allyl 
phenyl ether to 200-250°C then effects rearrangement leading to an o- 
allylphenol (the Claisen rearrangement). The net effect is alkylation of 
the ortho position of the phenol. 

OH O7 Nat OCH,CH+=CH, 

+ NaH THF BrCH,CH=CH, 

solution 

Phenol Sodium phenoxide Allyl phenyl ether 

CH, 
O eo H OH 

| CH,CH=CH, 
CHp Claisen rearrangement [ 

250°C 

Allyl pheny] ether o-Allylphenol 

Claisen rearrangement of allyl phenyl ethers to yield o-allylphenols is 
a general reaction that is compatible with the presence of many other sub- 
stituents on the benzene ring. The reaction proceeds through a pericyclic 
mechanism in which a concerted reorganization of bonding electrons occurs 
via a cyclic six-membered-ring transition state. The 2-allylcyclohexadienone 
intermediate then tautomerizes to o-allylphenol. 

Good evidence for this mechanism comes from the observation that the 
rearrangement takes place with an inversion of the allyl unit. That is, allyl 
phenyl ether containing a '4C label on the allyl ether carbon atom yields 
o-allylphenol in which the label is on the terminal carbon. It would be very 
difficult to explain this result by any mechanism other than a pericyclic one, 
which we'll look at in more detail in Section 30.10. 
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Allyl phe 
ether 

26.16 

* * 
¢ H.C H.C 

CH nag eneslt 
CH oe 
| CH, CH, 
CH, 

—_, H ——> 

nyl Transition state Intermediate o-Allylphenol 
(6-allyl-2,4-cyclohexadienone) 

Cee Cee eee eter ere reeeeeseeeeeeHeeEeeeesEHESeEesEEesEEEeseene 

What product would you expect to obtain from Claisen rearrangement of 2-butenyl 
phenyl ether? 

O—CH,CH=CHCH3 

— 
Cr 250°C 

2-Butenyl phenyl ether 

Peewee meee eee e eee ener ee ee ee eres ee Heese eeeeeeeeHeeeEeeeHeeeereeseeees 

26.9 Spectroscopy of Arylamines and 
Phenols 

INFRARED SPECTROSCOPY 

The infrared spectra of arylamines and phenols are little different from those 
of aliphatic amines and alcohols. Thus, aniline shows the usual N-H infra- 
red absorptions at 3400 and 3500 cm™! characteristic of a primary amine, 
as well as a pair of bands at 1500 and 1600 cm™! characteristic of aromatic 
rings (Figure 26.7). Note that the infrared spectrum of aniline also shows 
the typical monosubstituted aromatic-ring peaks at 690 and 760 cm7!. 

Phenol shows a characteristic broad absorption at 3500 cm7! due to the 
hydroxyl group, and the usual 1500 and 1600 cm“! aromatic bands (Figure 
26.8). Here, too, the monosubstituted aromatic-ring peaks at 690 and 760 
cm~! are visible. 

NUCLEAR MAGNETIC RESONANCE 
SPECTROSCOPY 

Arylamines and phenols, like all aromatic compounds, show 'H NMR 
absorptions near 7—8 6, the expected position for aromatic-ring protons. In 
addition, amine N-H protons usually absorb in the 2—3 6 range, and phenol 
O-H protons absorb at 3-8 6. In neither case are these absorptions uniquely 
diagnostic for arylamines or phenols, since other kinds of protons absorb in 
the same range. As a result, a combination of both NMR and infrared evi- 

dence is usually needed to assign structure. 
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Figure 26.7 Infrared spectrum of aniline. 
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Figure 26.8 Infrared spectrum of phenol. 

As was true for alcohols (Section 17.11), the identity of the NMR peak 

due to N-H and O-H protons is easily determined by adding a small amount 
of D20 to the sample tube. Since the O-H and N-H protons rapidly exchange 
with added D,O, their peaks disappear from the spectrum. 

26.10 Summary and Key Words 

Arylamines, like their aliphatic counterparts, are basic. The base strength 
of arylamines is generally lower than that of aliphatic amines, though, 
because the nitrogen lone-pair electrons are delocalized into the aromatic 
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ring by orbital overlap with the aromatic pi system. As a general rule, 
electron-withdrawing substituents on the ring further weaken the basicity 
of a substituted aniline, while electron-donating substituents increase 
basicity. 

Substituted anilines are almost always prepared by nitration of the 
appropriate aromatic ring, followed by reduction. An amine group is a 
strongly activating, ortho- and para-directing substituent, and electrophilic 
aromatic substitution is an important reaction of arylamines. If the amine 
group makes the ring too reactive, however, its reactivity can be modulated 
by converting it into a nonbasic amide. 

The most important reaction of arylamines is conversion by nitrous acid 
into arenediazonium salts, ArNjt X~. The diazonio group can then be 
replaced by many other substituents in the Sandmeyer reaction to give 
a wide variety of substituted aromatic compounds. For example, ary! chlo- 
rides, bromides, iodides, and nitriles can be prepared from arenediazonium 
salts, as can arenes and phenols. In addition to their reactivity toward 
substitution reactions, diazonium salts undergo coupling with phenols and 
arylamines to give brightly colored azo dyes. 

Phenols are aromatic counterparts of alcohols but are much more 
acidic, since phenoxide anions can be stabilized by delocalization of the 
negative charge into the aromatic ring. Substitution of the aromatic ring 
by an electron-withdrawing group increases phenol acidity, and substitution 
by an electron-donating group decreases acidity. Phenols are generally pre- 
pared either by alkali fusion of an aromatic sulfonate or by hydrolysis of 
an arenediazonium salt. 

Reactions of phenols can occur either at the hydroxyl group or on the 
aromatic ring. For example, a phenol hydroxyl can be converted into an 
ester or an ether group. Phenyl allyl ethers are particularly interesting 
since they undergo Claisen rearrangement to give o-allylphenols when 
heated to 250°C. The hydroxyl group strongly activates the ayomatic ring 
toward electrophilic substitution reactions. In addition, phenols can be oxi- 
dized to quinones by reaction with Fremy’s salt, potassium nitrosodi- 
sulfonate. 

Summary of Reactions 

1. Preparation of arylamines 
a. Reduction of nitrobenzenes (Section 26.2) 

ArNO, + Hy — ArNH, 

ArNO, + Fe = 80", arNH, 

1. H,0+ 
ArNO, ate SnCl, ame ArN Hz 
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2. Reactions of arylamines 
a. Electrophilic aromatic substitution (Sections 16.2 and 26.3) 

>NHp» 

E 

Ortho- and para-directing 

>=NH» 

b. Formation of arenediazonium salts (Section 26.3) 

N ZA 

NH, Nie 
CY ENG eH SO. ee e, HSO,- 

c. Reaction of arenediazonium salts (Section 26.3) 

(1) Sandmeyer-type reactions 

N tie NZ~ 

YOO roa 

(2) Diazonium coupling 

N ZA 

Ni OH 

a ca Y , | 

Oo oq 



1028 CHAPTER 26 Arylamines and Phenols 

d. Oxidation to quinones (Section 26.8) 

NH, O 

(KSO3)2,NO 
————— 

H,O 

O 

3. Preparation of phenols 
a. Alkali fusion of aryl sulfonates (Sections 16.2 and 26.7) 

SO.H OH 
iS. + NAOH > CY + NaHSO, 

b. Hydrolysis of arenediazonium salts (Section 26.3) 

+N 

Ne OH 

ea HSO,- wHZOF CY 

4. Reactions of phenols 
a. Ester formation (Section 26.8) 

O 

ie | NaOH ee 
+ Co —— | 

R~ Cl H,O _ 

b. Williamson ether synthesis (Sections 18.4 and 26.8) 

OH 
1. NaOH, 1, NaOH, ethanol . 

SR RX 

c. Kolbe—Schmitt carboxylation (Section 26.8) 

OH 
1, NaOH , 
2. Cond CO,, A 
3. H* 

d. Oxidation to quinones (Section 26.8) 

(KSO. Ben 20 

COOH 

OH 
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e. Claisen rearrangement (Sections 26.8 and 30.12) 

OCH,CH=CH, OH oe oy 
CH,CH=CH, 

ADDITIONAL PROBLEMS .......................0cc0cc0e. 

26.17 Give IUPAC names for these compounds: 

26.18 

26.19 

26.20 

26.21 

26.22 

26.23 

OH 

NHCH3 

(a) (b) 

Cl 

Br Cl 

OH 
NH, 

© 
H.N CHs H;C OCH; 

J uCHs 

OH fee NN 

(e) (f) CH; 

HO OH CH.CH; 

How would you prepare aniline from these starting materials? 
(a) Benzene (b) Benzamide (c) Toluene 

How would you convert aniline into each of the products listed in Problem 26.18? 

Suppose that you were given a mixture of toluene, aniline, and phenol and were 

asked to separate the mixture into its three pure components. Describe in detail 
what you would do. 

Give the structures of the major organic products you would expect to obtain from 
reaction of m-toluidine (m-methylaniline) with these reagents: 

(a) Brg (1 equiv) (b) (KSO3)2.NO (c) CHslI (excess) 

(d) CH3;Cl + AICI, (e) CHsCOCI in pyridine 
(f) The product of (e), then HSO3Cl 

Benzoquinone is an excellent dienophile in the Diels—Alder reaction. What product 
would you expect to obtain from reaction of benzoquinone with one equivalent of 
butadiene? From reaction with two equivalents of butadiene? 

When the product, A, of the Diels—Alder reaction of benzoquinone and one equivalent 
of butadiene (Problem 26.22) is treated with dilute acid or base, an isomerization 

occurs and a new product, B, is formed. This new product shows a two-proton singlet 

in the 1H NMR spectrum at 6.7 6 and an infrared absorption at 3500 cm~!. What 
is the structure of the isomer B? 
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26.24 

26.25 

26.26 

26.27 

26.28 

26.29 

26.30 

(a) oy (b) 

H3C H 

O 

4 HCH Chet A ee 

O 

Tyramine is an alkaloid found, among other places, in mistletoe and ripe cheese. 
How would you synthesize tyramine from benzene? How would you synthesize it 

from toluene? 

: CH,CH,NH, 

HO 

Tyramine 

How can you account for the fact that diphenylamine does not dissolve in dilute 

aqueous HCl and appears to be nonbasic? 

How would you prepare these compounds from toluene? A diazonio replacement 

reaction is needed in some instances. 

3 
Cre I C 

C el OCH: 

Show the products from reaction of p-bromoaniline with these reagents: 
(a) excess CH3I (b) HCl 
(c) NaNOz, H2SO,4 (d) CH3COC1 ‘ 
(e) CH3sMgBr (f) CH3CH,Cl, AlCl, 
(g) Product of (c) with CuCl (h) Product of (d) with CH3CH,Cl, AlCl, 

Show the products from reaction of o-chlorophenol with these reagents: 
(a) NaOH, then CH3I (b) CH3COCI, pyridine 
(c) Fremy’s salt (d) CH3CH,CH,Cl, AlCl, 

Reaction of anthranilic acid (o-aminobenzoic acid) with NaNO, and H,SO, yields 
a diazonium salt that can be treated with base to yield a neutral diazonium 
carboxylate. 

(a) What is the structure of the neutral diazonium carboxylate? 

(b) Heating the diazonium carboxylate results in the formation of CO,, No, and a 
high-energy intermediate that reacts with 1,3-cyclopentadiene to yield the fol- 
lowing organic product: 

What is the structure of the reactive intermediate, and what kind of reaction does 
it undergo with cyclopentadiene? 

Mephenesin is a drug used as a muscle relaxant and sedative. Propose a synthesis 
of mephenesin from benzene and any other reagents needed. 
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CHs3 Die 
OCH,CHCH,OH 

Mephenesin 

26.31 How would you prepare these substances? 
(a) p-lodobenzoic acid from aniline 
(b) o-lodobromobenzene from benzene 

26.32 Gentisic acid is a naturally occurring hydroquinone found in gentian. Its sodium 
salt is used medicinally as an antirheumatic agent. How would you prepare gentisic 
acid from benzene? 

OH 

COOH 

OH 

Gentisic acid 

26.33 Prontosil is an antibacterial azo dye that was once used for urinary tract infections. 
How would you prepare prontosil from benzene? 

tan {oven {_) sont 

NH, 
Prontosil 

26.34 How would you synthesize the dye Orange II from benzene and f-naphthol? 

O. H 
OH 

“a+ aos { Dene’) 
B-Naphthol e 

Orange II 

26.35 2-Nitro-3,4,6-trichlorophenol is used as a lampricide—a compound toxic to lam- 
preys—to combat the intrusion of sea lampreys into the Great Lakes. How would 
you synthesize this material from benzene? 

26.36 The germicidal agent hexachlorophene is prepared by condensation of two molecules 

of 2,4,5-trichlorophenol with orie molecule of formaldehyde in the presence of sul- 
furic acid. Propose a mechanism for this reaction. 

OH OH 

Cl 

to Cs Hexachlorophene 

Cl Cl 

Cl Cl 

Cl 
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26.37. Propose a route from benzene for the synthesis of the antiseptic agent trichloro- 

salicylanilide. 

OH 

CONH Cl 

Cl 

Cl 

Trichlorosalicylanilide 

26.38 Compound A, CsH,00, has the infrared and 1H NMR spectra shown. Propose a 

structure consistent with the observed spectral properties, and assign each peak in 

the NMR spectrum. Note that the absorption at 6.0 5 disappears when D,0 is added. 

Wave number (cm~ ty 

ioe 3000 2500 2000 1500 13800 1100 1000 900 800 700 

80 

€ 
a) 
8 ES 

‘g a 40 

_— fH 

20 

0 
ay 3 4 5 6 7 8 9 10 14. 12 13 14 15 

Wavelength (um) 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

26.39 Phenacetin, a substance formerly used in over-the-counter pain relievers, has the 

formula Cj 9H,3NOz, and the infrared and NMR spectra shown. Phenacetin itself is 

neutral and does not dissolve in either acid or base. When warmed with aqueous 
hydroxide, phenacetin yields an amine, CgH,;,;NO. When heated with HI, the amine 
is cleaved to an aminophenol CgH,NO, which, on treatment with Fremy’s salt, yields 
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benzoquinone. What is the structure of phenacetin, and what are the structures of 
the amine and the aminophenol? 

; HO- ; HI : i 
Phenacetin tee Amine mee Aminophenol ae Benzoquinone 

Wave number (cm?) 

4000 3000 2500 2000 1500 1300 1100 1000 900 800 700 
100 

u 8 9 i Oe i} 13 «+14 15 

Wavelength (um) 

Intensity —— 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

26.40 In the Hoesch reaction, resorcinol (m-dihydroxybenzene) is treated with a nitrile in 

the presence of a Lewis acid catalyst. After hydrolysis, an acyl resorcinol is isolated. 

Propose a mechanism for the Hoesch reaction. To what other well-known reaction 

is this similar? 

HO OH HO OH 
oe 1. ZnCl,/ether +  CH,C=N a 

cart 

O 

26.41 Propose structures for compounds that show the following 'H NMR spectra. The 

peak marked by an asterisk disappears when D,O is added to the sample. 
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(a) Cys5H2,O 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 

(b) CoHi3N 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (6) 

26.42 Propose structures for compounds that show the following 'H NMR spectra. The 
peak marked by an asterisk disappears when D,O is added to the sample. 

(a) Cy5H,7N 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (5) 
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(b) CyoH11Cl02 

Intensity 

10 8 6 4 2 0 ppm 

Chemical shift (6) 
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Peptides, and 
Proteins 

Proteins are large biomolecules that occur in every living organism. They’re 
of many different types, and they have many different biological functions. 
The keratin of skin and fingernails, the fibroin of silk and spider webs, and 
the collagen of tendons and cartilage are all structural proteins; the insulin 
that regulates glucose metabolism in the body is a hormonal protein; and 
the DNA polymerase and reverse transcriptase that serve as biological cat- 
alysts to carry out chemical reactions in the cell are proteins called enzymes. 

Regardless of their appearance or function, all proteins are chemically 
similar. All are made up of many amino acid units linkedi together by 
amide bonds in a long chain. As their name implies, amino acids are difunc- 
tional: They contain both a basic amino group and an acidic carboxyl group. 

Alanine, an amino acid 

The value of amino acids as biological building blocks stems from the 
fact that they can link together by forming amide, or peptide, bonds. A 
dipeptide results when an amide bond is formed between the —NHg of one 
amino acid and the -COOH of a second amino acid; a tripeptide results from 
linkage of three amino acids via two amide bonds, and so on. Any number 



27.1 Structures of Amino Acids 1037 

of amino acids can link together to form large chains. For classification 
purposes, chains with fewer than 50 amino acids are called polypeptides, 
whereas the term protein is reserved for larger chains. 

Amide bond 

O O O 

I | I 
2 peneeH — Be aCCe 

R R R 

A dipeptide (one amide bond) 

O O O O 
| lee ol ay el 

Many ee — ek es 

R R R’ R” 

A polypeptide (many amide bonds) 

27.1 Structures of Amino Acids 

The structures of the 20 amino acids commonly found in proteins are shown 
in Table 27.1. All 20 are a-amino acids; that is, the amino group in each 
is a substituent on the carbon atom alpha to (next to) the carbonyl group. 
Note that 19 of the 20 are primary amines, RNHg, that differ only in the 
nature of the side-chain substituents but that proline is a secondary amine 
whose nitrogen and alpha carbon atoms are part of a pyrrolidine ring. Pro- 
line can still form amide bonds like the other 19 a-amino acids, however. 

awa H 
co” 36 yee a C HN Cc i ; 

A primary a-amino acid 

(R = a side chain) 

Proline, a secondary 

a-amino acid 

Note also that each of the amino acids in Table 27.1 is referred to by a 
mnemonic three-letter shorthand code: Ala for alanine, Gly for glycine, and 
so on. In addition, a one-letter code is used, as shown in parentheses in the 

table. 



TABLE 27.1 The Twenty Common Amino Acids Found in Proteins; Essential Amino Acids 

Are Shown in Red 
rr ee ee ee 

Molecular Isoelectric pK, pK, 

Name Abbreviations weight Structure point a-COOH ' a-NH3t 

Neutral amino acids 

O 

Alanine Ala (A) 89 i onoee 6.0 2.3 9.8 

NH, 
O 

Asparagine Asn _ (N) 132 Pica caton 5.4 2.0 8.8 

NH, 
O 

Cysteine Cys (C) 121 PCE econ 5.0 1.8 10.2 

i, 
O 

Glutamine Gln (Q) 146 FM icteeneon 5.7 22 on 

NH, 
O 

Glycine Gly (G) 75 wee 6.0 2.3 9.8 

NH, 

cae 

Isoleucine le (1) 131 ce ea eon 6.0 2.3 9.7 

NH, 
fa oni | 

Leucine Leu (L) ed CH,;CHCH,CHCOH 6.0 2.3 OF, 

NH, 
O 

Methionine Met (M) 149 CH ecCRen On 5.7 2.3 9.2 

NH, 
O 

Phenylalanine Phe (F) 165 ( )-oncucon 5.9 2.6 9.2 

NH, 
O 

é 
OH 

Proline \eswoy (22) 115 oS 6.3 2.0 10.6 

H 

Serine Ser (S) 105 erate : 5.7 2.2 9.2 

NH, 

1038 



Name 

Threonine 

Tryptophan 

Tyrosine 

Valine 

Abbreviations 

Thr 

Val 

Acidic amino acids 

Aspartic acid Asp 

Glutamic acid Glu 

Basic amino acids 

Arginine 

Histidine 

Lysine 

Arg 

His 

 luys 

(T) 

(W) 

(Y) 

(D) 

(E) 

(R) 

(H) 

(K) 

Molecular 

weight Structure 

rol 
119 Sar cael Wd te 

NH, 

1 
as 

204 \VERE 

N 

N 
H 

1 
181 Ho )—cHicHcoH 

NH, 

Tee 
i eas 

NH, 

I I 
133 sik a lta ei 

NH, 

| 1 
147 Se 

NH, 

1, i 
174. HN ane Gis Beene 

NH, 

; O 

N \ I 
155 || CH,CHCOH 

N | 
\ NH, 

H 

I 
146 H,NCH,CH,CH,CH,CHCOH 

NH, 

Isoelectric 

point 

5.6 

6.0 

3.0 

3.2 

10.8 

7.6 

Ck 

pK, 
a-COOH 

2.1 

2.4 

2.2 

2.3 

2.1 

2.1 

2.0 

1.8 

2.2 

pKa 
a-NH3* 

of 

9.4 

9.1 

Oui 

9.8 

9.5 

9.0 

OE 

8.9 
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CHAPTER 27 Amino Acids, Peptides, and Proteins 

With the exception of glycine, H,NCH,COOH, the alpha carbons of 

amino acids are chiral. Two different enantiomeric forms of each amino acid 

are therefore possible, but nature uses only a single enantiomer to construct 
proteins. In Fischer projections, naturally occurring amino acids are rep- 
resented by placing the carboxyl group at the top as if drawing a carbo- 
hydrate (Section 24.2) and then placing the amino group on the left. Because 
of their stereochemical similarity to L sugars—the —NHg, group is toward 
the left (Section 24.3)—the naturally occurring a-amino acids are often 
referred to as L-amino acids. 

COOH COOH COOH CHO 

H.N H H.N H H.N a H HO H 

CH3 CH, CH,0OH CH,0H 

(S)-Alanine (S)-Serine Stereochemically 
(L-Alanine) (L-Serine) similar to 

L-glyceraldehyde 

(S)-Phenylalanine 
(L-Phenylalanine) 

The 20 common amino acids can be further classified as either neutral, 
acidic, or basic, depending on the nature of their side chains. Fifteen of the 
twenty have neutral side chains, but two (aspartic acid and glutamic acid) 
have an extra carboxylic acid function in their side chains, and three (lysine, 

arginine, and histidine) have basic amino groups in their side chains. 
All 20 of the amino acids are necessary for protein synthesis, but 

humans are thought to be able to synthesize only 10 of the 20. The remaining 
10 are called essential amino acids because they must be obtained from 
dietary sources. Failure to include an adequate dietary supply of these essen- 
tial amino acids can lead to severe deficiency diseases. ‘ 

Look carefully at the a-amino acids shown in Table 27.1. How many contain aromatic 
rings? How many contain sulfur? How many contain alcohols? How many contain 
hydrocarbon side chains? 

ey 

Eighteen of the 19 L-amino acids have the S configuration at the alpha carbon. 
Cysteine is the only L-amino acid that has an R configuration. Explain. 

COPE e eH Hee HH HERE HET EHO E DEH EHD EEE HEHE EEE Eee ee ESE eEe 

The amino acid threonine, (2S,3R)-2-amino-3-hydroxybutanoic acid, has two stereo- 
genic centers. Draw a Fischer projection of threonine. 

GO 4. MiG 6B Oe 0s eee 6 5 GCE 6 6 0.6 618) 0 615 © 616 5.5 p d1els ele p 00 bss Olble «ee lee o 

Draw the Fischer projection of a threonine diastereomer, and label its stereogenic 
centers as R or S (Problem 27.3). 

COPTER OHO OE HEE REO OHH H OHHH R eee EEE EOD 
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27.2 Dipolar Structure of Amino Acids 
SE TREY 

PROBLEM... 

27.5 

PROBLEM... 

27.6 

ee 

Since amino acids contain both acidic and basic groups in the same molecule, 

they undergo an intramolecular acid—base reaction and exist primarily in 
the form of a dipolar ion, or zwitterion (German zwitter, “hybrid”): 

jae Prsiisisey 
Be an a Oss —> Hy eee 

H H 

A zwitterion 

Amino acid zwitterions are a kind of internal salt and therefore have 
many of the physical properties associated with salts. Thus, amino acids 
have large dipole moments; they’re soluble in water but insoluble in hydro- 
carbons; and they’re crystalline substances with high melting points. In 
addition, amino acids are amphoteric: They can react either as acids or as 
bases, depending on the circumstances. In aqueous acid solution, an amino 
acid zwitterion can accept a proton to yield a cation; in aqueous basic solu- 
tion, the zwitterion can Jose a proton to form an anion. 

PTY Hoc 32 
By acid cries ene’ ont oosga iy HOw ee UNCC OH + HO 
solution | 

H R Hak 

H O 
x pine phe [ove i | 

Bat GssGesO; i OH iiaseull LAN2 0.62000 1E0 
solution | 

H \R H R 

Note that it’s the carboxylate anion, -COO~, rather than the amino 
group that acts as the basic site and accepts the proton in acid solution. 
Similarly, it’s the ammonium cation, RNH3*, rather than the carboxyl group 
that acts as the acidic site and donates a proton in base solution. 

a melee sancUA Ae Bh MUae AOL ANe Ones soe: Wim o) 0 0.16 © ete [09 ahelie, © oio\9i'6)/6 0,6 (6 sie) #) 6/9 6 

Draw these amino acids in their zwitterionic forms: 

(a) Phenylalanine (b) Serine (c) Proline 

ed chaliy for dib o wiae clsie Owe PiOiahe ashe) Ses 976 (6) 01s) 4Rilele wp © OL 0)¢) ¢ 078) 6) ee. (0; 8 (aiid, 600) a)e 

Write structural formulas for these equations. 
(a) Phenylalanine + 1 equiv NaOH ——> ? 
(b) Product of (a) + 1 equiv HCl ——> ? 
‘(c) Product of (a) + 2 equiv HCl ——> ? 

eieleldle dice le 6 jee) a 0 © lelets op e.(9) 6 eee vie ws (6) a) se sie @leis¢.0 08.0 © 80 0/666 06 0 
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27.3 Isoelectric Point 
I ED 

In acid solution at low pH, an amino acid is protonated and exists primarily 

as a cation. In basic solution at high pH, an amino acid is deprotonated and 

exists primarily as an anion. Thus, at some intermediate point, the amino 

acid must be exactly balanced between anionic and cationic forms and exist 

primarily as the neutral, dipolar zwitterion. This pH is called the amino 

acid’s isoelectric point. 

R O 
| || ‘ | || -OH 

H;NCHCOH #225 H,NCHCO- == H,NCHCO- 

Lov ok Ee (protonated) (deprotonated) 

Isoelectric point 
(neutral zwitterion) 

The isoelectric point of an amino acid depends on its structure, with 
values for the 20 most common amino acids given in Table 27.1. The 15 
amino acids with neutral side chains have isoelectric points near neutrality, 

in the pH range 5.0-6.5. (These values aren’t exactly at neutral pH 7, 
because carboxyl groups are stronger acids in aqueous solution than amino 
groups are bases.) The two amino acids with acidic side chains have iso- 
electric points at lower (more acidic) pH, which suppresses dissociation of 
the extra -COOH in the side chain, and the three amino acids with basic 

side chains have isoelectric points at higher (more basic) pH, which sup- 
presses protonation of the extra amino group. For example, aspartic acid 
has its isoelectric point at pH 3.0, and lysine has its isoelectric point at pH 
9.7. 

We can take advantage of the differences in isoelectric points to sepa- 
rate a mixture of amino acids (or a mixture of proteins) into its pure con- 
stituents. Using a technique known as electrophoresis, a solution of dif- 
ferent amino acids is placed near the center of a strip of paper or gel. The 
paper or gel is moistened with an aqueous buffer of a particular pH, and 
electrodes are connected to the ends of the strip. When an electric field is 
applied, those amino acids with negative charges (those that are partially 
deprotonated because their isoelectric points are below the pH of the buffer) 
migrate slowly toward the positive electrode. Similarly, those amino acids 
with positive charges (those that are partially protonated because their 
isoelectric points are above the pH of the buffer) migrate toward the negative 
electrode. 

Different amino acids migrate at different rates, depending both on their 
isoelectric point and on the pH of the aqueous buffer. Thus, the different 
amino acids can be separated. Figure 27.1 illustrates this separation for a 
mixture of lysine (basic), glycine (neutral), and aspartic acid (acidic). 

If specific pK, values are known for the acidic sites of an amino acid 
(Table 27.1), the exact percentages of protonated, neutral, and deprotonated 
forms at any pH can be calculated using the Henderson—Hasselbalch 
equation, a simple expression derived by rearranging the standard equation 
for pK,: 
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oa Paper strip 

O O O 
atid tl | witeull 

CEE H,NCHCO- H,NCH,CO- _H,NCHCO- 
+ 

(CH,),NH 

Lysine Glycine Aspartic acid 

Sra SE 

Figure 27.1 Separation of an amino acid mixture by electrophoresis. 

At pH = 6.0, glycine molecules are mostly neutral and don’t 

migrate; lysine molecules are largely protonated and migrate toward 

the negative electrode; and aspartic acid molecules are largely depro- 

tonated and migrate toward the positive electrode. (Lysine has its 

isoelectric point at 9.7, glycine at 6.0, and aspartic acid at 3.0.) 

3 eee iid eA cone ahs es [A7] 
Since pK, log niles logi[H30*] — log [HA] pH log [HA] 

J [A7] 
then pH = pK, + log [HA] 

rat) Henderson—Hasselbalch equation 

or log [HA] ~ pH — pK, 

In other words, the logarithm of the conjugate base concentration divided 
by the weak acid concentration is equal to the pH minus the pK, of the acid. 
The protonated form of alanine, for example, is a weak acid with pK,; = 
2.3, and the neutral form of alanine is a still weaker acid with pK,» = 9.8: 

| | 
HANCHCOH eo HeNCHCO- + H,0+ pK = 2.3 

CH3 CH; 

0 0 

ee + HO — soe + H,0* pKeo = 9.8 

CH; — 

To see how to use the Henderson—Hasselbalch equation, let’s find what 

species are present at pH 1.00: 

[Av] = e = 100 — 29 =. =1. log fray = PH ~ pK, = 1.00 - 28 3 

[Aq] sere. 050 
a [HA] 

Thus, [A-] = 4.8% and [HA] = 95.2% 
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At pH 1, 4.8% of alanine molecules are neutral (zwitterionic) and 95.2% 
are protonated. Similar calculations can be done at any other pH, leading 
to the titration curve shown in Figure 27.2. Each “leg” of the curve—the 
first leg from pH 1 to 6 and the second leg from pH 6 to 11—is calculated 
separately, corresponding to the two dissociations of protonated alanine. 
Exactly halfway between the two legs is the isoelectric point at 6.0. In 
essence, it’s as if we started with protonated alanine at low pH and then 
titrated with NaOH until full deprotonation occurred. When 0.5 equivalent 
of NaOH is added, the first deprotonation is half complete; when 1.0 equiv- 
alent of NaOH is added, the first deprotonation is fully complete and the 
isoelectric point is reached; when 1.5 equivalents of NaOH are added, the 
second deprotonation is half complete; and when 2.0 equivalents of NaOH 
are added, the second deprotonation is complete. 

1 
H,NCHCO- 

| 
op 

CHs 

1 + 

chee. + pene 

12 

O 
i 

CH, CH, 
Isoelectric 
point =6.0 | 

eal pH «6 aE 

CHs3 . 

\ O 

+ I * | 
eat ae + H;NCHCO- 

CH, CH, 

0.0 ; 1.0 

Equivalents of HO~ 

1.5 
at el 

anicos 

CH; 
SSS SS 

Figure 27.2 A titration curve for alanine plotted using the 

Henderson—Hasselbalch equation. Each of the two legs is plotted 
separately. At pH < 1, alanine is entirely protonated; at pH = 2.3, 
alanine is a 50:50 mix of protonated and neutral forms; at pH = 
6.0, alanine is entirely neutral; at pH = 9.8, alanine is a 50:50 mix 
of neutral and deprotonated forms; at pH > 11, alanine is entirely 
deprotonated. 

PROBLEM 5 oo} arsteero) 1018 jaia a aia 91403 yet 5 a> 016s « Pa PPI eR 

27.7 Glycine, like alanine, has an isoelectric point at 6.0. Draw structures of the pre- 
dominant forms of glycine at pH = 2.0, 6.0, and 10.0. 
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COPS MCT RHETT Dee Dee EHEC THRE D EEO meee HEC deere neem arene 

For the mixtures of amino acids indicated, predict the direction of migration of each 
component (toward anode or cathode) and the relative rate of migration. 
(a) Valine, glutamic acid, and histidine at pH = 7.6 
(b) Glycine, phenylalanine, and serine at pH = 5.7 
(c) Glycine, phenylalanine, and serine at pH = 5.9 
(d) Glycine, phenylalanine, and serine at pH = 6.0 

SSC SeRe SSR ees ee Vee ve Vests ee VW CWS @ sul us ee 6 Bee ee ete bles 6 6 68 © 

How can you account for the fact that tryptophan has a lower isoelectric point than 
histidine has, even though both have five-membered-ring nitrogen atoms? Which 
nitrogen in the five-membered ring of histidine is more basic? 

CeCe eee eee eee reeeseeeeraedereneessereereresereresesersese 

Threonine has pK, = 2.1 and pK,2 = 9.1. Use the Henderson—Hasselbalch equation 
to calculate the ratio of protonated and deprotonated forms at pH 1.5 and pH 10.0. 

ec ee ee] 

27.4 Synthesis of a-Amino Acids 

a-Amino acids can be synthesized using some of the standard chemical 
reactions already discussed. One of the oldest methods of a-amino-acid syn- 
thesis begins with alpha bromination of a carboxylic acid by treatment with 
bromine and phosphorus (the Hell—Volhard—Zelinskii reaction, Section 
22.4). Nucleophilic substitution (Sy2 reaction) of the a-bromo acid with 
ammonia then yields an a-amino acid. 

(2 I re i i= | 
1 Bro, Ee NH; 

CH3;CHCH,CH,COH 3. HO ceo aaa et eongatmiayee 

4-Methylpentanoic acid Br NH, 

PROBLEM... 

27.11 

2-Bromo-4-methyl- (R,S)-Leucine (45%) 

pentanoic acid 

Alternatively, higher product yields are obtained when the bromide 
displacement reaction is carried out by the Gabriel phthalimide method 
(Section 25.7), rather than by the ammonia method. 

Sem e renee ers e tees eres eesereseesesseeseesreereseeeesesesesesse 

Show how you could prepare these a-amino acids starting from the appropriate 

carboxylic acids: 
(a) Phenylalanine (b) Valine 
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27.12 Show how a Gabriel amine synthesis (Section 25.7) might be used to prepare 

isoleucine. 

eee meme meee meee eee eee eeeeeeereseeeeeeeeeeHeEEe HEHE EEE HEHE HEE EES 

THE STRECKER SYNTHESIS 

Another method for preparing racemic a-amino acids is the Strecker! syn- 
thesis. Developed in 1850, this versatile two-step process involves treatment 
of an aldehyde with KCN and aqueous ammonia to yield an intermediate 
a-amino nitrile. Hydrolysis of the nitrile then gives an a-amino acid: 

I | 
CH,CH CH,CHC=N CH,CHCOH 

NH,CI/KCN | H30+* | 
H,0 NH, NH, 

Phenylacetaldehyde An a-amino nitrile (R,S)-Phenylalanine (53%) 

The first step of the Strecker synthesis, formation of an a-amino nitrile 
by reaction of an aldehyde with ammonia and KCN, is simply a combination 
of two carbonyl-group reactions seen earlier in Chapter 19. Reaction of the 
aldehyde with ammonia yields an imine (Section 19.12), which then adds 
HCN in a nucleophilic addition step similar to that involved in cyanohydrin 
formation (Section 19.9). The mechanism is shown in Figure 27.3. 

( 

co OH NH 

oe. NH, <= =—: l HO J : 3 —— eo —— =e ¢ 

R© ~H R’/ NH, Ro : 

oe A ie NH, 

pe en H20 
Z&x___ + CN == pee <——— R—C—CN + -OH 

R H R°/ ~ON 
H H 

Figure 27.3 Mechanism of a-amino nitrile formation in the 
Strecker amino acid synthesis. 

1Adolph Friedrich Ludwig Strecker (1822-1871); Ph.D. Giessen (1842); assistant to Liebig 
at Tubingen. 
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27.13 The rare amino acid L-dopa (3,4-dihydroxyphenylalanine) is useful as a drug against 
Parkinson’s disease. Show how (+)-dopa might be synthesized from 3,4-dihydroxy- 
phenylacetaldehyde. 

O 
| 

HO CH,CHCOH Onn 
HO 

ee ee ee ee ee ery 

REDUCTIVE AMINATION OF a-KETO ACIDS: 
BIOSYNTHESIS 

Yet a third method for the synthesis of a-amino acids is by reductive ami- 
nation of an a-keto acid with ammonia and a reducing agent (Section 25.7): 

| 
CH,CCOOH — NaBH, Seah OOH 

Pyruvic acid NH, 
(an a-keto acid) ; 

(R,S)-Alanine 

Although not widely used, this reductive amination method is inter- 
esting because it is a close laboratory analogy of a pathway by which some 
amino acids are biosynthesized in nature. For example, the major route 
for glutamic acid synthesis in most organisms is reductive amination of 
a-ketoglutaric acid. The biological reducing agent is the rather complex 
molecule nicotinamide adenine dinucleotide (NADH), and the reaction is 
catalyzed by an enzyme, L-glutamate dehydrogenase. Nevertheless, the fun- 
damental chemical principles of this biosynthetic reaction are identical to 
those of the laboratory reaction. 

O 
| 

HOOCCH,CH,CCOOH + NH; ea HOOCCH,CH,CHCOOH 

a-Ketoglutaric acid debydragensse NH, 

(S)-Glutamic acid 

THE AMIDOMALONATE SYNTHESIS 

The most general method of preparation for a-amino acids is the amido- 
malonate synthesis. This route, a straightforward extension of the malonic 
ester synthesis (Section 22.9), involves initial conversion of diethyl acet- 

~ amidomalonate into its enolate anion by treatment with base, followed by 
Sn2 reaction with a primary alkyl] halide. Hydrolysis and decarboxylation 
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occur when the alkylated product is warmed with aqueous acid, and a race- 

mic a-amino acid results. For example, aspartic acid is prepared in good 

yield when diethyl acetamidomalonate is alkylated with ethyl bromoacetate, 

followed by hydrolysis and decarboxylation: 

CO,Et CO,Et CO,Et 

H bis rete Nat “Of Cpr ee BrCHCOse EtO,CCH, ar taoe 

a oe pe netont qénkey eyes 

Diethyl acetamidomalonate 

CO.Et 

tio EtO,CCH, —C—CO,Et : aitsee) ati ; pe Dae aetna es + 3EtOH + CO, + CH,COOH 
a. CH, ~~ NH, 

| 
O 

(R,S)-Aspartic acid (55%) 

PROBLEM ise sus creutoiictse & ape cainle ein aus elie 10 oie) elrayous lafsye, 01 +1 sisi als o\leKe) nse lols fe ela a oles 

27.14 Show the alkyl halides you would use to prepare these a-amino acids by the amido- 

malonate method. 
(a) Leucine (b) Histidine (c) Tryptophan (d) Methionine 

( 

PROBLEM: coat pet ake er oR eric snenrncgcas suns hie anunes eeemnnes 

27.15 Serine can be synthesized by a simple variation of the amidomalonate method using 
formaldehyde rather than an alkyl halide. Can you suggest how this might be done? 

Seem eee meres er seer erasers seseeseseseseeeeseeeeeeeseEeeseseseEeEEe EEE 

27.5 Resolution of R,S Amino Acids 

The synthesis of chiral amino acids from achiral precursors by any one of 
the methods just described yields a racemic mixture—an equal mixture of 
S and R products. In order to use these synthetic amino acids for the lab- 
oratory synthesis of naturally occurring peptides, the racemic mixture must 
first be resolved into pure enantiomers. 

Often this resolution can be done by the general method discussed ear- 
lier (Section 25.5), whereby the racemic mixture is converted into a mixture 
of diastereomeric salts by reaction with a chiral acid or base, and the dif- 
ferent diastereomers are then separated by fractional crystallization. 

Alternatively, biological methods of resolution can be used. Enzymes 
are chiral biological catalysts that often show an astounding selectivity 
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toward one enantiomer of an R,S mixture. For example, the enzyme car- 
boxypeptidase selectively catalyzes the hydrolysis of S amido acids but not 
R amido acids. We can therefore resolve an R,S mixture of amino acids by 
first allowing the mixture to react with acetic anhydride to form the N- 
acetyl derivatives. Selective hydrolysis of the R,S amido acid mixture with 
carboxypeptidase then yields a mixture of the desired S amino acid and the 
unchanged N-acetyl R amido acid, which can be separated by usual chemical 
techniques. 

i 
RCHCOH OF OH On OH 

i : a Sa N CH 
RCHCOH Se Nee ares HN=c—H ee H—-C— NucCH: 
| | peptidase | 
NH, O R R 

An R,S mixture An R,S mixture An S amino acid An R amido acid 

27.6 Peptides 

Peptides are amino acid polymers in which the individual amino acid units, 
called residues, are linked together by amide, or peptide, bonds. An amino 
group from one residue forms an amide bond with the carboxy] of a second 
residue; the amino group of the second forms an amide bond with the car- 
boxy] of a third, and so on. For example, alanylserine is the dipeptide formed 
when an amide bond is made between the alanine carboxy] and the serine 
amino group: 

H,C H O 

ne OH H,N t ce 2 H,N~ oe pe SoH 

0 H CH,OH 

Alanine (Ala) Serine (Ser) 

\ 

ac. H O 
: ws i I 

H,N~ oa 0 On 

Alanylserine (H-Ala-Ser-OH) 

Note that two dipeptides can result from reaction between alanine and 
serine, depending on which carboxyl group reacts with which amino group. 
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If the alanine amino group reacts with the serine carboxyl, serylalanine 

results: 

Ses wei j 

Cc OH + HN C H,.N~ oo or Non 

0 H CH, 

Serine (Ser) Alanine (Ala) 

HOCH,H 4H 
Ni? t I 

H,N~ a ce OH 

9 HCH, 

Serylalanine (H-Ser-Ala-OH) 

By convention, peptides are always written with the N-terminal amino 
acid (the one with the free -NH», group) on the left and the C-terminal 
amino acid (the one with the free -COOH group) on the right. The name 
of the peptide is usually indicated by using the three-letter abbreviations 
listed in Table 27.1 for each amino acid. An H- is sometimes appended to 
the abbreviation of the leftmost amino acid to underscore its position as the 
N-terminal residue, and an —OH is sometimes appended to the abbreviation 
of the rightmost amino acid (C-terminal residue). Thus, alanylserine is 
abbreviated H-Ala-Ser-OH and serylalanine is abbreviated H-Ser-Ala-OH. 

The number of possible isomeric peptides increases rapidly as the num- 
ber of amino acid units increases. There are six ways in which three amino 
acids can be joined and more than 40,000 ways in which the eight amino 

acids present in the blood-pressure-regulating hormone angiotensin II can 
be joined (Figure 27.4). 

O 
| | I I I I i i HiN—CH—C-NH—CH C--NH—CH—C—-NH—CH—C—NH—CH—C—NH—CH—C—N—CH—C—-NH—CH aGn 

7 ? | | | en CH Ha Se CH, CHCH, CH, CH, CH, CH, 
HC’ CH COOH CH 3 3 CH CH. 2 2 a NH 2 

CH, CH, N= 

NH OH 
5 

HN* ~NH, 

H —Asp Arg Val Tyr ————— Tle His Pro ————— Phe—OH 

Figure 27.4 The structure of angiotensin II, a blood-pressure- 
regulating hormone present in blood plasma. 
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27.16 Name the six possible isomeric tripeptides that contain valine, tyrosine, and glycine. 
Use the three-letter shorthand notation for each amino acid. 

PROBLEM POC SH HSC SEMHM ESET KREME He TEE DUDH oe eE HUTT e ree RHO eC eee HSCS 

27.17 Draw the full structure of H-Met-Pro-Val-Gly-OH, and indicate where the amide 
bonds are. 

eC er | 

27.7 Covalent Bonding in Peptides 

Amide bonds in peptides are similar to the simple amide bonds we’ve already 
discussed (Section 25.4). Amide nitrogens are nonbasic because their 
unshared electron pair is delocalized by orbital overlap with the carbonyl 
group. This overlap imparts a certain amount of double-bond character to 
the amide C—N bond and restricts its rotation. 

Ry H R’ eee 
HN d ace: a) 2 Woe ees 
Bh ANS os <— 54 a pecoH 

HR iO Hk ft Sf 
Restricted rotation 

A second kind of covalent bonding in peptides occurs when a disulfide 
linkage, R-S—S-R, is formed between two cysteine residues. The linkage 

is sometimes represented by writing CyS with a capital “S” for sulfur and 

then drawing a line from one CyS to the other: CyS CyS. As we saw in 
Section 17.12, disulfide bonds are easily formed by mild oxidation of thiols, 
RSH, and are easily cleaved back to thiols by mild reduction. 

Ay ‘fv Av Av 
C=O 1 == 0 is O C=O 

| xidation CHCH,—SH HS— oe ——= Sea ares ches 
| eduction 

NH NH NH NH 

ae ay an Av 

Two cysteines Cystine 

(thiols) (disulfide) 

Disulfide bonds between cysteine residues in two different peptide 
chains link the otherwise separate chains together. Alternatively, a disulfide 

~ bond between two cysteine residues within the same chain causes a loop in 

the chain. Such is the case with the nonapeptide vasopressin, an antidiuretic 
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hormone involved in controlling water balance in the body. Note that the 
C-terminal end of vasopressin occurs as the primary amide, -CONHp, rather 

than as the free acid. 

i — Disulfide bridge 
ee ea ee et 

H-CyS-Tyr-Phe-Glu-Asn-CyS-Pro-Arg-Gly-NHp» 

Vasopressin 

Peptide Structure Determination: 
Amino Acid Analysis 

Determining the structure of a peptide requires finding the answers to three 
questions: What amino acids are present? How much of each is present? In 
what sequence do the amino acids occur in the peptide chain? The answers 
to the first two questions are provided by an amino acid analyzer. 

An amino acid analyzer is an automated instrument based on analytical 
techniques worked out in the 1950s at the Rockefeller Institute by William 
Stein? and Stanford Moore.? The first step is to break the peptide down into 
its constituent amino acids by reducing all disulfide bonds and hydrolyzing 
all amide bonds with 6M HCl. Chromatography (Section 12.2) of the resul- 

tant amino acid mixture using a series of aqueous buffers as the mobile 
phase then effects a separation into component amino acids. 

As each amino acid elutes from the end of the chromatography column, 
it mixes with a solution of ninhydrin, a reagent that reacts with a-amino 
acids to form an intense purple color. The purple color is detected by a 
spectrometer, and a plot of elution time versus spectrometer absorbance is 
obtained. { 

O Ox 

O N , ae 
OH | POR 

+ H,NCHCOH O O 

OH | 
le col 0 R (purple color) 

An a-amino acid O 
Ninhydrin | 

+ RCH + CO, 

Since the amount of time required for a given amino acid to elute from 
the chromatography column is reproducible, the identity of all amino acids 
in a peptide of unknown composition can be determined simply by noting 
the various elution times. The amount of each amino acid in a sample is 

2William H. Stein (1911-1980); b. New York; Ph.D. Columbia; professor, Rockefeller Insti- 
tute; Nobel Prize (1972). 

3Stanford Moore (1913-1982); b. Chicago; Ph.D. Wisconsin; professor, Rockefeller Institute; 
Nobel Prize (1972). 
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determined by measuring the intensity of the purple color resulting from 
its reaction with ninhydrin. Figure 27.5 shows the results of amino acid 
analysis of a standard equimolar mixture of 17 a-amino acids and compares 
them to results obtained from analysis of methionine enkephalin, a penta- 
peptide with morphine-like analgesic activity. 

Absorbance 

Elution time ———— 

(a) 

Absorbance 

Elution time ———~ 

(b) 
eee eee) 

Figure 27.5 Amino acid analysis of (a) an equimolar amino acid 

mixture and (b) methionine enkephalin (H-Tyr-Gly-Gly-Phe-Met- 

OH). 

BROBCEM fie tee aa Rites sas «dee ne wea OS odd eabasomentrae AC 

27.18 Show the structures of the products obtained on reaction of valine with ninhydrin. 

PROBLEM oi tiste se inacinietsicianeis Isis paasyaels aialel ope + cfd sl sea)ia onthe, sinuses iguous SUsie cee tid cies 

27.19 The data for amino acid analysis in Figure 27.5(a) indicate that proline is not easily 

detected by reaction with ninhydrin; only a very small peak is seen on the chro- 

matogram. Explain. 

Vn taiei nts aise) S) al a)ale cola w ® \eeelelelelené. ei Srevelene: o:e se (e\sis):e'6,(s) ¥iele (erg O00) 60/0 ee'@ (0 «6/0/0000 0 8 e8 
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27.9 Peptide Sequencing: The Edman 
Degradation 

With the identity and amount of each amino acid known, the final task of 
structure determination is to sequence the peptide—that is, to find out in 
what order the amino acids are linked together. The general idea of peptide 
sequencing is to cleave one amino acid residue at a time from the end of 
the peptide chain (either N terminus or C terminus). That terminal amino 
acid is then separated and identified, and the cleavage reactions are repeated 
on the chain-shortened peptide until the entire peptide sequence is 
determined. 

Most peptide sequencing is now done by Edman‘ degradation, an 
efficient method of N-terminal analysis. Automated Edman protein sequen- 
ators are available that allow a series of 20 or more repetitive sequencing 
steps to be carried out before a buildup of unwanted by-products begins to 
interfere with the results. 

Edman degradation involves treatment of a peptide with phenyl iso- 
thiocyanate, CgH;-N=C=S, followed by mild acid hydrolysis, as shown in 
Figure 27.6. The first step attaches a marker to the -NHg group of the N- 
terminal amino acid residue, and the second step splits the N-terminal 
residue from the chain, yielding a phenylthiohydantoin derivative plus the 
chain-shortened peptide. The phenylthiohydantoin is then identified chro- 
matographically by comparison with known derivatives of the common 
amino acids, and the chain-shortened peptide is resubmitted to another 
round of Edman degradation. 

Complete sequencing of large peptides and proteins by Edman degra- 
dation is impractical since buildup of unwanted by-products limits the 
method to about 25 cycles. Instead, a large peptide chain is first.cleaved by 
partial hydrolysis into a number of smaller fragments, the sequénce of each 
fragment is determined, and the individual fragments are fitted together 
like pieces in a jigsaw puzzle. 

Partial hydrolysis of a peptide can be carried out either chemically with 
aqueous acid or enzymatically with enzymes such as trypsin and chymo- 

trypsin. Acidic hydrolysis is unselective and leads to a more or less random 
mixture of small fragments. Enzymic hydrolysis, however, is quite specific. 
Trypsin catalyzes hydrolysis only at the carboxyl side of the basic amino 
acids arginine and lysine; chymotrypsin cleaves only at the carboxyl] side 
of the aryl-substituted amino acids phenylalanine, tyrosine, and tryptophan. 

Pe aU ca ec ele Ser-Arg-His-OH 
t t 

Chymotrypsin cleaves these bonds. Trypsin cleaves these bonds. 

To take an example of peptide sequencing, let’s look at a hypothetical 
structure determination of angiotensin II, a hormonal octapeptide involved 

4Pehr Edman (1916— ); b. Stockholm; M.D. Karolinska Institute (E. Jorpes); professor, 
University of Lund. 
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Nucleophilic addition of the 
peptide terminal amino group to 
phenylisothiocyanate yields an 
N-phenylthiourea derivative. 

Acid-catalyzed cyclization then yields 
a tetrahedral intermediate . . . 

. .. Which expels the chain-shortened 

peptide and forms a thiazolinone. 

The thiazolinone rearranges in the 

presence of aqueous acid to yield the 
final N-phenylthiohydantoin 

derivative. 
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ay + Os _NH 

C 

| ee ce 

er H.N Hf 
CeHs 

at O -NH-CPeptide) 
ee, 

| | 
CgHs5 pe) ey 7oxp 

H 

ae 

| HCl 

30 i 
SC NH_-(Peptide) 
| ee 

Giblete Zon Gp 

| H 

H 

O 
ZA 

Geeta 30r, 
| | + HoN-¢Peptide 

Coban, Alita GCER 
| H 

H 

A thiazolinone 

An N-phenylthiohydantoin 

Figure 27.6 Mechanism of the Edman degradation for N-terminal 

analysis of peptides. 
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in controlling blood pressure by regulating the sodium—potassium salt bal- 

ance in the body. 

1. Amino acid analysis of angiotensin II shows the presence of eight 
different amino acids: Arg, Asp, His, Ile, Phe, Pro, Tyr, and Val in 

equimolar amounts. 

2. An N-terminal analysis by the Edman method shows that angio- 
tensin II has an aspartic acid residue at the N terminus. 

3. Partial hydrolysis of angiotensin II with dilute hydrochloric acid 
might yield the following fragments, whose sequences could be 

determined by Edman degradation: 
a. H-Asp-Arg-Val-OH 
b. H-Ile-His-Pro-OH 
c. H-Arg-Val-Tyr-OH 
d. H-Pro-Phe-OH 
e. H-Val-Tyr-Ile-OH 

4. Matching the overlapping regions of the various fragments provides 
the full sequence of angiotensin II: 

a. H-Asp-Arg-Val-OH 

c H-Arg-Val-Tyr-OH 
e. H-Val-Tyjr-Ile-OH 
b. H-Ile-His-Prp-OH 
d. H-Prp-Phe-OH 

H-Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-OH 

Angiotensin IT 

The structure of angiotensin II is relatively simple—the entire sequence 
could easily be done by a protein sequenator—but the methods and logic 
used here are the same as those used to solve more complex structures. 
Indeed, single protein chains with more than 400 amino acids have been 
sequenced by these methods. 

Ome eee em eee eee meee eee HEHEHE EEE EEE HEHEHE HEHEHE EERE OOS 

What fragments would result if angiotensin II were cleaved with trypsin? With 
chymotrypsin? 

SOMO e eee eee eee eee esses eee Eeeeeseeeeseeeeeeeeeeeesseses 

Give the amino acid sequence of hexapeptides that produce these fragments on 
partial acid hydrolysis: 

(a) Arg, Gly, Ne, Leu, Pro, Val gives H-Pro-Leu-Gly-OH, H-Arg-Pro-OH, H-Gly-Ile- 
Val-OH 

(b) Asp, Leu, Met, Trp, Val, gives H-Val-Leu- OH, H-Val-Met-Trp-OH, H-Trp-Asp- 
Val-OH 

CHD CHSC Rae S EMR ee Re OSH ROC Re EDEN CC ETHER EC OSES ORO DOSS 
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Peptide Sequencing: C-Terminal 
Residue Determination 

SSS ST LE EF IT TE EEE 

The Edman degradation is an excellent method of analysis for the N-ter- 
minal residue, but a complementary method of analysis for the C-terminal 
residue is also valuable. The best method currently available makes use of 
the enzyme carboxypeptidase to specifically cleave the C-terminal amide 
bond in a peptide chain: 

era i i NHCHC— NHCHCOH a Peptide NHCHCOH + HaNCHCOH 

27.11 

R R’ peptidase R R’ 

The analysis is carried out by incubating the polypeptide with carboxy- 
peptidase and watching for the appearance of the first free amino acid that 
appears in solution. Of course, further degradation also occurs, since a new 
C terminus is produced when the first amino acid residue is cleaved off, 
until ultimately the entire peptide is hydrolyzed. 

eee eee weet eee ee tee ee ee eee ETE EEO O HEE EEE EHH HED HOHE SO EEE DEED 

A hexapeptide with the composition Arg, Gly, Leu, Pro; is found to have proline at 
both C-terminal and N-terminal positions. Partial hydrolysis gives the following 
fragments: 

H-Gly-Pro-Arg-OH H-Arg-Pro-OH H-Pro-Leu-Gly-OH 

What is the structure of the hexapeptide? 

CC CC CC Ce Cc 

Propose two structures for a tripeptide that gives Leu, Ala, and Phe on hydrolysis 
but does not react with carboxypeptidase and does not react with phenyl isothio- 

cyanate. 

ae eee ee eee eter errr rere ere ee sereeeesessesrseeereesereseeeenee 

Peptide Synthesis 

Once a peptide’s structure has been determined, synthesis is often the next 
goal. This might be done either as a final proof of structure or as a means 
of obtaining larger amounts of a valuable peptide for biological evaluation. 
Although ordinary amide bonds are usually formed by reaction between 
amines and acid chlorides (Section 21.8), peptide synthesis is much more 
complex because of the requirement for specificity. Many different amide 
links must be formed, and they must be formed in a specific order rather 
than at random. We can’t expect simply to place a mixture of amino acids 

_ in a flask and obtain a single polypeptide product. 
The solution to the specificity problem is protection. We can force a 

reaction to take only the desired course by protecting all of the amine and 
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acid functional groups except for those we want to have react. For example, 
if we want to couple alanine with leucine to synthesize H-Ala-Leu-OH, we 
can protect the amino group of alanine and the carboxyl group of leucine 
to render them unreactive, then form the desired amide bond, and then 
remove the protecting groups. 

° O 

ae = 
2 

CH, 

ire 4. Form amides )H CHC" NHCHCOH 
2. Deprotect 2 | 

CH, CH,CH(CH), 
e /o ! 2 H-Ala-Leu-OH 

H,NCHCOH Ses HNCHXGOH/ 

CH,CH(CH;), CH,CH(CH;), 

Leucine 

Many different amino- and carboxyl-protecting groups have been de- 
vised but only a few are widely used. Carboxyl groups are often protected 
simply by converting them into methyl] or benzyl esters. These groups are 
easily introduced by standard methods of ester formation and are easily 
removed by mild hydrolysis with aqueous sodium hydroxide. As Figure 27.7 
shows, benzyl esters can also be cleaved by catalytic hydrogenolysis of the 
weak benzylic C—O bond (ArCH2,—OCOR + H, — ArCH3 + RCOOH). 

sae ae HNEHEOCH, aoa 

/ eee \ 
Methyl leucinate 

H,NCHCOH HNEHCOH 
CH,CH(CHs), 

CH,CH(CHs), 

Leucine Leucine 

P bien, 
SET a eee eee HNEHEOCH, Ph eee 

hieteoicte 

Benzyl leucinate 

SD 

Figure 27.7 Protection of an amino acid carboxyl group by ester 
formation. 
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Amino groups are often protected as their tert-butoxycarbonyl amide 
(BOC) derivatives. The BOC protecting group is easily introduced by reac- 
tion of the amino acid with di-tert-butyl dicarbonate in a nucleophilic acyl 
substitution reaction (Section 21.6), and is removed by brief treatment with 
a strong acid such as trifluoroacetic acid, CF;COOH. 

H;C O O CH; H3;C O 
| ll | aoe . Seen SOBEL abe | | 

eg oa ceil OH 

CH3 HC CH; H3C CH3 

Alanine Di-tert-butyl dicarbonate BOC-Ala 

Formation of the peptide bond is usually accomplished by treating a 
mixture of protected acid and amine components with dicyclohexylcarbo- 
diimide (DCC). As shown in Figure 27.8, DCC functions by converting the 

7 ce 

The carboxylic acid first adds to the Dicyclohexylearbodiimide (DCC) 
carbodiimide reagent to yield a | 

HD 

reactive acylating agent. 

R= i a es 

Nucleophilic attack of the amine on = : 
the acylating agent gives a H,N—R 

tetrahedral intermediate. 

| \ 

N ey 
YES WSS 

H R’ 

The intermediate loses 

dicyclohexylurea and yields the | 

desired amide. 

H O 
ol vey ug! 
Nee C— 

Amide 
Ee N,N-Dicyclohexylurea 

Figure 27.8 The mechanism of amide formation by reaction of a 

carboxylic acid and an amine with DCC (dicyclohexylcarbodiimide). 
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carboxylic acid group into a reactive acylating agent that then undergoes 

a further nucleophilic acyl substitution with the amine. 

The five steps needed to synthesize H-Ala-Leu-OH are summarized: 

Step 1 Protect the amino group of alanine as the BOC derivative: 

1 
H-Ala-OH + (t-BuOC),0 + BOC-Ala-OH 

Step 2 Protect the carboxyl group of leucine as the methy! ester: 

H-Leu-OH + CH;0H ——> H-Leu-OCH; 

Step 3 Couple the two protected amino acids using DCC: 

BOC- Ala. OH 4UmtewOcH, -2. BOC-Ala‘teu-OCH, 

Step 4 Remove the BOC protecting group by acid treatment: 

BOG-Ala-Leu-OCH; —Ch©00H, 1-Ala-Leu-OCH, 

Step 5 Remove the methyl ester by basic hydrolysis: 

H-Ala-Leu-OCH,; “7, H-Ala-Leu-OH 

These steps can be repeated to add one amino acid at a time to the 
growing chain or to link two peptide chains together. Many remarkable 
achievements in peptide synthesis have been reported, including a complete 
synthesis of human insulin. Insulin, whose structure is shown in Figure 
27.9, is composed of two chains totaling 51 amino acids linked by two disul- 
fide bridges. Its structure was determined by Frederick Sanger,® who 
received the 1958 Nobel Prize for his work. 

ee 

27.24 Show the mechanism for formation of a BOC derivative by reaction of an amino acid 
with di-tert-butyl dicarbonate. 

PROBLEM POOH eee eee HEHEHE EHH EEE HEHEHE HEHE EEE HE ES 

27.25 Write all five steps required for the synthesis of H-Leu-Ala-OH from alanine and 
leucine. 

5Frederick Sanger (1918-__); b. Gloucestershire, England; Ph.D. Cambridge; professor, Cam- 
bridge University; Nobel Prize (1958, 1980). 
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A chain (21 units) ' 

' 

Gln-CyS-CyS-Thr-Ser-Ile-Cy S-Ser-Leu-Tyr-Gln-Leu-Glu-Asn-Tyr-CyS-Asn-OH 

His-Leu-CyS-Gly-Ser-His-Leu-Val-Glu-Ala-Leu-Tyr-Leu-Val-CyS 

Glu Gly 
2 p A 

B chain (30 units) a Glu 
Val Arg 

Phe HO-Thr-Lys-Pro-Thr-Tyr-Phe-Phe-Gly 

H 

=a ee eee) 

Figure 27.9 Structure of human insulin. Two separate chains 

totaling 51 amino acids are linked by two disulfide bridges. 

27.26 How would you prepare these tripeptides? 

(a) H-Leu-Ala-Gly-OH (b) H-Gly-Leu-Ala-OH 

Piel m eC el va © pees sale 98),0) 809) 0) 016.6) 's\\e) 610) .910 © '0).9) 9.8) 0 0. 0] 0) a)\6\e (0a (0/14, .0)\0)\pi\0)-8\ 9. e1\\(0) 0).6..6)\6, 8) ©: 6:0),61-6 

27.12 Automated Peptide Synthesis: The 
Merrifield Solid-Phase Technique 

The synthesis of large peptide chains by sequential addition of one amino 
acid at a time is a long and arduous task. An immense simplification is 
possible, however, using the solid-phase synthesis method introduced by 
R. Bruce Merrifield® at the Rockefeller University. In the Merrifield method, 
peptide synthesis is carried out on solid polymer beads of polystyrene, pre- 

Robert Bruce Merrifield (1921— ); Ph.D. University of California, Los Angeles (1949); 
professor, Rockefeller University; Nobel Prize (1984). 
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pared so that one of every 100 or so benzene rings bears a chloromethyl 

(-CH2Cl) group: 

3-CH,—CH3-CH,— CH—CH,— CH 3-CH,— CH—CH, —CH+- 

GCOaoGe 
CH,Cl CH,Cl 

Chloromethylated polystyrene 

In the standard solution-phase method discussed in the previous section, 
a methyl ester was used to protect the carboxyl group during formation of 
the amide bond. In the solid-phase method, however, the solid polymer is 
the ester protecting group. Four steps are required in solid-phase peptide 
synthesis: 

Step 1 A covalent ester linkage is formed by reaction between a BOC- 
protected amino acid and the chloromethyl groups on the poly- 
styrene polymer: 

0 0 
ee ee CICH, pene BO0-—NHCHOOCH, Polya) 

R R 
BOC-protected amino acid Ester linked to polymer 

Step 2 After formation of the ester linkage is complete, the insoluble, 
polymer-bonded amino acid is washed free of excess reagents 
and treated with trifluoroacetic acid to remove the BOC group: 

I pa 
BOC—NHCHCOCH,—<Palymes) eo HNCHCOCH, —CPalyme®) 

R R 
Polymer-bonded amino acid 

Step 3 A second BOC-protected amino acid is added along with the 
coupling reagent, DCC. Peptide-bond formation occurs, and 
excess reagents are removed by washing the insoluble polymer: 

I I 
BOC—NHGHCOH + HaNCHCOCH, 

R R 
1. DCC 

2. Wash 

leet 
BOC —NHCHC —NHCHCOCH, —<Balyie) 

R’ R 
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Step 2 is repeated to again remove a BOC group, and step 3 is 
repeated to add a third amino acid unit to the chain. In this 
way, dozens or even a hundred amino acid units can be effi- 
ciently and specifically linked to synthesize the desired poly- 
mer-bonded peptide: 

Step4 After the proper number of coupling steps have been done and 
the desired peptide has been made, treatment with anhydrous 
hydrogen fluoride cleaves the ester bond to the polymer, yield- 
ing free peptide: 

fio Sa sl 
BOC ae oh a ardiains at tb CH, 

R” R R 

|e 

0 
| | | 

ELANCE G der) NUCH + HOCH, 
| 

Er R’ R 

Polypeptide 

The solid-phase technique has been automated, and computer-controlled 
peptide synthesizers are available for automatically repeating the coupling 
and deprotection steps with different amino acids as many times as desired. 
Each step occurs in extremely high yield, and mechanical losses are mini- 
mized since the peptide intermediates are never removed from the insoluble 
polymer until the final step. Among the many remarkable achievements 
recorded by Merrifield is the synthesis of bovine pancreatic ribonuclease, a 
protein containing 124 amino acid units. The entire synthesis required only 
6 weeks and took place in 17% overall yield. 

27.13 Classification of Proteins 
[a ee ee ee ee ee ee ee eee) 

Proteins are classified into two major types according to their composition. 
Simple proteins, such as blood serum albumin, are those that yield only 
amino acids and no other compounds on hydrolysis. Conjugated proteins, 
which are much more common than simple proteins, yield other compounds 

in addition to amino acids on hydrolysis. 
Conjugated proteins can be further classified according to the chemical 

nature of the non—amino acid portion. Glycoproteins contain a carbohy- 

drate part, lipoproteins contain a fatty part, nucleoproteins contain a 

nucleic acid part, and so on (Table 27.2). Glycoproteins are particularly 

widespread in nature and make up a large part of the membrane coating 

around living cells. 
Another way to classify proteins is as fibrous or globular, according to 

’ their three-dimensional shape. Fibrous proteins, such as collagen and 

keratin, consist of polypeptide chains arranged side by side in long filaments. 

Because these proteins are tough and insoluble in water, they’re used in 
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nature for structural materials such as tendons, hooves, horns, and muscles. 

Globular proteins, by contrast, are usually coiled into compact, nearly 

spherical shapes. These proteins are generally soluble in water and are 

mobile within cells. Most of the 2000 or so known enzymes, as well as 

hormonal and transport proteins, are globular. Table 27.3 lists some common 

examples of both fibrous and globular proteins. 

TABLE 27.2 Classification of Some Conjugated Proteins 
RE I I 

Weight of 
Class Non—amino acid group non—amino acid (%) 

Glycoproteins 
y-Globulin Carbohydrate 10 

Carboxypeptidase Y Carbohydrate 17 

Interferon Carbohydrate 20 

Lipoproteins 
Plasma 8B lipoprotein Fats, cholesterol 80 

Nucleoproteins 
Ribosomal proteins Ribonucleic acid 60 

Tobacco mosaic virus Ribonucleic acid 5 

Phosphoproteins 
Casein Phosphate esters 4 

Metalloproteins 
Ferritin Iron oxide 23 

Hemoglobin Iron 0.3 { 

TABLE 27.3 Conformational Classes of Proteins 
Baia SS ee ee ee ee a a a ee ae 

Protein Description 

Fibrous proteins (insoluble) 
Collagen Connective tissue, tendons 

a-Keratin Hair, horn, skin, nails 

Elastin Elastic connective tissue 

Globular proteins (soluble) 
Insulin Hormone controlling glucose metabolism 

Lysozyme Hydrolytic enzyme 

Ribonuclease Enzyme controlling RNA synthesis 

Albumins Proteins coagulated by heat 

Immunoglobulins Proteins involved in immune response 

Myoglobin Protein involved in oxygen transport 
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Yet a third way to classify proteins is according to function. As shown 
in Table 27.4, there is an extraordinary diversity to the biological roles of 
proteins. 

TABLE 27.4 Some Biological Functions of Proteins 
SSS I ES 

Type Function and example 

Enzymes Proteins such as chymotrypsin that act as biological 
catalysts 

Hormones Proteins such as insulin that regulate body processes 

Protective Proteins such as antibodies that fight infection 
proteins 

Storage proteins Proteins such as casein that store nutrients 

Structural Proteins such as keratin, elastin, and collagen that form 
proteins an organism’s structure 

Transport proteins Proteins such as hemoglobin that transport oxygen and 
other substances through the body 

27.14 Protein Structure 

Proteins are so large in comparison to simple organic molecules that the 
word structure takes on a broader meaning when applied to these immense 
macromolecules than it does with other organic compounds. In fact, chemists 
speak of four different levels of structure when describing proteins. At its 
simplest, protein structure is the sequence in which amino acid residues are 
bound together. Called the primary structure of a protein, this is the most 
fundamental structural level. 

There is much more to protein structure than just amino acid sequence 
though. The chemical properties of a protein are also dependent on higher 
levels of structure—on exactly how the peptide backbone is folded to give 
the molecule a specific three-dimensional shape. Thus, the term secondary 
structure refers to the way in which segments of the peptide backbone are 
oriented into a regular pattern; tertiary structure refers to the way in 
which the entire protein molecule is coiled into an overall three-dimensional 
shape; and quaternary structure refers to the way in which several protein 
molecules come together to yield large aggregate structures. 

Let’s look at three examples—a-keratin (fibrous), fibroin (fibrous), and 
myoglobin (globular)—to see how higher structure affects protein proper- 
ties. 

a-KERATIN 

- a-Keratin is the fibrous structural protein found in wool, hair, nails, and 
feathers. Studies show that a-keratin is coiled into a right-handed secondary 
structure as illustrated in Figure 27.10. This so-called a-helix is stabilized 
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Figure 27.10 The helical secondary structure of a-keratin. 

by hydrogen bonding between amide N-H groups and other amide carbonyl 
groups four residues away. Although the strength of a single hydrogen bond 
(about 5 kcal/mol) is only about 5% the strength of a C—-C or C—H covalent 
bond, the large number of hydrogen bonds made possible by helical winding 
imparts a great deal of stability to the a-helical structure. Each coil of the 
helix (the repeat distance) contains 3.6 amino acid residues; the distance 
between coils is 5.40 A. 

Further evidence shows that the a-keratins of wool and hair also have 
a definite quaternary structure. The individual helices are themselves coiled 
about one another to form a superhelix that accounts for the threadlike 
properties and strength of these proteins. 

Although a-keratin is the best example of an almost entirely helical 
protein, most globular proteins contain a-helical segments. Both hemoglobin 
and myoglobin, for example, contain many short helical sections in their 
chains. 
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FIBROIN 

Fibroin, the fibrous protein found in silk, has a secondary structure called 
a B-pleated sheet. In this pleated-sheet structure, polypeptide chains line 
up in a parallel arrangement held together by hydrogen bonds between 
chains (Figure 27.11). Although not as common as the a-helix, small B- 
pleated-sheet regions are often found in proteins where sections of peptide 
chains double back on themselves. 

Chain 1 

Chain 2 

O 

he a CN GC ne 
Ree rR | 

H H 

kG hy i 
“ O ( O 

Nel os | 
ea ro, 

H RY” : H ev ps 

Figure 27.11 The 8-pleated-sheet structure in silk fibroin. 

MYOGLOBIN 

Myoglobin is a small globular protein containing 153 amino acid residues 
in a single chain. A relative of hemoglobin, myoglobin is found in the skeletal 
muscles of sea mammals, where it stores oxygen needed to sustain the 
animals during long dives. X-ray evidence obtained by Sir John Kendrew’ 
and Max Perutz® has shown that myoglobin consists of eight straight seg- 
ments, each of which adopts an a-helical secondary structure. These helical 
sections are connected by bends to form a compact, nearly spherical, tertiary 
structure (Figure 27.12). 

Why does myoglobin adopt the shape it does? The forces that determine 
the tertiary structure of myoglobin and other globular proteins are the same 
simple forces that act on all molecules, regardless of size. By bending and 
twisting in exactly the right way, myoglobin achieves maximum stability. 
Although the bends appear irregular and the three-dimensional structure 
appears random, this isn’t the case. All myoglobin molecules adopt this same 
shape because it is the most stable conformation. 

7Sir John C. Kendrew (1917—_);b. Oxford, England; Ph.D. Cambridge; professor, Cambridge 
_ University; Nobel Prize (1962). 

8Max Ferdinand Perutz (1914— ); b. Vienna; universities of Vienna and Cambridge; pro- 
fessor, Cambridge University; Nobel Prize (1962). 
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Figure 27.12 Secondary and tertiary structure of myoglobin, a 

globular protein. 

The most important forces stabilizing a protein’s tertiary structure are 
the hydrophobic (water-repelling) interactions of hydrocarbon side chains 
on neutral amino acids. Those amino acids with neutral, nonpolar side 
chains have a strong tendency to congregate on the hydrocarbon-like interior 
of a protein molecule, away from the aqueous medium. Those acidic or basic 
amino acids with charged side chains, by contrast, tend to congregate on 
the exterior of the protein where they can be solvated by water. 

Also important for stabilizing a protein’s tertiary structure are the 
formation of disulfide bridges between cysteine residues, the formation of 
hydrogen bonds between nearby amino acids, and the development of ionic 
attractions, called salt bridges, between positively and negatively charged 
sites on the protein. 

Note that myoglobin is a conjugated protein that contains a covalently 
bound organic group (a prosthetic group) called heme. A great many pro- 
teins contain such prosthetic groups, which are crucial to their mechanism 
of action. 

H;c CH=CH, 

H3C CH, 
Heme 

HOOCCH,CH, + CH=CH, 

HOOCCH,CH, CH; 
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27.27 How can you account for the fact that proline is never present in a protein a-helix? 
The a-helical parts of myoglobin and other proteins stop whenever a proline residue 
is encountered in the chain. 

SOPH eee eee ee eeeeeseeeeeseeeEerEeEeeEeES EEE EEE HEE eee eeeeEeeeseneee 

27.15 Enzymes 

Enzymes, as we’ve seen, are large proteins that act as catalysts for biological 
reactions. Unlike many of the simple catalysts that chemists use in the 
laboratory, though, enzymes are usually specific in their action. Often, in 
fact, an enzyme can catalyze only a single reaction of a single compound, 
called the enzyme’s substrate. For example, the enzyme amylase found in 
the human digestive tract catalyzes only the hydrolysis of starch to yield 
glucose; cellulose and other polysaccharides are untouched by amylase. 

Different enzymes have different specificities. Some, such as amylase, 
are specific for a single substrate, but others operate on a range of substrates. 
Papain, for instance, a globular protein of 212 amino acids isolated from 
papaya fruit, catalyzes the hydrolysis of many kinds of peptide bonds. In 
fact, it’s this ability to hydrolyze peptide bonds that makes papain useful 
as a meat tenderizer and a contact-lens cleaner. 

0 0 O 
| | | ' | | I 

ENE CHC = NHCHC NH CHC ae Ss RECHCOH i HaNGHC—NHCHC> 
2 

R’ Re R R’ R’ 

Like all catalysts, enzymes don’t affect the equilibrium constant of a 
reaction and can’t bring about chemical changes that are otherwise unfa- 
vorable. Enzymes act only to lower the activation energy for reaction, 
thereby making the reaction take place faster or at lower temperatures. 
Starch and water, for example, react very slowly in the absence of a catalyst 
because the activation energy is too high. When amylase is present, though, 
the energy barrier is lowered, and the hydrolysis reaction occurs rapidly. 

All of the 2000 or so known enzymes are globular proteins. In addition 
to the protein part, most enzymes also have small nonprotein parts called 
cofactors. The protein part in such enzymes is called an apoenzyme, and 
the combination of apoenzyme plus cofactor is called a holoenzyme. Only 
holoenzymes have biological activity; neither cofactor nor apoenzyme cat- 
alyzes reactions by itself. 

Holoenzyme = Cofactor + Apoenzyme 

Cofactors can be either inorganic ions such as Zn?2* or small organic 
molecules called coenzymes. The requirement of many enzymes for inor- 

_ ganic cofactors is the main reason for our dietary need of trace minerals. 
Iron, zinc, copper, manganese, and numerous other metal ions are all essen- 

tial minerals that act as enzyme cofactors, though the exact biological role 

isn’t known in all cases. 
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A variety of organic molecules act as coenzymes. Many, though not all, 

coenzymes are vitamins, small organic molecules that must be obtained in 

the diet and are required in trace amounts for proper growth. Table 27.5 

lists the 13 known vitamins required in the human diet and their enzyme 

functions. 

TABLE 27.5 Vitamins and Their Enzyme Functions 
eR 

Vitamin Enzyme function Deficiency symptom 

Water-Soluble Vitamins 

Ascorbic acid Hydroxylases Bleeding gums, bruising 

(Vitamin C) 

Thiamin Reductases Fatigue, depression 

(Vitamin B,) 

Riboflavin Reductases Cracked lips, scaly skin 

(Vitamin Bo) 

Pyridoxine Aminotransferases Anemia, irritability 

(Vitamin Beg) 

Niacin Reductases Dermatitis, dementia 

Folic acid Methyltransferases Megaloblastic anemia 

(Vitamin M) 

Vitamin Bj Isomerases Megaloblastic anemia, 
neurodegeneration 

Pantothenic acid Acyltransferases Weight loss, irritability 

Biotin Carboxylases Dermatitis, anorexia, depression 

(Vitamin H) 

Fat-Soluble Vitamins ( 

Vitamin A Visual system Night blindness, dry skin 

Vitamin D Calcium Rickets, osteomalacia 

metabolism 

Vitamin E Antioxidant Hemolysis of red blood cells 

Vitamin K Blood clotting Hemorrhage, delayed blood clotting 

Enzymes are grouped into six main classes according to the kind of 
reaction they catalyze (Table 27.6). Hydrolases catalyze the hydrolysis of 
substrates; isomerases catalyze the isomerization of substrates; ligases cat- 
alyze the bonding together of two substrates with participation of ATP; lyases 

catalyze the breaking away of a small molecule such as H,O from a substrate 
or the reverse reaction; oxidoreductases catalyze oxidations and reductions 
of substrate molecules; and transferases catalyze the transfer of a group 
from one substrate to another. 

Although some enzymes, like papain and trypsin, have uninformative 
common names, the systematic name of an enzyme has two parts, ending 
with -ase. The first part identifies the enzyme’s substrate, and the second 
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TABLE 27.6 Classification of Enzymes 
ST EE IL EE I TT 

Main class Some subclasses Type of reaction catalyzed 

Hydrolases Lipases Hydrolysis of an ester group 
Nucleases Hydrolysis of a phosphate group 
Proteases Hydrolysis of an amide group 

Isomerases Epimerases Isomerization of stereogenic center 

Ligases Carboxylases Addition of CO, 

Synthetases Formation of new bond 

Lyases Decarboxylases Loss of CO, 

Dehydrases Loss of H,O 

Oxidoreductases Dehydrogenases Introduction of double bond by removal 

of H, 

Oxidases Oxidation 
Reductases Reduction 

Transferases Kinases Transfer of a phosphate group 

Transaminases Transfer of an amino group 

part identifies its class. For example, hexose kinase is an enzyme that cat- 
alyzes the transfer of a phosphate group from adenosine triphosphate (ATP) 
to glucose. 

Sew eee wee eee ee ee meter eee eee eee essere seeereserenseeesesas 

To what classes do these enzymes belong? 
(a) Pyruvate decarboxylase (b) Chymotrypsin (c) Alcohol dehydrogenase 

ee ec 

27.16 Protein Denaturation 

The tertiary structure of a globular protein is delicately held together by 
weak intramolecular attractions. Often, a modest change in temperature or 
pH will disrupt the tertiary structure and cause the protein to become dena- 
tured. Denaturation occurs under such mild conditions that covalent bonds 
aren’t affected; the polypeptide primary structure remains intact, but the 
tertiary structure unfolds from a well-defined spherical shape to a randomly 
looped chain (Figure 27.13). 

Denaturation is accompanied by changes in both physical and biological 
properties. Solubility is drastically decreased, as occurs when egg white is 
cooked and the albumins unfold and coagulate to an insoluble white mass. 
Most enzymes also lose all catalytic activity when denatured, since a pre- 
cisely defined tertiary structure is required for their action. 

Most, but not all, denaturation is irreversible. Eggs don’t become un- 
cooked when their temperature is lowered, and curdled milk doesn’t become 
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Figure 27.13 Schematic representation of protein denaturation. 

A globular protein loses its specific three-dimensional shape and 

becomes randomly looped. 

homogeneous. Many cases have now been found, however, where sponta- 
neous renaturation of an unfolded protein occurs. Renaturation is accom- 
panied by a full recovery of biological activity in the case of enzymes, 
indicating that the protein has completely returned to its stable tertiary 

structure. 

27.17 Summary and Key Words 

Proteins are large biomolecules made up of a-amino acid residues linked 
together by amide, or peptide, bonds. Twenty amino acids are. commonly 
found in proteins; all are a-amino acids and all except glycine have stereo- 
chemistry similar to that of L sugars. 

Amino acids can be synthesized by several methods, including ammon- 
olysis of a-bromo acids, reductive amination of a-keto acids, Strecker 

reaction of aldehydes with KCN/NH,C1 followed by hydrolysis, and alkyl- 
ation of diethyl acetamidomalonate. Resolution of the synthetic racemate 
then provides the optically active amino acid. 

Determining the structure of a large polypeptide or protein is carried 
out in several steps. The identity and amount of each amino acid present 
in a peptide can be determined by amino acid analysis. The peptide is first 
hydrolyzed to its constituent a-amino acids, which are then chromatograph- 
ically separated and identified. Next, the peptide is sequenced. Edman 
degradation by treatment with phenyl! isothiocyanate cleaves off one res- 
idue from the N terminus of the peptide and forms an easily identifiable 
derivative of the N-terminal amino acid. A series of sequential Edman deg- 
radations allows the sequencing of a peptide chain up to 25 residues in 
length. 

Peptide synthesis is made possible by the use of selective protecting 
groups. An N-protected amino acid having a free carboxy] group is coupled 
with an O-protected amino acid having a free amino group in the presence 
of dicyclohexylcarbodiimide (DCC). Amide formation occurs, the protecting 
groups are removed, and the sequence is repeated. Amines are usually 
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protected as their tert-butoxycarbonyl (BOC) derivatives, and acids are 
protected as esters. This synthetic sequence is often carried out by the 
Merrifield solid-phase technique, in which the peptide is esterified to an 
insoluble polymeric support. 

Proteins are classified as either globular or fibrous, depending on their 
secondary and tertiary structures. Fibrous proteins such as a-keratin 
are tough, rigid, and water-insoluble, and are used in nature for forming 
structures such as hair and nails. Globular proteins such as myoglobin 
are water-soluble, roughly spherical in shape, and are mobile within cells. 
Most of the 2000 or so known enzymes are globular proteins. 

27.18 Summary of Reactions 

1. Amino acid synthesis 
a. From a-bromo acids (Section 27.4) 

Br NH, 

| Bro | NH3 | 
RCH,COH — > RCHCOOH ——> RCHCOOH 

b. Strecker synthesis (Section 27.4) 

NH, NH, 
| KCN | H30* | 

RCH ———> RCHCN —— > RCHCOOH 
NH,Cl 

c. Reductive amination (Sections 25.7 and 27.4) 

O NH» 

| NH; 
NaBH, 

| 
RCCOOH RCHCOOH 

d. Diethyl acetamidomalonate synthesis (Sections 22.9 and 27.4) 

O R 
| ra | 

CH,CNHCH(CO,Et), —°"', H,NCHCOOH 
3. H3;0* 

2. Peptide synthesis 
a. Nitrogen protection (Section 27.11) 

R O 0 0 R O 

HNGHGOH + {(CH,4COC}-0 —-> (OH), cOueNTIOH bor 

BOC-protected amino acid 

The BOC protecting group can be removed by acid treatment: 

O R O RO: 

CF;COOH 
—@7™6 

| |_| | lI 
(CH3)3;COC —NHCHCOH H.NCHCOH + CO, + (CH;),C=CHy, 
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b. Oxygen protection (Section 27.11) 

no R O 
| || | || 

H,NCHCOH + CH,OH ——> H,NCHCOCH, 

‘ 1 CHOH ' i 

The ester protecting group can be removed by base hydrolysis: 

R O 
| ll -OH lama 

2 

c. Amide bond formation (Section 27.11) 

RuUO R' O 
awl ail | || | || 

BOCNHCHCOH + H,NCHCOCH, ——“> BOCNHCHC—NHCHCOCH, 

where DCC n= ( )-n=c=n{_ ) 

3. Peptide sequencing: Edman degradation (Section 27.9) 

N=C=S CeHs 0 

ea eee ee ‘e ee 
H,NCHC —NHCHC3 + ae we + H,NCHC-> 

ne ee TT 

i 
H 
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27.29 Only S amino acids occur in proteins, but several R amino acids are also found in 

nature. Thus, (R)-serine is found in earthworms and (R)-alanine is found in insect 
larvae. Draw Fischer projections of (R)-serine and (R)-alanine. 

27.30 Draw a Fischer projection of (S)-proline. 

27.31 Show the structures of these amino acids: 

(a) Trp (b) Tle 
(c) Cys (d) His 

27.32 Draw these amino acids in their zwitterionic forms: 

(a) Tyrosine (b) Threonine 

27.33 Explain the observation that amino acids exist as dipolar zwitterions in aqueous 
solution but exist largely as amino carboxylic acids in chloroform solution. 



27.34 

27.35 

27.36 

27.37 

27.38 

27.39 

27.40 

27.41 

27.42 

27.43 

27.44 

Additional Problems 1075 

i | + 

H3NCHCO,- = = H,NCHCOOH 

In H2,0 In CHCl3 

At what pH would you carry out an electrophoresis experiment if you wanted to 
separate a mixture of histidine, serine, and glutamic acid? Explain. 

Define these terms: 

(a) Amphoteric (b) Isoelectric point 
(c) Zwitterion 

Using the three-letter code names for amino acids, write the structures of all possible 
peptides containing these amino acids: 
(a) Val, Ser, Leu (b) Ser, Leug, Pro 

Cytochrome c is an enzyme found in the cells of all aerobic organisms. Elemental 
analysis of cytochrome c shows that it contains 0.43% iron. What is the minimum 

molecular weight of this enzyme? 

Predict the product of the reaction of valine with these reagents: 
(a) CH3;CH,OH, acid (b) Di-tert-butyl dicarbonate 
(c) KOH, H,0 (d) CH3COCI, pyridine; then H,0 

Write full structures for these peptides: 
(a) H-Val-Phe-Cys-Ala-OH (b) H-Glu-Pro-Ile-Leu-OH 

Show the steps involved in a synthesis of H-Phe-Ala-Val-OH using the Merrifield 
procedure. 

Draw the structure of the phenylthiohydantoin product you would obtain by Edman 
degradation of these peptides: 
(a) H-Ile-Leu-Pro-Phe-OH (b) H-Asp-Thr-Ser-Gly-Ala-OH 

The chloromethylated polystyrene resin used for Merrifield solid-phase peptide syn- 
thesis is prepared by treatment of polystyrene with chloromethyl methyl ether and 
a Lewis acid catalyst. Propose a mechanism for the reaction. 

-+CH,—CHS +CH,—CH= 

CH;,0CH,Cl 
———___- --—> 

SnCl, 

CH,Cl 

Which amide bonds in the following polypeptide are cleaved by trypsin? By chymo- 

trypsin? ; 

H-Phe-Leu-Met-Lys-Tyr-Asp-Gly-Gly-Arg-Val-Ie-Pro-Tyr-OH 

The Sanger end-group determination is sometimes used as an alternative to the 
Edman degradation. In the Sanger method, a peptide is allowed to react with 2,4- 

- dinitrofluorobenzene, the peptide is hydrolyzed, and the N-terminal amino acid is 

identified by separation as its N-2,4-dinitropheny] derivative. Propose a mechanism 

to account for the initial reaction between peptide and dinitrofluorobenzene. 
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F 
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O O 
NOs. NO» 

H30* 

| pt. 
O2N NHCHCOOH + Amino acids 

NO, 

27.45 Would you foresee any problems in using the Sanger end-group determination 
method (Problem 27.44) on a peptide such as H-Gly-Pro-Lys-Ile-OH? Explain. 

27.46 When a-amino acids are treated with dicyclohexylcarbodiimide (DCC), 2,5-diketo- 
piperazines result. Propose a mechanism for this reaction. 

; RAN H 

H,NCHCOOH MR 

A 2,5-diketopiperazine 

27.47 Arginine, which contains a guanidine functional group in its side chain, is by far 
the most basic of the 20 common amino acids. How can you account for this basicity? 
Use resonance structures to see how the protonated guanidino group is stabilized. 

NH 

| 
H,N—C— NHCH,CH,CH,CHCOOH 

ye | 
Guanidino NH, 

group 

Arginine 

27.48 Evidence for restricted rotation around amide CO-N bonds comes from NMR studies. 
At room temperature, the 'H NMR spectrum of N,N-dimethylformamide shows three 
peaks: 2.9 6 (singlet, 3 H), 3.0 6 (singlet, 3 H), 8.0 5 (singlet, 1 H). As the temperature 

is raised, however, the two singlets at 2.9 5 and 3.0 6 slowly merge. At 180°C, the 
1H NMR spectrum shows only two peaks: 2.95 6 (singlet, 6 H) and 8.0 6 (singlet, 1 
H). Explain this temperature-dependent behavior. 

CH, O 
eo 
N—C—H _N,N-Dimethylformamide 

CH3 



Additional Problems 1077 

27.49 An octapeptide shows the composition Asp, Gly, Leu, Phe, Prog, Val on amino acid 
analysis. Edman analysis shows a glycine N-terminal group, and carboxypeptidase 
cleavage produces leucine as the first amino acid to appear. Acidic hydrolysis gives 
the following fragments: 

1. H-Val-Pro-Leu-OH 2. H-Gly-OH 

3. H-Gly-Asp-Phe-Pro-OH 4, H-Phe-Pro-Val-OH 

Propose a structure for the starting octapeptide. 

27.50 Propose a mechanism to account for the reaction of ninhydrin with an a-amino acid: 

O OH 

0 R OH i O O 
2 + H,NCHCOOH —> + 

OH 

O RCHO + CO, 

27.51 Draw as many resonance forms as you can for the purple anion obtained by reaction 
of ninhydrin with an a-amino acid (Problem 27.50). 

27.52 Look up the structure of human insulin (Figure 27.9), and indicate where in each 
chain the molecule is cleaved by trypsin and chymotrypsin. 

27.53 What is the structure of a nonapeptide that gives the following fragments when 

cleaved? 

Trypsin cleavage: H-Val-Val-Pro-Tyr-Leu-Arg-OH and H-Ser-Ile-Arg-OH 

Chymotrypsin cleavage: H-Leu-Arg-OH and H-Ser-Ile-Arg-Val-Val-Pro-Tyr-OH 

27.54 Oxytocin, a nonapeptide hormone secreted by the pituitary gland, functions by stim- 

ulating uterine contraction and lactation during childbirth. Its sequence was deter- 
mined from the following evidence: 

1. Oxytocin is a cyclic compound containing a disulfide bridge between two cysteine 

residues. 

2. When the disulfide bridge is reduced, oxytocin has the constitution Asn, Cyso, 
Gln, Gly, Ile, Leu, Pro, Tyr. 

3. Partial hydrolysis of reduced oxytocin yields seven fragments: 

H-Asp-Cys-OH H-Ile-Glu-OH 
H-Cys-Tyr-OH H-Leu-Gly-OH 
H-Tyr-Ie-Glu-OH H-Glu-Asp-Cys-OH 

H-Cys-Pro-Leu-OH 
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4. Gly is the C-terminal group. 

5. Both Glu and Asp are present as their side-chain amides (Gln and Asn) rather 
than as free side-chain acids. 

On the basis of this evidence, what is the amino acid sequence of reduced oxytocin? 
What is the structure of oxytocin itself? 

27.55 Aspartame, a nonnutritive sweetener marketed under the trade name Nutra-Sweet, 

is the methyl] ester of a simple dipeptide, H-Asp-Phe-OCH3. 
(a) Draw the full structure of aspartame. 
(b) The isoelectric point of aspartame is 5.9. Draw the principal structure present 

in aqueous solution at this pH. 
(c) Draw the principal form of aspartame present at physiological pH = 7.6. 

27.56 Refer to Figure 27.6 and propose a mechanism for the final step in the Edman 
degradation—the acid-catalyzed rearrangement of the thiazolinone to the N-phenyl- 
thiohydantoin. 
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Lipids 

Lipids are naturally occurring organic molecules isolated from cells and 
tissues by extraction with nonpolar organic solvents. Since they usually 
have large hydrocarbon portions in their structures, lipids are insoluble in 
water but soluble in organic solvents. Note that this definition differs from 
the sort used for carbohydrates and proteins. Lipids are defined by physical 
property (solubility) rather than by structure. 

Lipids are classified into two general types: those like fats and waxes 
that contain hydrolyzable ester linkages, and those like cholesterol and other 
steroids that don’t have ester linkages and can’t be hydrolyzed. 

| 
CH,OCR 

| 
CHOCR’ 

! 
CH,OCR" 

Animal fat, an ester 
(R, R’, R’ = Cy,—Cyg9 chains) Cholesterol 

28.1 Waxes, Fats, and Oils 

Waxes are mixtures of esters between long-chain carboxylic acids and long- 
- chain alcohols. The carboxylic acid usually has an even number of carbons 

from 16 through 36, while the alcohol has an even number of carbons from 

24 through 36. One of the major components of beeswax, for instance, is 

1079 
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triacontyl hexadecanoate, the ester from the Co alcohol triacontanol and 
the Ci, acid hexadecanoic acid. The waxy protective coatings on most fruits, 
berries, leaves, and animal furs have similar structures. 

I 
CH;(CH,),;4CO(CH2)29CH3 

Triacontyl hexadecanoate (from beeswax) 

Animal fats and vegetable oils are the most widely occurring lipids. 
Although they appear different—animal fats like butter and lard are solids, 
whereas vegetable oils like corn and peanut oil are liquid—their structures 
are closely related. Chemically, fats and oils are triacylglycerols, also called 
triglycerides—that is, triesters of glycerol with three long-chain carboxylic 
acids. Thus, hydrolysis of a fat or oil with aqueous sodium hydroxide yields 
glycerol and three fatty acids: 

1 
CH,O—C—R 

| CH,OH RCOOH 

CHO—C—-R’ ——"> CHOH + R'COOH 
2. H30 

y CH,OH R’COOH 

CH,O—C—R’ Glycerol _ Fatty acids 

A fat 

The fatty acids obtained by hydrolysis of triacylglycerols are generally 
unbranched and contain an even number of carbon atoms between 12 and 
20. If double bonds are present, they usually have Z (cis) geometry. The 
three fatty acids of a specific triacylglycerol molecule aren’t usually the 
same, and the fat or oil from a given source is likely to be a complex mixture 
of many different triacylglycerols. Table 28.1 lists some of the commonly 
occurring fatty acids, and Table 28.2 lists the approximate composition of 
some fats and oils from different sources. 

About 40 different fatty acids occur naturally. Palmitic acid (C;g) and 
stearic acid (C;g) are the most abundant saturated acids; oleic and linoleic 
acids (both C;g) are the most abundant unsaturated ones. Oleic acid is 
monounsaturated since it has only one double bond, whereas linoleic, lin- 
olenic, and arachidonic acid are polyunsaturated fatty acids, or PUFAs, 
which have more than one double bond. Linoleic and linolenic acids are 
essential in the human diet; infants grow poorly and develop skin lesions 
if fed a diet of nonfat milk for prolonged periods. 

| 
CH3CH,CH,CH,CH,CH,CH,CH,CH2,CH,CH,CH,CH,CH,CH,CH,CH,COH 

Palmitic acid 
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O 
| { t CH;CH2CH a CHCH,CH=CHCH,CH=CHCH,CH,CH,CH,CH,CH,CH,COH 

Linolenic acid, a polyunsaturated fatty acid (PUFA) 

TABLE 28.1 Structures of Some Common Fatty Acids 
SSS I SE PERE IT 

Melting 
Name Carbons Structure point (°C) 

Saturated 

Lauric 12 CH3(CH2);> COOH 44 
Myristic 14 CH3(CH2);2,COOH 58 

Palmitic 16 CH3(CH,);4COOH 63 

Stearic 18 CH;3(CH,);,COOH 70 
Arachidic 20 CH3(CH,);3;COOH 75 

Unsaturated 

Palmitoleic 16 CH3(CH,);CH—CH(CH,)7COOH (cis) 32 
Oleic 18 CH3(CH,)7;CH=CH(CH,)7COOH (cis) 4 

Ricinoleic 18 CH;3(CH,);CH(OH)CH,CH=CH(CH,)7COOH (cis) 5 

Linoleic 18 CH3(CH,)4CH=CHCH,CH=CH(CH,)7,COOH (cis,cis) —5 
Arachidonic 20 CH3(CH2)4(CH=CHCH.),CH2,CH2COOH (all cis) —50 

TABLE 28.2 Approximate Fatty Acid Composition of Some Fats and Oils 
a aera a a ee ae i ee en 

Saturated fatty acids (%) Unsaturated fatty acids (%) 

Ci2 Cis Ci6 Cis Cis Cig Cig 
Source Lauric Myristic Palmitic Stearic Oleic fRicinoleic Linoleic 

Animal fat 
Lard — 1 25 15 50 — 6 
Butter 2 10 25 10 25 — 5 
Human fat 1 3 25 8 46 — 10 
Whale blubber — 8 12. 3 35 — 10 

Vegetable oil 
Coconut 50 18 8 2 6 _— 1 
Corn — 1 10 4 35 _— 45 
Olive — 1 5 5 80 — 7 
Peanut — == at 5 60 _— 20 
Linseed - — — 5 3 20 — 20 
Castor bean — o — i 8 85 4 
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The data in Table 28.1 show that unsaturated fatty acids generally have 
lower melting points than their saturated counterparts have, a trend that 
also holds true for triacylglycerols. Since vegetable oils generally have a 
higher proportion of unsaturated to saturated fatty acids than animal fats 
have (Table 28.2), they have lower melting points. The difference in melting 
points between fats and oils is a consequence of the difference in their 
structures. Saturated fats have a uniform shape that allows them to pack 
together easily in a crystal lattice. Carbon—carbon double bonds in unsat- 
urated vegetable oils, however, introduce bends and kinks into the hydro- 
carbon chains, making crystal formation difficult. The more double bonds 
there are, the harder it is for the molecules to crystallize and the lower the 
melting point of the oil. Figure 28.1 illustrates this effect with space-filling 
molecular models. 

(a) (b) 

SSE EE 

Figure 28.1 Space-filling molecular models of (a) saturated and 
(b) unsaturated triacylglycerols. There is an unsaturated fatty acid 
in (b) that prevents the molecule from adopting a regular shape 
and crystallizing easily. 

The carbon—carbon double bonds in vegetable oils can be reduced by 
catalytic hydrogenation (Section 7.7) to produce saturated solid or semisolid 
fats. Margarine and solid cooking fats such‘as Crisco are produced by hydro- 
genating soybean, peanut, or cottonseed oil until the proper consistency is 
obtained. 



28.2 Soaps 1083 

PROBLEM Cinniettste se tie uige Satoh ean Cee Tice Wine ereletie mabe e a arelete screenees 

28.1 The carnauba wax used in floor and furniture polishes contains, among other things, 
an ester of a Czp straight-chain alcohol with a Cg straight-chain carboxylic acid. 
Draw its structure. 

PROBLEMS, © oh Rite eee ois Se Meare ttle aes aie Se ria hid bic ie A Ae Oe ee 

28.2 Draw structures of these molecules. Which would you expect to be higher melting? 
(a) Glyceryl tripalmitate (b) Glyceryl trioleate 

SRO Ses ene aad) DSS ais swiss Kat ease Aes Re: 

28.3 Stearolic acid, C;gH3902, yields stearic acid on catalytic hydrogenation and under- 
goes oxidative cleavage with ozone to yield nonanoic acid and nonanedioic acid. 
What is the structure of stearolic acid? 

28.2 Soaps 

Soap has been known since at least 600 B.c., when the Phoenicians report- 
edly prepared a curdy material by boiling goat fat with extracts of wood 
ash. The cleansing properties of soap weren’t generally recognized, however, 
and the use of soap did not become widespread until the eighteenth century. 

Chemically, soap is a mixture of the sodium or potassium salts of long- 
chain fatty acids produced by hydrolysis (saponification) of animal fat with 
alkali. Wood ash was used as a source of alkali until the mid-1800s, when 

NaOH became commercially available. 

1 
CH,OCR 

O O CH,OH 
ats 

CHOCR tra 3 RCO- Na* + ite 
2 

Soap CH,OH 

CH,OCR Glycerol 

A fat 

(R = Cy;—Cyjg aliphatic chains) 

Crude soap curds contain glycerol and excess alkali as well as soap, but 
purification can be effected by boiling with a large amount of water and 
adding NaCl to precipitate the pure sodium carboxylate salts. The smooth 

soap that precipitates is dried, perfumed, and pressed into bars for household 

use. Dyes are added to make colored soaps, antiseptics are added for med- 

_icated soaps, pumice is added for scouring soaps, and air is blown in for 

soaps that float. Regardless of these extra treatments and regardless of price, 

though, all soaps are basically the same. 
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Soaps act as cleansers because the two ends of a soap molecule are so 
different. The sodium salt end of the long-chain molecule is ionic and there- 
fore hydrophilic (water-loving); it tries to dissolve in water. The long hydro- 
carbon chain portion of the molecule, however, is nonpolar and lipophilic 
(fat-loving); it tries to dissolve in grease. The net effect of these two opposing 
tendencies is that soaps are attracted to both grease and water and are 
therefore valuable as cleansers. 

When soaps are dispersed in water, the long hydrocarbon tails cluster 
together in a lipophilic ball, while the ionic heads on the surface of the 
cluster stick out into the water layer. These spherical clusters, called 
micelles, are shown schematically in Figure 28.2. Grease and oil droplets 
are solubilized in water when they are coated by the nonpolar tails of soap 
molecules in the center of micelles. Once solubilized, the grease and dirt 
can be rinsed away. 

H,O H,O 
H,O CO,” Na* H,O 

Na* —05C CO Na* 

Na O56 \ i COs Na’ 

Na* SOs wa goa Na~ 

H,O Grease H,0 

Nat —0,C i Laaat iste Nat _ ae 

AOS > ae COs” Nat 
Na* ~ O2C CO, Nat 

H,0 CO3- Nat H,0 

H,0 H,0 ( 

Figure 28.2 A soap micelle solubilizing a grease particle in water. 

Soaps make life more pleasant than it might otherwise be, but they 
have certain drawbacks. In hard water, which contains metal ions, soluble 
sodium carboxylates are converted into insoluble magnesium and calcium 
salts, leaving the familiar ring of scum around bathtubs and the gray tinge 
on white clothes. Chemists have circumvented these problems by synthe- 
sizing a class of synthetic detergents based on salts of long-chain alkylben- 
zenesulfonic acids. The principle of synthetic detergents is identical to the 
principle of soaps: The alkylbenzene end of the molecule is lipophilic and 

A synthetic detergent 

(R = a mixture of Cj, aliphatic chains) 
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attracts grease, but the sulfonate salt end is ionic and is attracted to water. 
Unlike soaps, though, sulfonate detergents don’t form insoluble metal salts 
in hard water and don’t leave an unpleasant scum. 

PERO REE HEHE EEE EERE OHHH EEE EEE EEE HERE 

SERRE H meee Hee ewe eee O HEE EE Eee 

28.3 Phospholipids 

Just as waxes, fats, and oils are esters of carboxylic acids, phospholipids 
are esters of phosphoric acid, H3PO,4. There are two main kinds of phos- 
pholipids: phosphoglycerides and sphingolipids. 

Phosphoglycerides are closely related to fats and oils in that they 
contain a glycerol backbone linked by ester bonds to two fatty acids and 
one phosphoric acid. Although the fatty acid residues can be any of the 
Cy2—Cogp9 units normally present in fats, the acyl group at Cl is usually 
saturated, and that at C2 is usually unsaturated. The phosphate group at 
C3 is also bound by a separate ester link to an amino alcohol such as choline, 

+ 
HOCH,CH2N(CHs3)3, or ethanolamine, HOCH2CH2NHg. 

The most important phosphoglycerides are the Jecithins and the ceph- 
alins. Note that these compounds are chiral and that they have the L, or R, 
configuration at C2. 

L configuration 
O 

cHi0—C—R 0 cHo—b_R 
Bret Oe reat at R000 9 

| 

CH:0 —P—0—CH,CHN(CHs Ng ao ee o> CH,CH,NH;, 

or O- 

Phosphatidylcholine, a lecithin Phosphatidylethanolamine, a cephalin 

where R is saturated and R’ is unsaturated 

Found widely in both plant and animal tissues, phosphoglycerides are 
the major lipid component of cell membranes (approximately 40%). Like 
soaps, phosphoglycerides have a long, nonpolar hydrocarbon tail bound to 
a polar ionic head (the phosphate group). Cell membranes are composed in 
large part of phosphoglycerides oriented into a lipid bilayer about 50 A 
thick. As shown in Figure 28.3, the lipophilic tails aggregate in the center 

_ of the bilayer in much the same way that soap tails aggregate in the center 
of a micelle. This bilayer serves as an effective barrier to the passage of 
water, ions, and other components into and out of the cell. 
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a 

| ae 
oO ae —O—CH2CH2N(CHs3)3 

— Nonpolar 
hydrocarbon 
tails 

50A 

}+-——_—— 

Figure 28.3 Aggregation of phosphoglycerides into the lipid 

bilayer that comprises cell membranes. 

The second major group of phospholipids are the sphingolipids. These 
complex lipids, which have sphingosine or a related dihydroxyamine as their 
backbones, are constituents of plant and animal cell membranes. They’re 
particularly abundant in brain and nerve tissue, where compounds called 
sphingomyelins are a major constituent of the coating around nerve fibers. 

{ 
CH,OH 7 

CHNH, CH,0—P—OCH,CHN(CHs)s 

CHOH oO” 
CHNHCO(CHo3)i6_24CH3 

CH=CH(CH3,)12CH3 | 

CHOH 
Sphingosine 

CH = CH(CH2),2CH3 

Sphingomyelin, a sphingolipid 

28.4 Biosynthesis of Fatty Acids 

One of the most striking features of the fatty acids shown in Table 28.1 is 
that all have an even number of carbon atoms. The reason is that all are 
derived biosynthetically from the simple two-carbon precursor, acetic acid. 
The pathway by which organisms synthesize fat (lipogenesis) is shown in 
Figure 28.4. 
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ti 1 bg 
CH,CSACP HOCCH,CSCoA 

O 

CH,CSCoA 

Acetyl CoA 

ACP transferase, Acetyl CoA carboxylase, 

HS-ACP 2 

O O 

Priming 

reactions 
Malonyl CoA 

| B-Keto ACP transferase 
@ ACP transferase, 

| HS-ACP 

pears | 
ee synthase HOCCH,CSACP 

Malonyl ACP 

Acetoacetyl ACP 

Ketone reduction @| NADPH, H+ 

Jiret ep 
CH;CHCH,CSACP 

Chain- B-Hydroxybutyryl ACP 

lengthening { 
cycle Dehydration o| Enoyl ACP hydratase 

| 
CH;CH=CHCSACP 

Crotonyl ACP 

Carbon—carbon 

double-bond reduction @| NADPH, H* 

O 
| 

Condensation 6] B-Keto ACP synthase 

(ey 
CH;,C—CH,CSACP + CO, + HSsynthase 

CH OHSCH. CSAP Le ane >: Repent cycle 
Butyryl ACP 

[a eA SD IDE 1 SEE SR ta LOSES 

- Figure 28.4 Biological pathway for fatty acid synthesis. 
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The starting material for fatty acid synthesis is the thiol ester acetyl 
CoA (Section 23.15), prepared in nature from acetic acid. The fatty acid 
synthetic pathway begins with several priming reactions that convert acetyl 
CoA into more reactive species. 

The first two steps in the priming sequence convert acetyl CoA into 
acetyl synthase. This reactive acylating agent is capable of transferring 
the acetyl group to a nucleophile by nucleophilic acyl substitution reaction 
(Section 21.2). In step 1, a reaction catalyzed by the enzyme acyl carrier 
protein (ACP) transferase exchanges the thiol ester linkage of acetyl CoA 
for a different and somewhat more reactive thiol ester bond to ACP. Step 2 
involves a further exchange of thiol ester linkages, resulting in the for- 
mation of acetyl synthase. 

The next two steps in the priming sequence again start with acetyl CoA. 
In step 3, acetyl CoA is carboxylated by reaction with COzg and the enzyme 
acetyl CoA carboxylase to yield malonyl CoA. Step 4 is another thiol ester 
exchange reaction that converts malonyl CoA into the more reactive malonyl 
ACP. 

The key carbon—carbon bond-forming reaction used to build the fatty 
acid chain occurs in step 5. This key step is simply a Claisen condensation 
(Section 23.9) between acetyl synthase as the electrophilic acceptor com- 
ponent and malonyl ACP as the nucleophilic donor component. An enolate 
ion derived from the doubly activated -CH»2- group of malonyl ACP adds 
to the carbonyl group of acetyl synthase, yielding an intermediate B-keto 
acid that loses carbon dioxide to give the four-carbon product, acetoacetyl 
ACP. 

O 

earthly synthase Oo Oo 

‘ as criecesac cee irc + CO, 
-: CHCSACP Ccoo- Acetoacetyl ACP 

Coo- 

Step 6 involves the NADPH (nicotinamide adenine dinucleotide phos- 
phate) enzyme-catalyzed reduction of the ketone carbonyl group in aceto- 
acetyl ACP to an alcohol, B-hydroxybutyryl ACP, which is dehydrated in 
step 7 to yield crotonyl ACP. The carbon-carbon double bond of crotonyl 
ACP is further reduced by NADPH in step 8 to yield butyryl ACP. The net 
effect of these eight separate steps is to take two acetic acid units and 
combine them into a single four-carbon butanoic acid unit. Further repe- 
tition of the cycle by condensation of butyryl synthase with another malonyl 
ACP yields a six-carbon unit, and still further repetitions add two more 
carbon atoms to the chain each time. 

Fatty acid biosynthesis is a lengthy process—some 64 separate steps 
are required for a cell to produce stearic acid—but all the individual steps 
are simple transformations of the same sort a chemist might do in the 
laboratory. We’ve seen them all before:. nucleophilic acyl substitution, 
Claisen condensation, ketone reduction, dehydration, alkene hydrogenation. 
Clearly, biological chemistry and laboratory organic chemistry follow the 
same rules. 
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Show a likely reaction mechanism for the transformation of acetyl CoA into acetyl 
ACP. 

° O 
| 

CHsC—SCoA + HSACP == CH;C—SACP + HSCoA 

as a See eee Oe Se) Gee ew Gee ee eS See en) Sela wie Gale's ela) ere! 6) cu eie ein ee eres 

Show a likely mechanism for the ready decarboxylation of the acylmalonyl ACP 
intermediate formed in step 5 of Figure 28.4. 

It i 
CH;CCHCSACP | —~> CH;CCH,CSACP + CO, 

COOH 

oes Ree mie mele ee w/e) es. he ce) SiN) Cle) Sel elwile. wel el bp. 6.006) 6-6 6S lese wee. W168) 6 60 68 

Evidence for the role of acetate in fatty acid biosynthesis comes from isotope-labeling 
experiments. If acetate labeled with 14C in the methyl group (44CH;COOH) were 
incorporated into fatty acids, at what positions in the fatty acid chain would you 
expect the !4C label to appear? 

See eee eee meee sess e reso sere s ees eeseereseeseeeeseeeesesereone 

28.5 Prostaglandins 

Few compounds have caused as much excitement among medical researchers 
in the past decade as the prostaglandins. First isolated by Sune Bergstrom,! 
Bengt Samuelsson,” and their collaborators at the Karolinska Institute in 
Sweden, these simple lipids are synthesized in nature from the Cao fatty 
acid, arachidonic acid. The name prostaglandin derives from the fact that 
these compounds were first thought to be produced by the prostate gland, 
but they have subsequently been shown to be present in small amounts in 
all body tissues and fluids. 

The prostaglandins are simple in structure. All are Cog carboxylic 
acids that contain a five-membered ring with two long side chains. They 
differ only in the number of oxygen atoms and in the number of double 
bonds present. Prostaglandin E, (PGE) and prostaglandin F2, (PGF2,,) are 
representative structures: 

Arachidonic acid, 

(5Z,8Z,11Z,14Z)-eicosatetraenoic acid 

1Sune Bergstrom (1916— ); M.D. Karolinska Institute; professor, Karolinska Institute; 
Nobel Prize (1982). 

2Bengt Samuelsson (1934— ); M.D. Lund; professor, Karolinska Institute; Nobel Prize 
(1982). 
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H HO H 

Prostaglandin E, Prostaglandin F2, 

The several dozen known prostaglandins have an extraordinarily wide 

range of biological effects. They can lower blood pressure, affect blood-plate- 

let aggregation during clotting, lower gastric secretions, control inflam- 

mation, affect kidney function, affect reproductive systems, and stimulate 

uterine contractions during childbirth. In addition, compounds that are 

closely related to the prostaglandins have still other effects. Interest has 

centered particularly on the thromboxanes, on prostacyclin, and on the leu- 

kotrienes, whose release in the body appears to trigger the asthmatic 

response. 

Thromboxane A, 

Prostacyclin 

H 
== =a Po COOH 

ea Se ‘ 

H ee Gee 

NH» 
Leukotriene D, 

Prostaglandins are being actively exploited in medicine, where their 
remarkable biological properties will surely lead to valuable new drugs. 

28.6 Terpenes 

It has been known for centuries that codistillation of many plant materials 
with steam (called steam distillation) produces a fragrant mixture of li- 
quids known as plant essential oils. For thousands of years, these plant 
extracts have been used as medicines, spices, and perfumes. The investi- 
gation of essential oils also played a major role in the emergence of organic 
chemistry as a science during the nineteenth century. 

Chemically, the essential oils of plants consist largely of mixtures of 
lipids called terpenes. Terpenes are small organic molecules that have an 
immense diversity of structure. Thousands of different terpenes are known; 
some are hydrocarbons, and others contain oxygen; some are open-chain 
molecules, and others contain rings. Figure 28.5 gives some examples. 
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CH; 

CH, 

Myrcene (oil of bay) a-Pinene (oil of turpentine) 

O 

H3C. 

H 

Carvone (oil of spearmint) Patchouli alcohol (patchouli oil) 

SSS ee a ee ee 

Figure 28.5 The structures of some terpenes isolated from 

essential oils. 

All terpenes are related, regardless of their apparent structural differ- 
ences. According to the isoprene rule proposed by Ruzicka,? terpenes can 
be considered to arise from head-to-tail joining of simple five-carbon isoprene 
(2-methyl-1,3-butadiene) units. Carbon 1 is called the head of the isoprene 
unit, and carbon 4 is called the tail. For example, myrcene contains two 
isoprene units joined head to tail, forming an eight-carbon chain with two 
one-carbon branches. a-Pinene similarly contains two isoprene units assem- 
bled into a more complex cyclic structure. 

CH3 

i’ 3 4 
H,C=C— HCH, 

* 

Head Z \ Tail 

Isoprene (2-methy]-1,3-butadiene) 

Aguado m dale AA 

oe Myrcene 

ow ~~ Head 

ee S 
eae ——- 

ZA —Tail 

Two isoprenes a-Pinene 

3Leopold Ruzicka (1887-1976); b. Vukovar (now Yugoslavia); Ph.D., 1910, Karlsruhe (Stau- 

dinger); professor, Swiss Federal Institute (E.T.H.) Zitrich (1923-1926, 1929-1957); Nobel Prize 

(1939). 
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Terpenes are classified according to the number of 5-carbon isoprene 
units they contain. Thus, monoterpenes are 10-carbon substances biosyn- 
thesized from two isoprene units, sesquiterpenes are 15-carbon molecules 
from three isoprene units, and so on (Table 28.3). 

TABLE 28.3 Classification of Terpenes 
Se ES 

Carbon atoms Isoprene units Classification 

10 2 Monoterpenes 

15 3 Sesquiterpenes 
20 4 Diterpenes 

25 5 Sesterterpenes 
30 6 Triterpenes 
40 8 Tetraterpenes 

Mono- and sesquiterpenes are found primarily in plants, but the higher 
terpenes occur in both plants and animals. Many of the higher terpenes 
have important biological roles. For example, the triterpene Janosterol is 
the precursor from which all steroid hormones are made in nature, and the 
tetraterpene G-carotene is a major dietary source of vitamin A. 

Lanosterol, a triterpene (C39) 

GSTS POS Sa 

B-Carotene, a tetraterpene (C49) 

PROBLEM 5 050-05. 5.0 <5 Xe ON PM AM aGin e Vio ers Wee eke Kase eR oes Heak 

28.8 Show the positions of the isoprene units in these terpenes: 

(a) O ROG GH: (e) yua@ile 
CH : Hc 

H.C 

Carvone (spearmint oil) Caryophyllene (cloves) 

DOCK CC ACCC VECCHOCLOCK CCE Ce CHE GE HOD Ca 6 uO 6 Be 6 615 Gs bie S16) 06 bined ete see a reta 
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28.7 Biosynthesis of Terpenes 

The isoprene rule is a convenient formalism, but isoprene itself is not the 

biological precursor of terpenes. Nature instead uses two isoprene “equiv- 
alents,’ isopentenyl pyrophosphate and dimethylallyl pyrophosphate, for 
the biosynthesis of terpenes. These five-carbon molecules are themselves 
made from condensation of three acetyl CoA units. 

ie i | 
H,C—CCH,CH,O0POPOH 

i Isopentenyl pyrophosphate 

— 

3 H;C~ ~SCoA CHs r 
CH3;C = CHCH,O0POPOH 

Dimethylallyl pyrophosphate 

Dimethylallyl pyrophosphate is an excellent alkylating agent since the 
primary, allylic pyrophosphate group (abbreviated OPP) is a good leaving 
group in nucleophilic substitution reactions. We can therefore imagine a 
displacement of this leaving group by the nucleophilic double bond of iso- 
pentenyl pyrophosphate. Loss of a proton from the carbocationic reaction 
intermediate then leads to the head-to-tail coupled 10-carbon unit, geranyl 
pyrophosphate. The corresponding alcohol, geraniol, is itself a fragrant ter- 
pene that occurs in rose oil. 

H,LOPP 

oe CH,OPP | + :OPP 

i 
= coer H 

| \:0H, 

Sowa he y.coH pol eal eg) CROP? 

Geraniol Gerany] pyrophosphate 

Geranyl pyrophosphate is the precursor of all other monoterpenes. 
Limonene, for example, a monoterpene found in many citrus oils, can arise 
from geranyl pyrophosphate by a cis—trans double-bond isomerization fol- 
lowed by internal nucleophilic displacement of the pyrophosphate group and 

subsequent loss of a proton. 
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Sopp : res 
a 
OPP 

+ 

Geranyl Neryl Limonene 

pyrophosphate pyrophosphate 

When geranyl pyrophosphate reacts with isopentenyl pyrophosphate, 
the 15-carbon farnesyl pyrophosphate results. Just as geranyl pyrophos- 
phate is the precursor of all monoterpenes, farnesyl pyrophosphate is the 
precursor of all sesquiterpenes. Farnesol, the corresponding alcohol, is found 
in citronella oil and lemon oil. 

naar Ses 
Deg eet ae OPP 

Geranyl] pyrophosphate Isopentenyl 

pyrophosphate 

WN = : Srp 
| ( 
Ht 

SS SX - Sopp 
Farnesyl pyrophosphate 

Addition to farnesyl pyrophosphate of further isoprene units gives the 
20-carbon and 25-carbon units that serve as precursors of diterpenes and 
sesterterpenes, respectively. Triterpenes, however, arise biosynthetically by 
tail-to-tail coupling of two farnesyl pyrophosphates to give squalene, a 30- 
carbon hexaene (Figure 28.6). Squalene, found in high concentration in 
shark oil, is the precursor from which all other triterpenes and steroids 
arise. 

PROBLEM «cise 6:5 o.nie.0 5 s10 10, 0) eceleve vin sin iefoiaceltie,s) da (pie es Cudtmanaiaiaierurdiaca v)eTetasatere © eTets 

28.9 Propose a plausible pathway to account for the biosynthetic formation of y-bisabolene 
from farnesyl pyrophosphate. 
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y-Bisabolene 

See eeeererecerseescce SSS RNS (SNS). 0 Se AiG 818) 910 06 6 0016.66 60 Noe Uk Ble & 6 eh w 66 00 w ULy Ue 66.1879) wre 6 8s 

S es teas eet ee Bo = — opp peo; Z Z 
Farnesyl pyrophosphate Farnesy] pyrophosphate 

Squalene 

SS ae ee eee eee 

Figure 28.6 Biosynthesis of squalene, a C3. precursor of 

triterpenes and steroids, by tail-to-tail coupling of two farnesyl 
pyrophosphate units. 

28.8 Steroids 

In addition to fats, phospholipids, and terpenes, the lipid extracts of plants 
and animals also contain steroids. A steroid is an organic molecule whose 
structure is based on the tetracyclic ring system shown below. The four rings 
are designated A, B, C, and D, beginning at the lower left, and the carbon 
atoms are numbered beginning in the A ring. 

A steroid 

(R = various side chains) 
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In humans, most steroids function as hormones, chemical messengers 

that are secreted by glands and are carried through the bloodstream to 

target tissues. There are two main classes of steroid hormones: the sex 

hormones, which control maturation and reproduction, and the adrenocor- 
tical hormones, which regulate a variety of metabolic processes. 

SEX HORMONES 

Testosterone and androsterone are the two most important male sex hor- 
mones, or androgens. Androgens are responsible for the development of 
male secondary sex characteristics during puberty and for promoting tissue 
and muscle growth. Both are synthesized in the testes from cholesterol. 

Testosterone Androsterone 

(androgens) 

Estrone and estradiol are the two most important female sex hormones, 
or estrogens. Synthesized in the ovaries from testosterone, estrogenic hor- 
mones are responsible for the development of female secondary sex char- 
acteristics and for regulation of the menstrual cycle. Note that both have a 
benzene-like aromatic A ring. In addition, another kind of sex hormone 
called a progestin is essential for preparing the uterus for implantation of 
a fertilized ovum during pregnancy. Progesterone is the most important 
progestin. 

Estrone Kstradiol Progesterone 

(a progestin) 
(estrogens) 

ADRENOCORTICAL HORMONES 

Adrenocortical steroids are secreted by the adrenal glands, small organs 
located near the upper end of each kidney. There are two types of adreno- 
cortical steroids, called mineralocorticoids and glucocorticoids. Mineralo- 
corticoids such as aldosterone control tissue swelling by regulating cellular 
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salt balance between Na* and K*. Glucocorticoids such as hydrocortisone 
are involved in the regulation of glucose metabolism and in the control of 
inflammation. Glucocorticoid ointments are widely used to bring down the 
swelling from exposure to poison oak or poison ivy. 

Aldosterone Hydrocortisone 

(a mineralocorticoid) (a glucocorticoid) 

SYNTHETIC STEROIDS 

In addition to the many hundreds of steroids isolated from plants and ani- 
mals, thousands more have been synthesized in pharmaceutical laboratories 
in the search for new drugs. The idea is to start with a natural hormone, 
carry out a chemical modification of the structure, and then see what bio- 
logical properties the modified steroid has. 

Among the best-known synthetic steroids are oral contraceptive and 
anabolic agents. Most birth-control pills are a mixture of two compounds, 
a synthetic estrogen such as ethynylestradiol and a synthetic progestin such 
as norethindrone. Anabolic steroids such as stanozolol, detected in several 
athletes during the 1988 Olympics, are synthetic androgens that mimic the 
tissue-building effects of natural testosterone. 

Ethynylestradiol 

(a synthetic estrogen) 

Norethindrone Stanozolol 

(a synthetic progestin) (an anabolic agent) 
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28.9 Stereochemistry of Steroids 

The steroid skeleton has four rings fused together with a specific stereo- 
chemistry. All three of the six-membered rings (rings A, B, and C) can adopt 
strain-free chair conformations, as indicated in Figure 28.7. Unlike simple 
cyclohexane rings, however, which can undergo chair—chair interconver- 
sions (Section 4.11), steroids are constrained to a rigid conformation and 
can’t undergo ring-flips. 

Trans 

An A,B cis steroid 

Figure 28.7 Steroid conformations. The three six-membered rings 
have chair conformations but are unable to undergo ring-flips. 

Two cyclohexane rings can be joined in either a cis or a trans manner. 
In cis-decalin, both groups at the ring-junction positions (the angular groups) 
are on the same side of the two rings. In trans-decalin, the groups at the 
ring junctions are on opposite sides. These spatial relationships are best 
grasped by building molecular models of cis- and trans-decalin. 

Pee oat H 

Cis HG 
id a 

CH3 

cis-Decalin cis-1,2-Dimethylcyclohexane 
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H H 

H3C 

H3C 

H H 

trans-Decalin trans-1,2-Dimethylcyclohexane 

As indicated in Figure 28.7, steroids can have either a cis or a trans 
fusion of the A and B rings, but the other ring fusions (B—C and C—D) are 
usually trans. A—B trans steroids have the C19 angular methyl] group “up” 
(denoted 8) and the hydrogen atom at C5 “down” (denoted a) on opposite 
sides of the molecule. A-B cis steroids, by contrast, have both the C19 
angular methyl group and the C5 hydrogen atom on the same side (f) of 
the molecule. Both kinds of steroids are relatively long, flat molecules that 
have their two methyl groups (C18 and C19) protruding axially above the 
ring system. The A-B trans steroids are by far the more common, though 
A-B cis steroids are found in liver bile. 

Substituent groups on the steroid ring system may be either axial or 
equatorial. As was true for simple cyclohexanes (Section 4.12), equatorial 
substitution is generally more favorable than axial substitution for steric 
reasons. Thus, the hydroxyl group at C3 of cholesterol has the more stable 
equatorial orientation (Figure 28.8). 

Equatorial Cholesterol 

Figure 28.8 The stereochemistry of cholesterol. 
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28.10 Draw the following molecules in chair conformations, and indicate whether the ring 

substituents are axial or equatorial. 

H an H 

(a) 

SOSCMSoeeese red sets vsaseSHveees oF eKVRLOKS ERTS HHO ET CeO wD 

Lithocholic acid is an A-B cis steroid found in human bile. Draw lithocholic acid 

showing chair conformations as in Figure 28.7, and tell whether the hydroxyl group 

at C3 is axial or equatorial. 

COOH 

28.10 Steroid Biosynthesis { 

Steroids are heavily modified triterpenes that are biosynthesized in living 
organisms from the acyclic hydrocarbon squalene (Section 28.7). The exact 
pathway by which this remarkable transformation is accomplished is 
lengthy and complex, but most of the key steps have now been worked out, 
with notable contributions made by Konrad Bloch* and John Cornforth,® 
who received Nobel Prizes for their efforts. 

Steroid biosynthesis occurs by enzyme-catalyzed epoxidation of squa- 
lene to yield squalene oxide, followed by acid-catalyzed cyclization and an 
extraordinary cascade of multiple carbocation rearrangements to yield lan- 
osterol (Figure 28.9). Lanosterol is then degraded by other enzymes to pro- 
duce cholesterol, which is itself converted by other enzymes to produce a 
host of different steroids. 

The exact series of carbocation rearrangements involved in the biosyn- 
thetic conversion of squalene to lanosterol involves the following steps: 

4Konrad E. Bloch (1912—_ ); b. Neisse, Germany; Ph.D. Columbia; professor, University of 
Chicago, Harvard University; Nobel Prize in medicine (1964). 

5John Warcup Cornforth (1917—__); b. Australia; Ph.D. Oxford (Robinson); National Institute 
of Medical Research (Great Britain); Nobel Prize (1975). 
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Squalene oxide Squalene 

Cholesterol Lanosterol 

Figure 28.9 Biosynthesis of cholesterol from squalene. 
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28.11 

Step1 The enzyme squalene oxidase selectively epoxidizes a terminal 
double bond of squalene to yield squalene oxide. 

Step2 Squalene oxide is protonated, and the epoxide ring is opened 
by nucleophilic attack of the double bond six carbons away, to 
yield a cyclic carbocation intermediate. 

Step3 The tertiary carbocation intermediate produced in step 2 is 
attacked by another double bond six carbons away to yield a 

second carbocation intermediate. 

Step4___ A third cyclization occurs by attack of an appropriately posi- 
tioned double bond on a carbocation. 

Step5 A fourth and last cyclization takes place, this one giving a 
five-membered ring. 

Step6 Carbocation rearrangement occurs by a hydride shift. 

Step 7 A second hydride shift gives still another carbocation. 

Step 8 Carbocation rearrangement occurs by shift of a methyl group. 

Step9 A second methyl-group shift gives a final carbocation inter- 
mediate. 

Step 10 Loss of a proton (E1 reaction) from the carbon next to the 
cationic center gives lanosterol. 

Although written in a stepwise way in Figure 28.9 for convenience, it’s 
thought that the entire cyclization sequence (steps 2—5) takes place at one 
time without true intermediates being formed. Similarly, the carbocation 
rearrangements and proton loss (steps 6-10) take place at essentially the 
same time without intermediates. 

see ss Rt acai sis sna? abiwou ner arcrenewie { 

Look at the structures of lanosterol and cholesterol, and catalog the changes that 
have occurred in the transformation. 

Summary and Key Words 
LE a EEE 

Lipids are the naturally occurring materials isolated from plant and animal 
cells by extraction with organic solvents. They usually have large hydro- 
carbon portions in their structure. Animal fats and vegetable oils are the 
most widely occurring lipids. Both are triesters of glycerol with long-chain 
fatty acids, but animal fats are usually saturated, whereas vegetable oils 
usually have unsaturated fatty acid residues. 

Phosphoglycerides such as lecithin and cephalin are closely related 
to fats. The glycerol backbone in these molecules is esterified to two fatty 
acids (one saturated and one unsaturated) and to one phosphate ester. 
Sphingolipids, another major class of phospholipids, have an amino alco- 
hol such as sphingosine for their backbone. These compounds are important 
constituents of cell membranes. 
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Fatty acids are biosynthesized in nature by condensation of enzyme- 
bound two-carbon acetate units. The overall scheme is lengthy, but the 
individual steps are the fundamental organic reactions expected of the func- 
tional groups involved. 

Prostaglandins and terpenes are still other classes of lipids. Pros- 
taglandins, which are found in all body tissues, have a wide range of phys- 
iological actions. Terpenes are often isolated from the essential oils of plants. 
They have an immense diversity of structure and are produced biosynthet- 
ically by head-to-tail coupling of the five-carbon “isoprene equivalents,’ iso- 
penteny! pyrophosphate and dimethylallyl pyrophosphate. 

Steroids are plant and animal lipids with a characteristic tetracyclic 
carbon skeleton. Like the prostaglandins, steroids occur widely in body tis- 

sue and have a large variety of physiological activities. Steroids are closely 
related to terpenes and arise biosynthetically from the triterpene precursor, 
lanosterol. Lanosterol, in turn, arises from cyclization of the acyclic hydro- 
carbon, squalene. 

ADDITIONAL PROBLEMSG...................00:: cece eee eens 

28.13 

28.14 

28.15 

28.16 

28.17 

Fats can be either optically active or optically inactive, depending on their structure. 
Draw the structure of an optically active fat that yields two equivalents of stearic 
acid and one equivalent of oleic acid on hydrolysis. Draw the structure of an optically 
inactive fat that yields the same products. 

Spermaceti, a fragrant substance from sperm whales, was much used in cosmetics 
until it was banned in 1976 to protect the whales from extinction. Chemically, 
spermaceti is cetyl palmitate, the ester of cetyl alcohol (n-C;gH330H) with palmitic 

acid. Draw its structure. 

The plasmalogens are a group of lipids found in nerve and muscle cells. Look at the 
following plasmalogen structure, and tell how it differs from fats, lecithins, and 

cephalins. 

CH,OCH=CHR 

CHOCR’ A plasmalogen 

1 
CH,OCR’ 

What products would you obtain from hydrolysis of a plasmalogen (Problem 28.15) 

with aqueous NaOH? With H;0*? 

Cardiolipins are a group of lipids found in heart muscles. What products would be 
formed if all ester bonds were saponified by treatment with aqueous NaOH? 

1 1 | 
RCOCH, CH,OCOR’ 
yl O 

R’COCH 1 ned ee A cardiolipin 

eee aa 

O- = 0H S207 
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28.18 

28.19 

28.20 

28.21 

28.22 

28.23 

28.24 

28.25 

28.26 

28.27 

28.28 

Show the products you would expect to obtain from reaction of glyceryl trioleate 

with the following: 
(a) Excess Brg in CCl, (b) H2/Pd 
(c) NaOH/H,O (d) O3, then Zn/CH3;COOH 
(e) LiAlH,, then H3;0* (f) CH3MgBr, then H30* 
(g) NaOH/H,O, then CH,N2 (diazomethane) 

Eleostearic acid, C;gH3 902, is a rare fatty acid found in the tung oil used for furniture 
finishing. On ozonolysis followed by treatment with zinc, eleostearic acid furnishes 
one part pentanal, two parts glyoxal (OHC-CHO), and one part 9-oxononanoic acid 

[OHC(CH,);COOH]. What is the structure of eleostearic acid? 

Draw representative structures for: 
(a) A fat (b) A prostaglandin (c) A steroid 

How would you convert oleic acid into these substances? 
(a) Methyl oleate (b) Methyl stearate 
(c) Nonanal (d) Nonanedioic acid 
(e) 9-Octadecynoic acid (stearolic acid) (f) 2-Bromostearic acid 
(g) 18-Pentatriacontanone, CH3(CH2);gCO(CH2);,CH3 

How would you synthesize stearolic acid (Problem 28.21e) from 1-decyne and 
1-chloro-7-iodoheptane? 

Vaccenic acid, C;gH34Oz, is a rare fatty acid that gives heptanal and 11-oxoun- 
decanoic acid [OHC(CH2)gCOOH] on ozonolysis followed by zinc treatment. When 
allowed to react with CH,I,/Zn-Cu, vaccenic acid is converted into lactobacillic acid. 
What are the structures of vaccenic and lactobacillic acids? 

Show the location of the isoprene units in these terpenes: 

CH3 CH, CH3 

(a) (b) (c) CH; 
CHs 

CH, OH 
C 3 

H;C CHs 

Guaiol Senco Cedrene 

Indicate by asterisks the stereogenic centers present in each of the three terpenes 
shown in Problem 28.24. How many stereoisomers of each are theoretically possible? 

Assume that the three terpenes in Problem 28.24 are derived biosynthetically from 
isopentenyl pyrophosphate and dimethylallyl pyrophosphate, each of which was 
isotopically labeled at the pyrophosphate-bearing carbon atom (C1). At what posi- 
tions would the terpenes be isotopically labeled? 

Suggest a mechanistic pathway by which a-pinene might arise biosynthetically from 
geranyl pyrophosphate. 

a-Pinene , 

Suggest a mechanism by which y-ionone is transformed into B-ionone on treatment 
with acid. 
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w-Ionone B-Ionone 

28.29 Which isomer would you expect to be more stable, cis-decalin or trans-decalin? 
Explain. (You might want to review Section 4.13.) 

ae 
Decalin 

28.30 Draw the most stable chair conformation of dihydrocarvone. 

Dihydrocarvone 

28.31 Draw the most stable chair conformation of menthol, and label each substituent as 
axial or equatorial. 

H3C 

H3C CH; 

Menthol (from peppermint oil) 

28.32 Cholic acid, a major steroidal constituent of human bile, has the structure shown. 
Draw a conformational structure of cholic acid, and label the three hydroxyl groups 
as axial or equatorial. 

COOH 

Cholic acid 

HO H H 

28.33 How many stereogenic centers does cholic acid (Problem 28.32) have? How many 
stereoisomers are possible? 
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28.34 

28.35 

28.36 

28.37 

28.38 

28.39 

Show the products you would expect to obtain from reaction of cholic acid with these 

reagents: 

(a) C,H;OH, HCl 

(b) Excess pyridinium chlorochromate in CH2Cl, 

(c) BH; in THF, then H3;0* 

As a general rule, equatorial alcohols are esterified more readily than axial alcohols. 

What product would you expect to obtain from reaction of these two compounds with 

one equivalent of acetic anhydride? 

(a) H CH; OH (b) CH; 
HO... LH 

7 

| H 
H 

Diethylstilbestrol (DES) exhibits estradiol-like activity even though it is structurally 
unrelated to steroids. Once used widely as an additive in animal feed, DES has been 
implicated as a causative agent in several types of cancer. Look up the structure of 
estradiol (Section 28.8), and show how DES can be drawn so that it is sterically 

similar to estradiol. 

CHsCHa 

Oo 
\CHLCH, 

Diethylstilbestrol 

Propose a synthesis of nee (Problem 28.36) from phenol and any other 
organic compound required. 

What products would you expect from reaction of estradiol note 28.36) with 
these reagents? 
(a) NaH, then CHgI (b) CH3COCI, pyridine 
(c) Brg, FeBrs (d) Pyridinium chlorochromate in CH2Cl, 

Cembrene, Cy9H32, is a diterpene hydrocarbon isolated from pine resin. Cembrene 
has an ultraviolet absorption at 245 nm, but dihydrocembrene (C29H3,4), the product 

of hydrogenation with one equivalent of hydrogen, has no ultraviolet absorption. 
On exhaustive hydrogenation, four equivalents of hydrogen react, and octahydro- 
cembrene, Co9H4o, is produced. On ozonolysis of cembrene, followed by treatment of 
the ozonide with zinc, four carbonyl-containing products are obtained: 

| | 1 1 ee 
CH,CCH,CH,CH + CH;CCHO + HCCH,CH + SE EES cee 

CHs 

Propose a structure for cembrene that is consistent with the isoprene rule. 



Heterocycles and 
Nucleic Acids 

Cyclic organic compounds are classified either as carbocycles or as hetero- 
cycles. Carbocyclic rings contain only carbon atoms, but heterocyclic 
rings contain one or more different atoms in addition to carbon. Nitrogen, 
oxygen, and sulfur are the most common heteroatoms, but many others are 
also known. 

Heterocyclic compounds are common in organic chemistry, and many 
have important biological properties. For example, the antibiotic penicillin, 
the antiulcer agent cimetidine, the sedative phenobarbital, and the non- 
nutritive sweetener saccharin are all heterocycles: 

1 rice 

CeHsCH2C CHsNHCNHCH,CH.SCH, 
H : 

pie eon? Me H N N 4 x 
O H COOH H 

Penicillin G Cimetidine 

H ; 

| ee 
area" O N 

CH,CH3 Ss 

Ho N ON O 

O 

Phenobarbital Saccharin 

1107 
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29.1 

CHAPTER 29 Heterocycles and Nucleic Acids 

Heterocycles aren’t new at this point; we’ve encountered them many 
times in previous chapters, usually without comment. Thus, epoxides (three- 
membered-ring ethers, Section 18.7), lactones (cyclic esters), and lactams 
(cyclic amides) are heterocycles, as are the solvents tetrahydrofuran (a cyclic 
ether) and pyridine (a cyclic amine). In addition, most carbohydrates exist 
as heterocyclic hemiacetals (Section 24.5). 

Most heterocycles have the same chemistry as their open-chain coun- 
terparts: Lactones and acyclic esters behave similarly, lactams and acyclic 
amides behave similarly, and cyclic and acyclic ethers behave similarly. In 
certain cases, however, particularly when the ring is unsaturated, hetero- 

cycles have unique and interesting properties. Let’s look first at the five- 
membered unsaturated heterocycles. 

Five-Membered Unsaturated 
Heterocycles 

Pyrrole, furan, and thiophene are the simplest five-membered unsaturated 
heterocycles. Each of the three has two double bonds and one heteroatom 
(N, O, or S). 

H Furan Thiophene 

Pyrrole 

Pyrrole is obtained commercially either directly from coal tar or by 
treatment of furan with ammonia over an alumina catalyst at'400°C. 

// \\ NH,, HO // \\ 
O Al,03, 400°C N 

| 
Furan H 

Pyrrole 

Furan is synthesized by catalytic loss of carbon monoxide (decarbony- 
lation) from furfural, which is itself prepared by acidic dehydration of the 
pentoses found in oat hulls and corncobs. 

HOF 
: 

MgO ae wae ae Nicatayss fy Gg 
O” ‘CHO 280°C O 

Pentose mixture Furfural Been 

Thiophene is found in small amounts in coal-tar distillates and is syn- 
thesized industrially by cyclization of butane or butadiene with sulfur at 
600°C. 
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CH—CH 
f \ aR Lay 

cH, ‘cH, se S ae 

1,3-Butadiene Thiophene 

All three of these heterocycles are liquid at room temperature, as indi- 
cated by the data in Table 29.1. 

TABLE 29.1 Physical Properties of Some Five-Membered 
Heterocycles 

Molecular Melting Boiling 
Name weight point (°C) point (°C) 

Furan 68 —85 31 
Pyrrole 67 =—23 130 
Thiophene 84 —38 

The chemistry of all three heterocyclic ring systems contains some sur- 
prises. For example, pyrrole is both an amine and a conjugated diene, yet 
its chemical properties aren’t consistent with either of these structural fea- 
tures. Unlike most other amines, pyrrole is not basic; unlike most other 
conjugated dienes, pyrrole undergoes electrophilic substitution rather than 
addition reactions. The same is true of furan and thiophene: Both react with 
electrophiles to give substitution products. 

29.2 Structures of Pyrrole, Furan, and 
Thiophene 

Pyrrole, furan, and thiophene give electrophilic substitution products 
because they’re aromatic. Each has six pi electrons (4n + 2, where n = 1) 
in a cyclic conjugated system. To choose pyrrole as an example, each of the 
four carbon atoms of pyrrole contributes one pi electron, and the sp?-hybrid- 
ized nitrogen atom contributes two (its lone pair). The six pi electrons occupy 
p orbitals, with lobes above and below the plane of the ring, as shown in 
Figure 29.1. Overlap of the five p orbitals forms aromatic molecular orbitals 
just as in benzene (Section 15.9). 

Note that the pyrrole nitrogen atom uses all five of its valence electrons 

in bonding. Three electrons are used in forming three sigma bonds (two to 

carbon and one to hydrogen), and the two lone-pair electrons are involved 

in aromatic pi bonding, as the following resonance structures indicate: 

eerco as 
| | | 

+ + 

| 
H H H H H 
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ae 
NH 

= 

Pyrrole 

Lone pair in p orbital 

sp2 hybridized 

Six pi electrons 

Figure 29.1 

PROBLEM... 

29.1 

PROBLEM... 

eee eee enon 

Pyrrole, a six-pi-electron aromatic heterocycle. 

Because the nitrogen lone pair is a part of the aromatic sextet, it is less 
available for bonding to electrophiles, and pyrrole is therefore less basic 
(pK, of pyrrolinium ion ~ 0) and less nucleophilic than aliphatic amines. 
By the same token, however, the carbon atoms of pyrrole are more electron- 
rich and more nucleophilic than typical double-bond carbon atoms. The 
pyrrole ring is therefore reactive toward electrophiles in the same way that 

- activated benzene rings are reactive. 

eee eee meee eee ee wee eee ee eer eeeeseeeeeseeeeeeeeseeeeeesese 

Draw an orbital picture of furan. Assume that the oxygen atom is sp” hybridized, 
and show the orbitals that the two oxygen lone pairs are occupying. 

COR meee eee ewe Hee eee EEE HEHEHE HEHEHE EEE HEE EEE 

Pyrrole has a dipole moment of 1.8 D. Look at the several possible resonance struc- 
tures of pyrrole, and predict which is the positive end and which is the negative end 
of the dipole. 

ee ere 

29.3 Electrophilic Substitution Reactions 
of Pyrrole, Furan, and Thiophene 

The chemistry of pyrrole, furan, and thiophene is similar to that of activated 
benzenoid aromatic rings. Like benzene, the five-membered aromatic het- 
erocycles undergo electrophilic substitution rather than addition reactions. 
In general, these heterocycles are much more reactive toward electrophiles 
than benzene rings are, and low temperatures are often necessary to prevent 
destruction of the starting material. Halogenation, nitration, sulfonation, 
and Friedel—Crafts acylation can all be accomplished if the proper reaction 
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conditions are chosen. A reactivity order of furan > pyrrole > thiophene is 
normally found. 

Bromination Gey at, PAL ae + HBr 
°c 0 Br 0 

Furan 2-Bromofuran 

(90%) 

Nitration / \\ + HNO; —._, I \. + H,0 N anhydride N NO, 

| 
H H 

Pyrrole 2-Nitropyrrole 

(83%) 

- 1 Friedel-Crafts / ay + CH;CCl — oS + HCl acylation Ss SnCl, S aha 

Thiophene 9 

2-Acetylthiophene 

(83%) 

Electrophilic substitution normally occurs at C2, the position next to 
the heteroatom, because C2 is the most electron-rich, most nucleophilic 
position on the ring. Another way of saying the same thing is to note that 
electrophilic attack at C2 leads to a more stable intermediate cation, with 
three resonance forms, than does attack at C3, which results in a cation 

with only two resonance forms (Figure 29.2). 

2-Nitropyrrole 

NO, NO, NO, 

ee pee 
iN N 

: : 
3-Nitropyrrole 

(not formed) 

Figure 29.2  Electrophilic nitration of pyrrole. The intermediate 

produced by reaction at C2 is more stable than that produced by 

reaction at C3. 
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29.3 Propose a mechanism to account for the fact that treatment of pyrrole with deuterio- 

sulfuric acid, D,SO4, leads to formation of 2-deuteriopyrrole. 

Seem w ewe ee meee renee eae eeeeeeneseeee reese eee eee Eees EE Hee EEE HEE HEED 

29.4 Pyridine, a Six-Membered 
Heterocycle 

Pyridine, obtained commercially by distillation of coal tar, is the nitrogen- 
containing heterocyclic analog of benzene. Like benzene, pyridine is aro- 
matic. It is a flat molecule with bond angles of 120° and with carbon—carbon 
bond lengths of 1.39 A, intermediate between normal single and double 
bonds. Each of the five carbon atoms contributes one pi electron, and the 
sp?-hybridized nitrogen atom also contributes one pi electron to complete 
the aromatic sextet. Unlike the situation in pyrrole, however, the lone pair 
of electrons on the pyridine nitrogen atom is not involved in bonding but 
occupies an sp? orbital in the plane of the ring (Figure 29.3). 

sp” hybridized 

Lone pair in 

p” orbital 

Six pi electrons 

Figure 29.3 Electronic structure of pyridine, a six-pi-electron 

nitrogen-containing analog of benzene. 

Pyridine is a stronger base than pyrrole (pK, = 5.25 for pyridinium ion 
versus 0 for pyrrolinium ion) because of its electronic structure. Since the 
pyridine nitrogen’s lone-pair electrons aren’t involved in aromatic pi bond- 
ing, they’re available for donation to a Lewis acid. Pyridine is a weaker 
base than aliphatic amines, however (pK, = 5.25 versus 11), because of 
its hybridization. The lone-pair electrons in the sp*-hybridized nitrogen or- 
bital (4 S character) of an aliphatic amine are held less closely to the posi- 
tively charged nucleus than are lone-pair electrons in an sp” hybrid orbital 
4 s character), with the result that sp?-hybridized nitrogen is more basic. 
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1 , I 
H H 

(pyrrolidinium ion (pyridinium ion (pyrrolinium ion 

has pK, = 11.27) has pK, = 5.25) has pK, = 0) 

29.4 Imidazolium ion has pK, = 6.95. Draw an orbital structure of imidazole, and indicate 
which nitrogen is more basic. 

N=\ 
Ley — Imidazole 

<< 

SC ec | 

29.5 Electrophilic Substitution of Pyridine 

The pyridine ring undergoes electrophilic aromatic substitution reactions 
with great difficulty. Halogenation and sulfonation can be carried out under 
drastic conditions, but nitration occurs in very low yield, and Friedel—Crafts 
reactions aren’t successful. Reactions usually give the 3-substituted product. 

Ss Br 

Bre Cy + HBr 
we 

N 

3-Bromopyridine 

(30%) 

SO3H 
ee | SO,;, HgSO, ca | 

a H,SO,, 220°C © 

N N 

3-Pyridinesulfonic 
acid (70%) 

SS NO, 

NaNOs, 370°C | S + H,O 
N 

3-Nitropyridine 

(5%) 
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The low reactivity of pyridine toward electrophilic aromatic substitution 

is due to a combination of factors. Most important is that the electron density 

of the ring is decreased by the electron-withdrawing inductive effect of the 

electronegative nitrogen atom. Thus, pyridine has a dipole moment of 2.26 

D, with the ring acting as the positive end of the dipole. Electrophilic attack 
on the positively polarized ring is therefore difficult. 

p = 2.26D 

A second factor decreasing the reactivity of the pyridine ring toward 
electrophilic attack is that acid—base complexation between the basic ring 
nitrogen atom and the attacking electrophile places a positive charge on 
the ring, further deactivating it. 

29.5 Electrophilic aromatic substitution reactions of pyridine normally occur at C3. Draw 
the carbocation intermediates resulting from electrophilic attack at all possible 
positions, and explain the observed result. 

eC ad 

29.6 Nucleophilic Substitution of Pyridine 

In contrast to their lack of reactivity toward electrophilic substitution, cer- 
tain substituted pyridine rings undergo nucleophilic aromatic substitution 
with relative ease. Both 2- and 4-halo-substituted (but not 3-substituted) 
pyridines react particularly well. 

] OCH,CH; 

| Na :OC2H5 | + 3C]:- 

Z C.H;OH 2 EE 
N N 

4-Chloropyridine 4-Ethoxypyridine 

(75%) 

a NaNH, ms S84 69 | aoc | + :Br: 
a NH; = ee 

N Br N NH», 

2-Bromopyridine 2-Aminopyridine 

(67%) 

These reactions are typical nucleophilic aromatic substitutions, anal- 
ogous to those we saw earlier for halo-substituted benzenes (Section 16.9). 
Although a benzene ring needs to be further activated by the presence of 
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electron-withdrawing substituents for nucleophilic substitution to occur, 
pyridines are already sufficiently activated. Reaction occurs by addition of 
the nucleophile to the C=N bond, followed by loss of halide ion from the 
anion intermediate. 

= zz SS ss es 
| YO +:NH, — CL — Ol + #C1i- 

Zz SON, é : 
NO) °Cl NP Seo N 

pe bl 

This nucleophilic aromatic substitution is in some ways analogous to 
the nucleophilic acyl substitution of acid chlorides (Section 21.5). In both 
cases, the initial addition step is favored by the ability of the electronegative 
atom (nitrogen or oxygen) to stabilize the anion intermediate. The inter- 
mediate then expels chloride ion to yield the substitution product. 

Cea a | NH» yan oe 

N NT ci N NH, Cl 

2-Chloropyridine Stabilized anion 2-Aminopyridine 

WAY Nv 

oe Cl :O ae) Cl O, NH, 

Acid chloride Stabilized anion Amide 
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Draw the anion intermediates expected from nucleophilic attack at C4 of a 4-halo- 
pyridine and at C3 of a 3-halopyridine. How can you account for the fact that substi- 
tution of the 4-halopyridine occurs readily, but the 3-halopyridine does not react? 

CC 

If 3-bromopyridine is heated with NaNHg under forcing conditions, a mixture of 
3- and 4-aminopyridine is obtained. Explain. [Hint: See Section 16.10.] 

see eee ese eee e see essere sere esses ese eee ee eeeeseeeeeeseenese 

29.7 Fused-Ring Heterocycles 

Quinoline, isoquinoline, and indole are fused-ring heterocycles that con- 
tain both a benzene ring and a heterocyclic aromatic ring. All three ring 
systems occur commonly in natural products, and many members of the 

- class have pronounced biological activity. Thus, the quinoline alkaloid qui- 
nine is widely used as an antimalarial drug, and the indole alkaloid N,N- 

dimethyltryptamine is a powerful hallucinogen. 
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5 4 5 4 4 

He ecg Ponce oe aan eotwalt 7 Na 7 ZNO 6 aa 

8 1 8 1 7 1 | 

H 

Quinoline Isoquinoline Indole 

H,.C=CH H 

HO Os 

H” | CH 3 CH;0 Ss N 

N~ H 

Quinine, an antimalarial drug N,N-Dimethyltryptamine, a hallucinogen 

(a quinoline alkaloid) (an indole alkaloid) 

The chemistry of these three classes of fused-ring heterocycles is just 
what we might expect from our knowledge of the simpler heterocycles, pyr- 
idine and pyrrole. All three undergo electrophilic aromatic substitution reac- 
tions. Quinoline and isoquinoline both undergo electrophilic substitution 
more easily than pyridine but less easily than benzene, consistent with the 
previous observation that pyridine rings are deactivated compared to ben- 
zene. Note that reaction occurs on the benzene ring rather than on the 
pyridine ring and that a mixture of C5 and C8 substitution products are 
obtained. 

Br 

ue S = 
we H,SO, hem yp aie 

N N N 

Br 

5-Bromoquinoline 8-Bromoquinoline 

A 51:49 ratio 

— _. HNO, 
pedis’ H,SO,, “"HH,S0,, 0° + H,O 

Isoquinoline NO, 

5-Nitroisoquinoline 8-Nitroisoquinoline 

A 90:10 ratio 
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Indole undergoes electrophilic substitution more easily than benzene 
but less easily than pyrrole. Again, this is consistent with the observation 
that pyrrole rings are more strongly activated than benzene rings. Substi- 
tution occurs at C3 of the electron-rich pyrrole ring, rather than on the 
benzene ring, but reaction conditions must be chosen carefully to avoid 
destructive side reactions. 

Br 
Br» 

N N 

| i i 
Indole 3-Bromoindole 

29.9 Indole reacts with electrophiles at C3 rather than at C2. Draw resonance forms 
of the intermediate cations resulting from attack at C2 and C3, and explain the 
observed results. 
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29.8 Pyrimidine and Purine 

The most important heterocyclic ring systems from a biological viewpoint 
are pyrimidine and purine. Pyrimidine contains two nitrogens in a six- 
membered aromatic ring, while purine has four nitrogens in a fused-ring 
structure: 

6 6 
5 (~ N1 (GV ee SS 

3 9 | 3 

Pyrimidine H 

Purine 

Both heterocycles are essential components of the last major class of 
biomolecules we’ll consider: the nucleic acids. 

29.9 Nucleic Acids and Nucleotides 

- The nucleic acids, deoxyribonucleic acid (DNA) and ribonucleic acid 
(RNA), are the chemical carriers of a cell’s genetic information. Coded in 
a cell’s DNA is all the information that determines the nature of the cell, 
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controls cell growth and division, and directs biosynthesis of the enzymes 

and other proteins required for all cellular functions. 
Just as proteins are polymers made of amino acid units, nucleic acids 

are polymers made of individual building blocks called nucleotides that 
are linked together to form a long chain. Each nucleotide can be cleaved by 
enzyme-catalyzed hydrolysis to give a nucleoside plus phosphoric acid, 
H3PO,4, and each nucleoside can be hydrolyzed to yield a simple pentose 
sugar plus a heterocyclic purine or pyrimidine base. 

HPO, 

Nucleotides Nucleosides 

The sugar component in RNA is ribose, and the sugar in DNA is 2’- 
deoxyribose. The prefix 2’-deoxy indicates that oxygen is missing from the 
2’ position of ribose; numbers with a prime superscript refer to positions on 
the sugar component of a nucleotide, and numbers without a prime refer to 
positions on the heterocyclic amine base. 

5 a 

HOCH mer OHI SHOCH, eA OH 

4 1 4 

3 2 

OH =O OH 

Ribose 2-Deoxyribose i 

There are four different heterocyclic amine bases in deoxyribonucleo- 
tides. Two are substituted purines (adenine and guanine), and two are 
substituted pyrimidines (cytosine and thymine). Adenine, guanine, and 

NH, O 

oe ory Ge 

, 2 N ere. Purines 

H H 

Adenine Guanine 

NH» O O 

Ct Connting as Pyrimidines yo so reek 
H H ti 

Cytosine Uracil (RNA) Thymine (DNA) 
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cytosine also occur in RNA, but thymine is replaced in RNA by a different 
pyrimidine base called uracil. 

In both DNA and RNA, the heterocyclic amine base is bonded to C1’ 
of the sugar, and the phosphoric acid is bound by a phosphate ester linkage 
to the C5’ sugar position. Thus, nucleosides and nucleotides have the general 
structure shown in Figure 29.4. 

Amine base A Phosphate O 

a . = N 
HOCH, HOPOCH, 9 

Amine base 
O- 

e OH Y eo OH Y 

Sugar Sugar 

(a) Anucleoside (b) A nucleotide 

aE SSS eae ee ee 

Figure 29.4 (a) A nucleoside, and (b) a nucleotide. W/hen Y = H, 

the sugar is deoxyribose. When Y = OH, the sugar is ribose. 

The complete names of the bases, nucleotides, and corresponding nucleo- 
sides are given in Table 29.2, and the complete structures of all four deoxy- 
ribonucleotides and all four ribonucleotides are shown in Figure 29.5. 

TABLE 29.2 Names of Bases, Nucleosides, and Nucleotides 

Heterocyclic base Source Nucleoside Nucleotide 

Adenine RNA Adenosine Adenosine 5'-phosphate 
DNA 2'-Deoxyadenosine 2’-Deoxyadenosine 5'-phosphate 

Guanine RNA Guanosine Guanosine 5’-phosphate 
DNA 2'-Deoxyguanosine 2'-Deoxyguanosine 5’-phosphate 

Cytosine RNA Cytidine Cytidine 5'-phosphate 
DNA 2'-Deoxycytidine 2'-Deoxycytidine 5'-phosphate 

Uracil RNA Uridine Uridine 5'-phosphate 

Thymine DNA 2'-Deoxythymidine 2'-Deoxythymidine 5’-phosphate 

Though chemically similar, DNA and RNA are different in size and 
have different roles within the cell. Molecules of DNA are enormous, with 
molecular weights of up to 150 billion and lengths up to 12 cm, and are 
found mostly in the nucleus of the cell. Molecules of RNA, by contrast, are 

- much smaller (as low as 35,000 mol wt) and are found mostly outside the 
cell nucleus. We’ll consider the two kinds of nucleic acids separately, begin- 
ning with DNA. 
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Figure 29.5 Structures of the four deoxyribonucleotides and the 
four ribonucleotides. 
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29.10 2'-Deoxythymidine exists largely in the lactam form rather than in the tautomeric 
lactim form. Explain. 

O OH 

C H 3 tC N~ H3C : = 

— 

AMV AV 
Lactam form Lactim form 
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29.10 Structure of DNA 

Nucleotides join together in DNA by forming a phosphate ester bond between 
the 5'-phosphate component of one nucleotide and the 3’ hydroxyl on the 
sugar component of another nucleotide (Figure 29.6). One end of the nucleic 
acid polymer has a free hydroxyl at C3’ (called the 3’ end), and the other 
end has a phosphoric acid residue at C5’ (the 5’ end). 

AW 
varie 

it OCH, 0 

5’ position 

3 position—— 

1 
O ] O= 

OCH, O 

O 
AV 

Figure 29.6 Generalized structure of DNA. 

Just as the structure of a protein depends on the sequence in which 

individual amino acid residues are connected, the structure of a nucleic acid 

_ depends on the sequence of individual nucleotides. To carry the analogy 

further, just as a protein has a polyamide backbone with different side chains 

attached to it, a nucleic acid has an alternating sugar—phesphate-bae 

with different amine bases attached. STAFFORDSHIE f 

Uh WIVER 2SITY 

a armas 2 PEAPs 
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Amide bonds 
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Phosphate ester bonds 

The sequence of nucleotides in a chain is described by starting at the 

5’ end and identifying the bases in order of occurrence. Rather than write 

the full name of each nucleotide, though, it’s more convenient to use simple 

abbreviations—A for adenosine, T for thymine, G for guanosine, and C for 

cytidine. Thus, a typical DNA sequence might be written as -T-A-G-G-C-T-. 
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29.11 Draw the full structure of the DNA dinucleotide A-G. 
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29.12 Draw the full structure of the RNA dinucleotide U-A. 
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29.11 Base Pairing in DNA: The 
Watson—Crick Model 

Samples of DNA isolated from different tissues of the same species have the 
same proportions of heterocyclic bases, but samples from different species 
can have greatly differing proportions of bases. For example, human DNA 

contains about 30% each of adenine and thymine and about 20% each of 
guanine and cytosine. The bacterium Clostridium perfringens, however, con- 
tains about 37% each of adenine and thymine and only 13% each of guanine 
and cytosine. Note that in both of these examples the bases occur in pairs. 
Adenine and thymine are usually present in equal amounts, as are cytosine 
and guanine. Why should this be? 
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In 1953, James Watson! and Francis Crick? made their now classic 
proposal for the secondary structure of DNA. According to the Watson—Crick 
model, DNA consists of two polynucleotide strands coiled around each other 
in a double helix. The two strands run in opposite directions and are held 
together by hydrogen bonds between specific pairs of bases. Adenine (A) and 
thymine (T) form strong hydrogen bonds to each other but not to C or G. 
Similarly, guanine (G) and cytosine (C) form strong hydrogen bonds to each 
other but not to A or T. 

Sugar 

N=/ N 
Pe ny Sugar 

(Adenine) A::::::T (Thymine) 

The two strands of the DNA double helix aren’t identical; rather, they’re 
complementary. Whenever a C base occurs in one strand, a G base occurs 

opposite it in the other strand. When an A base occurs in one strand, a T 
appears opposite it in the other strand. This complementary pairing of bases 
explains why A and T, and C and G, are always found in equal amounts. 
Figure 29.7 illustrates this base pairing, showing how the two complemen- 
tary strands are coiled into the double helix. X-ray measurements show that 
the DNA double helix is 20 A wide, that there are exactly 10 base pairs in 
each full turn, and that each turn is 34 A in height. 

A helpful mnemonic device to remember the nature of the hydrogen 
bonding between the four DNA bases is the simple phrase “Pure silver taxi.” 

Pure Silver Taxi 
Pur Ag TC 

The purine bases, A and G, hydrogen-bond to T and C. 

1James Dewey Watson (1928— ); b. Chicago, Ill.; Ph.D. Indiana; professor, Harvard Uni- 
~ versity; Nobel Prize in medicine (1960). 

2Francis H. C. Crick (1916— ); b. England; Ph.D. Cambridge; professor, Cambridge Uni- 
versity; Nobel Prize in medicine (1960). 
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Figure 29.7 Complementarity in base pairing in the DNA double 

helix as shown by this computer-generated structure. The sugar— 

phosphate backbone runs along the outside of the helix, while the 

amine bases hydrogen-bond to one another on the inside. ( 

Notice in Figure 29.7 that the two strands of the double helix coil such 
that two kinds of “grooves” result, a major groove that’s 12 A wide and a 
minor groove that’s 6 A wide. The major groove is slightly deeper than 
the minor groove, and both are lined by potential hydrogen-bond donors and 
acceptors. Thus, a variety of molecules are able to intercalate, or fit into one 
of the grooves between the strands. A large number of cancer-causing and 
cancer-preventing agents are thought to function by interacting with DNA 
in this way. 

29.13 What sequence of bases on one strand of DNA is complementary to the following 
sequence on another strand? 

G-G-C-T-A-A-T-C-C-G-T 

COHORT HH EEE HEHE THRE TE HHH HEHEHE HEHEHE REET HEHEHE EEE EEE EOD 
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29.12 Nucleic Acids and Heredity 

A DNA molecule is the chemical repository of an organism’s genetic infor- 
mation, which is stored as a sequence of deoxyribonucleotides strung 
together in the DNA chain. For this information to be preserved and passed 
on to future generations, a mechanism must exist for copying DNA. For the 
information to be used, a mechanism must exist for decoding the DNA 
message and for implementing the instructions it contains. 

What Crick has termed the central dogma of molecular genetics says 
that the function of DNA is to store information and pass it on to RNA at 
the proper time. The function of RNA, in turn, is to read, decode, and use 
the information received from DNA to make proteins. Each of the thousands 
of individual genes on a chromosome contains the instructions necessary to 
make a specific protein needed for a specific biological purpose. By decoding 
the right genes at the right time in the right place, an organism can use 
genetic information to synthesize the many thousands of proteins necessary 
for carrying out the biochemical reactions required for smooth functioning. 

Transcription Translation 
ooo? Replication DNA RNA ———— Proteins 

Three fundamental processes take place in the transfer of genetic 
information: 

1. Replication is the process by which identical copies of DNA are 
made so that information can be preserved and handed down to 
offspring. 

2. Transcription is the process by which the genetic messages con- 
tained in DNA are read and carried out of the nucleus to parts of 
the cell called ribosomes where protein synthesis occurs. 

3. Translation is the process by which the genetic messages are 
decoded and used to build proteins. 

29.13 Replication of DNA 
ee eS eS Se 

The Watson—Crick model of DNA does more than just explain base pairing; 

it also provides a remarkably ingenious way for DNA molecules to reproduce 

exact copies of themselves. Replication of DNA is an enzyme-catalyzed 

process that begins by a partial unwinding of the double helix. As the strands 

separate and bases are exposed, new nucleotides line up on each strand in 

an exactly complementary manner, A to T and C to G, and two new strands 

begin to grow. Each new strand is complementary to its old template strand, 

and two new identical DNA double helices are produced (Figure 29.8). 

Crick described the process best when he used the analogy of the two 

DNA strands fitting together like a hand in a glove. The hand and glove 
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Figure 29.8 Schematic representation of DNA replication. 

3 New 

Old 

separate; a new hand forms inside the glove; and a new glove forms around 
the hand. Two identical copies now exist where only one existed before. 

The process by which the individual nucleotides are joined to create 
new DNA strands involves many steps and many different enzymes. Addi- 
tion of new nucleotide units to the growing chain is catalyzed bythe enzyme 
DNA polymerase and has been shown to occur by addition of a 5'-mono- 
nucleotide triphosphate to the free 3’-hydroxyl group of the growing chain, 
as indicated in Figure 29.9. 

Both of the new DNA strands are synthesized in the same 5’-to-3’ 
direction, which implies that the two strands can’t be synthesized in exactly 
the same way. Since the two complementary DNA strands are lined up in 
opposite directions, one strand must have its 3’ end near the point of unrav- 
eling (the replication fork) while the other strand has its 5’ end near the 
replication fork. What evidently happens is that the complement of the 
original 3’ — 5’ strand is synthesized smoothly and in a single piece, but 
the complement of the original 5' — 3’ strand is synthesized discontinuously 
in small pieces that are then linked at a later point by DNA ligase enzymes 
(Figure 29.10). 

It’s difficult to conceive of the magnitude of the replication process. The 
nucleus of a human cell contains 46 chromosomes (28 pairs), each of which 
consists of one very large DNA molecule. Each chromosome, in turn, is made 

up of several thousand DNA segments called genes, and the sum of all genes 
in a human cell (the genome) is estimated to be approximately 3 billion base 
pairs. A single DNA chain might have a length of over 12 cm and contain 
up to 250 million pairs of bases. Regardless of the size of these enormous 
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Figure 29.9 Addition of a new nucleotide to a growing DNA 

strand. 
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Figure 29.10 Replication of DNA. Both new DNA strands are 

synthesized in a 5’ — 3’ direction. The original strand whose 3’ 
end is near the point of unraveling is replicated smoothly, but the 

original strand whose 5’ end is near the unraveling point is 

replicated in small pieces that are later joined. The arrowheads are 

at the growing ends of the chains. 

molecules, their base sequence is faithfully copied during replication. The 
copying process takes only minutes, and it’s been estimated that an error 
occurs only about once each 10 billion to 100 billion bases. 

29.14 Structure and Synthesis of RNA: 
Transcription 

RNA is structurally similar to DNA. Both are sugar—phosphate polymers 
and both have heterocyclic bases attached. The only differences are that 
RNA contains ribose rather than deoxyribose and uracil rather than thy- 
mine. Uracil in RNA forms strong hydrogen bonds to its complementary 
base, adenine, just as thymine does in DNA. 

O O 

H H3C 

pool 
3 O rt O 

H H 

Uracil (in RNA) Thymine (in DNA) 

There are three major kinds of ribonucleic acid, each of which serves a 
specific function. All three kinds of RNA are structurally similar to DNA, 
but they’re much smaller molecules than DNA and they. remain single 
stranded, rather than double stranded like DNA. 
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Messenger RNA (mRNA) carries genetic messages from DNA to ribo- 
somes, small granular particles in the cytoplasm of a cell where protein 
synthesis takes place. 

Ribosomal RNA (rRNA) complexed with protein provides the physical 
makeup of the ribosomes. 

Transfer RNA (tRNA) transports specific amino acids to the ribosomes 
where they’re joined together to make proteins. 

Molecules of RNA are synthesized in the nucleus of the cell by tran- 
scription of DNA. A portion of the DNA double helix unwinds, and the 
bases of the two strands are exposed. Ribonucleotides line up in the proper 
order by hydrogen-bonding to their complementary bases on DNA, bond 
formation occurs in the 5' — 3’ direction, and the completed RNA molecule 
then unwinds from DNA and migrates from the nucleus (Figure 29.11). 

DNA informational 

nr eens ees arb © A C— GC Gh ‘| strand 

SCS (CN 

Ct Ge 

DNA template 

strand 

SER | 

A—G—T—C—G—A—C—C—G—A—C—T—T—G—C—G—C—A—A 

Gt OG A ee ee 
mRNA 

EE ee eee) 

Figure 29.11 Biosynthesis of RNA using a DNA segment as 

template. 

The conversion of the information contained in a DNA segment into 

proteins begins with the synthesis of mRNA molecules that contain any- 

where from several hundred to several thousand ribonucleotides, depending 

_on the size of the protein to be made. Each of the 100,000 or so proteins in 

the human body is synthesized from a different mRNA that has been tran- 

scribed from a specific gene on DNA. 
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Unlike what happens in DNA replication, where both strands are cop- 
ied, only one of the two DNA strands is transcribed into mRNA. The strand 
that contains the gene is called the informational strand, and its comple- 
ment is called the template strand. Only the template strand is transcribed. 
Since the template strand and the informational strand are complementary, 
and since the template strand and the mRNA molecule are also comple- 
mentary, it follows that the messenger RNA molecule produced during tran- 
scription is a copy of the informational strand. The only difference is that 
the mRNA molecule has a uracil everywhere the DNA informational strand 
has a thymine. 

Transcription of DNA by the process just discussed raises as many 
questions as it answers. How does the DNA know where to unwind? Where 
along the chain does one gene stop and the next one start? How do the 
ribonucleotides know the right place along the template strand to begin 
lining up and the right place to stop? Though these questions are extremely 
difficult to answer, the picture that has emerged in the last decade is that 
a DNA chain contains certain base sequences called promoter sites that 
bind the RNA polymerase enzyme that actually carries out RNA synthesis, 
thus signaling the beginning of a gene. Similarly there are other base 
sequences at the end of the gene that signal a stop. 

Another part of the picture that has recently emerged is that genes are 
not necessarily continuous segments of the DNA chain. Often a gene will 
begin in one small section of DNA called an exon, then be interrupted by 
a seemingly nonsensical section called an intron, and then take up again 
further down the chain in another exon. The final mRNA molecule results 
only after the nonsense sections are cut out and the remaining pieces are 
spliced together. Current evidence is that up to 90% of human DNA is 
made up of introns and only about 10% of DNA actually contains genetic 
instructions. 

‘ 

Smee e meee meee eee eee meee eer ee eee e se eee eeeeEeeeeeeeeseeees 

What RNA base sequence is complementary to the following DNA base sequence? 

G-A-T-T-A-C-C-G-T-A 

COOH meme eee toes es sees e ee eeeeesereseeeeseeeeeeenesesese 

RNA and Protein Biosynthesis: 
Translation 

Sa Se 

The primary cellular function of RNA is to direct biosynthesis of the 
thousands of diverse peptides and proteins required by an organism. These 
proteins in turn regulate all other biological processes. The mechanics of 
protein biosynthesis are directed by messenger RNA (mRNA) and take place 
on ribosomes, small granular particles in the cytoplasm of a cell that consist 
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of about 60% ribosomal RNA and 40% protein. On the ribosome, mRNA 
serves as a template to pass on the genetic information it has transcribed 
from DNA. 

The specific ribonucleotide sequence in mRNA forms a “code” that deter- 
mines the order in which different amino acid residues are to be joined. 
Each “word” or codon along the mRNA chain consists of a series of three 
ribonucleotides that is specific for a given amino acid. For example, the 
series cytosine—uracil—guanine (C-U-G) on mRNA is a codon directing incor- 
poration of the amino acid leucine into the growing protein, and guanine— 
adenine—uracil (G-A-U) codes for aspartic acid. Of the 43 = 64 possible triads 
of the four bases in RNA, 61 code for specific amino acids (certain amino 
acids are specified by more than one codon). In addition, 3 of the 64 codons 
specify chain termination. Table 29.3 shows the meaning of each codon. 

TABLE 29.3 Codon Assignments of Base Triads 

Third base (3' end) First base Second ENOL 

(5' end) base U g A G 

U Ww Phe Phe Leu Leu 

C Ser Ser Ser Ser 

A Tyr Tyr Stop Stop 

G Cys Cys Stop Trp 

C U Leu Leu Leu Leu 

Cc Pro Pro Pro Pro 

A His His Gln Gln 
G Arg Arg Arg Arg 

A U Tle Tle Tle Met 
C Thr Thr Thr Thr 

A Asn Asn Lys Lys 

G Ser Ser Arg Arg 

G Ui Val Val Val Val 
G Ala Ala Ala Ala 

A Asp Asp Glu Glu 
G Gly Gly Gly Gly 

The code expressed in mRNA is read by transfer RNA (tRNA) in a 

process called translation. There are at least 60 different transfer RNA’s, 

one for each of the codons in Table 29.3. Each specific tRNA acts as a carrier 

to bring a specific amino acid into place so that it can be transferred to the 

growing protein chain. 
A typical tRNA is roughly the shape of a cloverleaf, as shown in Figure 

29.12. It consists of about 70-100 ribonucleotides and is bonded to a specific 

amino acid by an ester linkage through the free 3’-hydroxyl on ribose at 

the 3’ end of the tRNA. Each tRNA also contains in its structure a segment 

called an anticodon, a sequence of three ribonucleotides complementary to 

‘the codon sequence. For example, the codon sequence C-U-G present on 

mRNA is read by a leucine-bearing tRNA having the complementary anti- 

codon base sequence G-A-C. 
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Figure 29.12 Structure of a tRNA molecule. The tRNA is a 

roughly cloverleaf-shaped molecule containing an anticodon triplet 

on one “leaf” and a covalently attached amino acid unit at its 3’ 

end. The example shown is a yeast tRNA that codes for phenyl- 

alanine. The nucleotides not specifically identified are chemically 

modified analogs of the four normal nucleotides. 

As each successive codon on mRNA is read, different tRNA’s bring the 
correct amino acids into position for enzyme-mediated transfer to the grow- 
ing peptide. When synthesis of the proper protein is completed, a “stop” 
codon signals the end, and the protein is released from the ribosome. The 
entire process of protein biosynthesis is illustrated schematically in Figure 
29.13. 
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Codon sequences 
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Figure 29.13 A schematic representation of protein biosynthesis. 

The mRNA containing codon base sequences is read by tRNA 

containing complementary anticodon base sequences. Transfer RNA 

assembles the proper amino acids into position for incorporation 

into the growing peptide. 
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29.16 

PROBLEM.... 

29.17 

PROBLEM.... 

29.18 

PROBLEM.... 

29.19 

eee eee ese Hime sececcecceeen tase aeererevresreesesneseeorereress 

List codon sequences for these amino acids: 
(a) Ala (b) Phe (c) Leu (d) Tyr 
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List anticodon sequences on the tRNA’s carrying the amino acids shown in Problem 

29.16. 

Bg ae dale wie @ a ps 1a18) 6)'e16 e661 6) 0 © 6 o's 6 6d ed Sine 6 0 016 61010 0.80 O06 wwe OO Cee 

What amino acid sequence is coded for by the following mRNA base sequence? 

CUU-AUG-GCU-UGG-CCC-UAA 

pierce nleialals) eliale) S76) 87s) 6) 61616 whee 0) 616.8 ee 7e/ 08) vee 6's ss 6 a0) 0 Sree) aia sie 68 6 0 

What anticodon sequences of tRNA’s are coded for by the mRNA in Problem 29.18? 
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CC ee eee reese sererereesesesesseseeeseses ee eoreseseseseresereee 

29.20 What is the base sequence in the original DNA strand on which the mRNA sequence 

eee ne nwne 

in Problem 29.18 was made? 

Ce 

29.16 Sequencing of DNA 

When we work out the structure of DNA molecules, we examine the fun- 
damental level that underlies all processes in living cells. DNA is the 
information store that ultimately dictates the structure of every gene prod- 
uct, delineates every part of the organism. The order of the bases along 
DNA contains the complete set of instructions that make up the genetic 
inheritance. (Walter Gilbert, Nobel Prize Lecture, 1980) 

One of the greatest scientific revolutions in history is now under way 
in molecular biology as scientists are learning how to manipulate and har- 
ness the genetic machinery of organisms. None of the extraordinary 
advances of the past decade would have been possible, however, were it not 
for the discovery in 1977 of a method for sequencing immense DNA chains 
to find the messages therein. Much DNA sequencing is now carried out by 
a remarkably efficient and powerful method developed by Allan Maxam and 
Walter Gilbert.? There are five steps: 

Step 1 Since molecules of DNA are so enormous—some molecules of 
human DNA contain up to 250 million base pairs—the first problem in DNA 
sequencing is to find a method for cleaving the DNA chain at specific points 
to produce smaller, more manageable pieces. This problem has jbeen solved 
by the use of enzymes called restriction endonucleases. Each different 
restriction enzyme, of which more than 200 are available, cleaves a DNA 

molecule between two nucleotides at well-defined points along the chain 
where specific base sequences occur. Since the required sequence is usually 
four or more nucleotides long, it is unlikely to occur very often in the overall 
DNA sequence. 

By cleavage of a large DNA molecule with a given restriction enzyme, 
many different and well-defined segments of manageable length (100—200 
nucleotides) are produced. For example, the restriction enzyme Alu I cleaves 
the linkage between G and C in the four-base sequence AG-CT, and the 
enzyme Hpa II cleaves the C-C linkage in the four-base sequence C-CGG 
(Figure 29.14). If the original DNA molecule is cut with another restriction 

enzyme having a different specificity for cleavage, still other segments are 
produced whose sequences partially overlap those produced by the first 
enzyme. Sequencing of all the segments, followed by identification of the 
overlapping sequences, then allows complete DNA sequencing in a manner 
similar to that used for protein sequencing (Section 27.9). 

3Walter Gilbert (1932— _); b. Boston; Ph.D. Cambridge University (1957); professor, Harvard 
University (1958— ); Nobel Prize (1980). 
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Alu I cuts here “a! — Hpa II cuts here 

V 
(5') A-G-A-A-G--C-T-C-G-C-T-C--C-G-G-T-A-C- -- -- 
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Figure 29.14 Cleavage of a DNA molecule with restriction 

enzymes. The enzyme Alu | cleaves at the sequence AG-CT; the 

enzyme Hpa II cleaves at C-CGG. After cleavage of the double- 

stranded DNA, the fragments are isolated and each is labeled at its 

5’ end by enzyme-catalyzed formation of a radioactively labeled 

32P-containing phosphate ester. The strands are then separated. 

Step 2. After restriction enzymes have cleaved DNA into smaller, more 
manageable pieces called restriction fragments, the various double-stranded 
fragments are isolated, and each is radioactively tagged by enzymatically 
incorporating a labeled 32P phosphate group onto the 5’-hydroxyl group of 
the terminal nucleotide. The fragments are then separated into two strands 
by heating, and the strands are isolated. Imagine, for example, that we now 
have a single-stranded DNA fragment with the following partial structure: 

(5' end) 82P.G-A-T-C-A-G-C-G-A-T- - - - (3’ end) 

Step 3. The labeled DNA strand is subjected to four parallel sets of chem- 
ical reactions under conditions that cause: 

a. splitting of the DNA chain next to A 

b. splitting of the DNA chain next to G 

c. splitting of the DNA chain next to C 

d. splitting of the DNA chain next to both T and C 
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Mild reaction conditions are chosen so that only a few of the many possible 
splittings occur in each reaction. In our example, the pieces shown in Table 

29.4 would be produced. 

TABLE 29.4 Splitting of a DNA Fragment Under Four Sets of Conditions 
en SSE 

Cleavage conditions Labeled DNA pieces produced 

Original DNA fragment 82Pp-G-A-T-C-A-G-C-G-A-T- 

next to A 62P Gr 
82P-G-A-T-C 
32P.G-A-T-C-A-G-C-G + larger pieces 

next to G 82P-G-A-T-C-A 
32P.G-A-T-C-A-G-C + larger pieces 

next to C 82P-G-A-T 
32P.G-A-T-C-A-G + _ larger pieces 

next toC + T 82P-G-A 
82P-G-A-T 
82P-G-A-T-C-A-G 
82P-G-A-T-C-A-G-C-G-A + larger pieces 

Cleavages next to A and G are accomplished by treatment of a restric- 
tion fragment with dimethyl sulfate [(CH30).SO.]. Deoxyadenosine (A) is 
methylated at N3 (Sy2 reaction), and deoxyguanosine (G) is methylated at 
N7, but T and C aren’t affected. 

O aa O 
7 ae. JH +N eu 

: : ¢ | vi CH;,0S0,0CH3 1 ¢ | = 
2 

2 Orso OGM Gaeis Ni NH, RO AGE pa KNIN oo NE 
6- O- 

H H H H 

O O 
ihe AV 
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NH, NH, 
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Treatment of the methylated DNA with an aqueous solution of the 
secondary amine piperidine then brings about destruction of the methylated 
nucleotides and opening of the DNA chain at both the 3’ and 5’ positions 
next to the methylated bases. The mechanism of the cleavage process is 
complex and involves a number of different steps, as shown in Figure 29.15 
for deoxyguanosine breakage: 

1. Hydrolysis occurs, opening the five-membered heterocycle. 

2. Cleavage of the aminoglycoside sugar linkage then yields an open- 
chain 2-deoxyribose. 

3. Formation of an enamine between piperidine and the 2-deoxyribose 
aldehyde group occurs. 

4. Two eliminations of the 2-deoxyribose oxygen substituents at C3 
and C5 take place. It’s these two elimination reactions that break 
open the DNA chain. 

By working carefully, Maxam and Gilbert were able to find reaction 
conditions that are selective for cleavage either at A or at G. Thus, G meth- 
ylates five times as rapidly as A but the hydrolytic breakdown of methylated 
A occurs more rapidly than the corresponding breakdown of methylated G 
if the product is first heated with dilute formic acid prior to base treatment. 

Breaking the DNA chain next to both pyrimidine nucleotides C and T 
is accomplished by treatment of DNA with hydrazine, followed by heating 
with aqueous piperidine. Although no conditions have been found that are 
selective for cleavage next to T, a selective cleavage next to C can be accom- 
plished by carrying out the hydrazine reaction in 5 M NaCl. The mechanism 
of deoxythymidine cleavage by hydrazine is shown in Figure 29.16. 

Once again, the breakdown reaction involves numerous steps: (1) 
Hydrazine first undergoes a conjugate addition to thymine, followed by (2) 
an intramolecular nucleophilic acyl substitution reaction that opens the 
heterocyclic thymine ring; (3) breakage of the aminoglycoside linkage 
occurs, and (4) hydrolysis yields open-chain deoxyribose, which (5) forms an 
enamine by reaction with piperidine; (6) two elimination reactions then 
break open the DNA chain. 

Step 4 Product mixtures from the four cleavage reactions are separated 
by electrophoresis (Section 27.3). When the mixture of DNA pieces is placed 
at one end of a strip of buffered gelatinous polyacrylamide and a voltage 
difference is applied across the ends of the strip, electrically charged pieces 
move along the gel. Each piece moves at a rate that depends both on its 
size and on the number of negatively charged phosphate groups (the number 
of nucleotides) it contains. Smaller pieces move rapidly, and larger pieces 
move more slowly. The technique is so sensitive that up to 600 DNA pieces, 
differing in size by only one nucleotide, can be separated. 

Once separated, the locations of each DNA fragment are detected by 
exposing the gel to a photographic plate. Each radioactive end piece con- 
taining a ?2P label appears as a dark band on the photographic plate, but 
nonradioactive pieces from the middle of the chain aren’t visualized. The 
gel electrophoresis pattern shown in Figure 29.17 would be obtained in our 

hypothetical example. 
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Figure 29.15 Mechanism of DNA cleavage at deoxyguanosine (G). 

Step 5 The DNA sequence is then read directly from the gel. The band 
that appears farthest from the origin is the terminal mononucleotide (the 
smallest piece) and can’t be identified. Since the terminal mononucleotide 
appears in the A column, though, it must have been produced by splitting 
next to an A. Thus, the second nucleotide in the sequence is an A. 
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Figure 29.16 Mechanism of DNA cleavage at deoxythymidine (T) 

by reaction with hydrazine. 
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Figure 29.17 Representation of a gel electrophoresis pattern. The 

products of the four cleavage experiments are placed at the top of 

the gel, and a voltage is applied between top and bottom. Smaller { 

products migrate along the gel at a faster rate and thus appear at 

the bottom. The DNA sequence can be read from the positions of 

the radioactive spots. 

The second farthest band from the origin is a dinucleotide that appears 
only in the T + C column and is produced by splitting next to the third 
nucleotide, which must therefore be a T or a C. Since this piece doesn’t 
appear in the C column, though, the third nucleotide isn’t a C and must 
therefore be a T. The third farthest band appears in both C and T + C 
columns, meaning that the fourth nucleotide is a C. 

Continuing in this manner, the entire sequence of the DNA can be read 
from the gel simply by noting in what columns the successively larger 
labeled polynucleotide pieces appear. Once read, the entire sequence can be 
checked by determining the sequence of the complementary strand. The 
identity of the 5'-terminal nucleotide can be determined by sequencing an 
overlapping segment produced by cleavage with another restriction enzyme. 

The Maxam-—Gilbert method of DNA sequencing is so efficient that a 
single worker can sequence up to 2000 base pairs per day. DNA strands of 
up to 170,000 base pairs have already been sequenced, and work is now 
under way to sequence the entire human genome with 3,000,000,000 base 
pairs. At least 10 years and several billion dollars will be needed. 
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Show the labeled cleavage products you would expect to obtain if the following DNA 
segment were subjected to each of the four cleavage reactions: 

82P_A-A-C-A-T-G-G-C-G-C-T-T-A-T-G-A-C-G-A 

Bie] 6 « Awl So) sw Ora) Rae ie BiG Spel ose Giese Cee) 6 bie 6) 6 e Bein Be Bian re ole eels fe 

Sketch what you would expect the gel electrophoresis pattern to look like if the DNA 
segment in Problem 29.21 were sequenced. 

ec ee eC ay 

Finish assigning the sequence to the gel electrophoresis pattern shown in Figure 
29:17: 

eC Ce Cc 

29.17 Laboratory Synthesis of DNA 

The development of genetic engineering techniques in the last two decades 
brought with it an increased demand for efficient chemical methods for the 
synthesis of short DNA segments. Ideally, whole genes might be synthesized 
in the laboratory and inserted into the DNA of microorganisms, thereby 
directing the microorganisms to produce the specific protein coded for by 
that gene—perhaps insulin or some other valuable material. 

The problems of DNA synthesis are similar to those of protein synthesis 
(Section 27.11) but are considerably more difficult because of the structural 
complexity of the deoxyribonucleotide monomers. Each nucleotide has sev- 
eral reactive sites that must be selectively protected and deprotected at the 
proper times, and coupling of the four nucleotides must be carried out in 
the proper sequence. Despite these difficulties, some extremely impressive 
early achievements were recorded, most notably the synthesis by Khorana* 
in 1979 of the tyrosine suppressor tRNA gene from the bacterium Escher- 
ichia coli. Some 207 base pairs were assembled in an effort that required 
10 years of work. 

More recently, automated “gene machines” have become available, 
which allow the fast and reliable synthesis of DNA sequences 100—200 
nucleotides long. These DNA synthesizers operate on a principle similar to 
that of the Merrifield solid-phase peptide synthesizer (Section 27.12). In 
essence, a protected nucleotide is covalently bound to a solid support, and 
one nucleotide at a time is added to the chain. When the last nucleotide has 
been added, the protecting groups are removed, and the synthetic DNA is 

cleaved from the solid support. 

4Har Gobind Khorana (1922— );b. Raipur, India; Ph.D. University of Liverpool; professor, 
Massachusetts Institute of Technology; Nobel Prize in medicine (1968). 
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Step 1 in DNA synthesis involves attachment of a protected deoxynu- 
cleoside to a silica (SiOz) support by an ester linkage to the deoxynucleoside’s 
3’ position. Both the 5’ hydroxyl and free amino groups on the heterocyclic 
bases must be protected to accomplish this attachment. Adenine and cytosine 
bases are protected by benzoyl groups, guanine is protected by an isobutyryl 
group, and thymine requires no protection. The deoxyribose 5’ hydroxy] is 
protected as its DMT ether, where DMT = p-dimethoxytrityl. Other pro- 
tecting groups can also be used, but those mentioned here are common 
choices. 

Step 1 

DMT—OCH, 4 

re ye ~< \- NO, —> 

+ 

e 0 OGCH,CH,ONH CH,),Si Silica) 

e O O 

DMT—OCH, 4 

Si(CH,)3NH, 

AV 
here DMT = cHo-{ OCH, 

| 

Eh Ae : { 
N H 

: re) é Ty 2 0 

SS 

N77 Sy wv | sil 
A H 

N-protected adenine N-protected guanine 
Base =4 

1 
Ho LC O 

N H,C LH 
: bie 4 N 

ous ye Nie AV 
Al 

N-protected cytosine Thymine 

Step 2 involves deprotection of the 5’-deoxyribose hydroxyl by treat- 
ment with dichloroacetic acid in CH,Cl, to remove the DMT group. The 
reaction proceeds rapidly by an Syl mechanism because of the stability of 
the tertiary, triply benzylic dimethoxytrityl cation. 
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Step 2 

DMT— ; MT—OCH, O HOCH, < 

CHCI,COOH 
CH,Cly 

OC Gig oc 

O O 

Step 3 involves coupling of the polymer-bonded deoxynucleoside with 
a protected deoxynucleoside containing a phosphoramidite group at its 3' 
position. [A phosphoramidite has a trivalent phosphorus with the structure 
R2NP(OR),.] The coupling reaction takes place in the polar aprotic solvent 
acetonitrile, requires catalysis by the heterocyclic amine tetrazole, and 
yields a phosphite, or trialkoxyphosphorus compound, P(OR)s3, as product. 
Note that one of the phosphorus oxygen atoms is protected by a B-cyanoethyl 
group. The coupling step takes place in better than 99% yield. 

Step 3 

DMT—OCH, 4 

O 

: 
N=CCH,CH,O~ lee 

A phosphoramidite 

N=\ 
| N—H (tetrazole) 
NSy/ 

DMT— OCH, 5 

O 
| 
P : 

NCCH,CH,O~ We B 

A phosphite 

With the coupling completed, the phosphite product is then oxidized to 

a phosphate triester by treatment with iodine. The reaction is carried out 

in aqueous tetrahydrofuran in the presence of 2,6-dimethylpyridine. 
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Step 4 

DMT — OCH, 0 DMT—OCH, O 

O ts O 
| H,O, THF O | 
Pp 2,6-dimethylpyridine = 

NCCH,CH,O~ ae! . NCCH,CH,O~ ie - 

A phosphite A phosphate 

"7 www Clie) 

O 

The cycle of steps—deprotection, coupling, and oxidation—is then 
repeated until a polydeoxyribonucleotide chain of the desired length and 
sequence has been built. The final step is to cleave all protecting groups 
from the heterocyclic bases and from the phosphates and to cleave the ester 
bond holding the DNA to the silica. All of these reactions are done at the 
same time by treatment with aqueous ammonia. Purification by electro- 
phoresis then yields the synthetic DNA. 

Step 5 

DMT—OCH, ,, 

O 
| 

O—P—OCH,CH,CN 

PROBLEM ieisnss)o:sces, <fuus 4afaus:y aieye viel zs sie cove aise ai Pregs oii eteae ss tereieat reenter terete heer 

29.24 p-Dimethoxytrityl (DMT) ethers are easily cleaved by mild acid treatment. Show 
the mechanism, and suggest a reason why this ether cleavage is unusually easy. 



29.18 Summary and Key Words 1145 
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29.25 Propose a mechanism to account for cleavage of the B-cyanoethyl protecting group 
from the phosphate groups on treatment with aqueous ammonia. What kind of 
reaction is occurring? 

Cee e eee Ree eee HEH HEHEHE HEHEHE EEE EEE EERE EEE EERE OEE EH ERE EEE EE EES 

29.18 Summary and Key Words 

A heterocycle is a compound with a ring that contains more than one kind 
of atom. Nitrogen, oxygen, and sulfur are often found along with carbon in 
heterocyclic rings. Saturated heterocyclic amines, ethers, and sulfides usu- 
ally display the same chemistry as their open-chain analogs do, but unsat- 
urated heterocycles often display aromaticity. Pyrrole, furan, and thiophene 
are the simplest five-membered aromatic heterocycles. All three are un- 
usually stable, and all three undergo aromatic substitution when reacted 
with electrophiles. Reaction usually occurs at the highly activated position 
next to the heteroatom. 

Pyridine is the six-membered-ring, nitrogen-containing heterocyclic 
analog of benzene. The pyridine ring is electron-poor and undergoes elec- 
trophilic aromatic substitution reactions with great difficulty. Nucleophilic 
aromatic substitutions of 2- or 4-halopyridines take place readily, however. 

The nucleic acids—DNA (deoxyribonucleic acid) and RNA (ribonu- 
cleic acid)—are biological polymers that act as chemical carriers of an 
organism’s genetic information. Enzyme-catalyzed hydrolysis of nucleic 
acids yields nucleotides, the monomer units from which RNA and DNA 
are constructed. Each nucleotide consists of a purine or pyrimidine base 
linked to C1’ of a simple pentose sugar (ribose in RNA and 2'-deoxyribose 
in DNA), with the sugar in turn linked through its C5’ hydroxy] to a phos- 

phate group: 

Heterocycle 

OH (a ribonucleotide) 
H (a deoxyribonucleotide) 

where Y 

The nucleotides are joined by phosphate links between the phosphate of one 

nucleotide and the 3’-hydroxy] on the sugar of another nucleotide. 
Molecules of DNA consist of two polynucleotide strands held together 

by hydrogen bonds between heterocyclic bases on the different strands and 

-eoiled into a double-helix conformation. Adenine and thymine form hydro- 

gen bonds to each other, as do cytosine and guanine. The two strands of 

DNA are not identical but are complementary. 
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Three main processes take place in deciphering the genetic information 

of DNA: 

1. Replication of DNA is the process by which identical DNA copies 
are made and genetic information is preserved. This occurs when 
the DNA double helix unwinds, complementary deoxyribonucleo- 
tides line up in order, and two new DNA molecules are produced. 

2. Transcription is the process by which RNA is produced to carry 
genetic information from the nucleus to the ribosomes. This occurs 
when a segment of the DNA double helix unwinds and comple- 
mentary ribonucleotides line up to produce messenger RNA 

(mRNA). 

3. Translation is the process by which mRNA directs protein syn- 
thesis. Each mRNA has segments called codons along its chain. 
These codons are ribonucleotide triads that are recognized by small 
amino acid—carrying molecules of transfer RNA (tRNA), which 
then deliver the appropriate amino acids needed for protein 
synthesis. 

Small DNA segments can be synthesized in the laboratory, and com- 

mercial instruments are available for automating the work. Sequencing of 
DNA can be carried out rapidly and efficiently by the Maxam-Gilbert 
method. 

29.19 Summary of Reactions 

1. Electrophilic aromatic substitution (Section 29.3) 
a. Bromination 

UY as ae 
O Dioxane 

O Br 

Furan 

b. Nitration 

a \\ ae i 
Acetic anhydride 

‘ , NO, + H,O 

H H 

Pyrrole 

c. Friedel—Crafts acylation 

& Ssostugetatial a) lb actor S S CCH; 

Thiophene 



ADDITIONAL PROBLEMS 

29.26 

29.27 

29.28 

29.29 

29.30 

29.31 

29.32 

Additional Problems 1147 

2. Nucleophilic aromatic substitution of halopyridines (Section 29.6) 

as :OCoHs ae ; AVE 

| ha ~~ ~ | 4 x °C. > 

SoH CoH;0H 
Cl NOC Hy 

SOTO ee eee Oe eee rere er eee eee eeene 

Although pyrrole is a much weaker base than most other amines, it is a much 
stronger acid (pK, ~ 15 for pyrrolinium ion versus 35 for diethylammonium ion). 

The N-H proton is readily abstracted by base to yield the pyrrole anion, C,H,N-. 
Explain. 

Oxazole is a five-membered aromatic heterocycle. Draw an orbital picture of oxazole, 
showing all p orbitals and all lone-pair orbitals. Would you expect oxazole to be more 
basic or less basic than pyrrole? Explain. 

A O  Oxazole 
N=/ 

Write the products of the reaction of furan with each of these reagents: 
(a) Brg, dioxane, 0°C (b) HNOs, acetic anhydride 
(c) CH3COCI, SnCl, (d) H2/Pd 
(e) SOs, pyridine 

Nitrofuroxime is a pharmaceutical agent used in the treatment of urinary tract 
infections. Propose a synthesis of nitrofuroxime from furfural. 

Urs tt me eee O O 

Furfural Nitrofuroxime 

Substituted pyrroles are often prepared by treatment of the appropriate 1,4-diketone 
with ammonia. Suggest a mechanism by which this reaction occurs. (Review Section 

19.12.) 

O O 

We be eibectorieg, Stil Nn RCCH,CH,CR’ —“t,- R-\y~ ~R’ + HO 
| 
H 

3,5-Dimethylisoxazole is prepared by reaction of 2,4-pentanedione with hydroxyl- 

amine. Propose a mechanism for this reaction. 

CH, 

LG 

CH;CCH,CCH3 =F H,NOH ead a O 

N 
CH; 

3,5-Dimethylisoxazole 

Define these terms: 

(a) Heterocycle (b) DNA (c) Base pair 
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29.33 

29.34 

29.35 

29.36 

29.37 

29.38 

29.39 

29.40 

29.41 

29.42 

or 

29.43 

29.44 

(d) Transcription (e) Translation (f) Replication (of DNA) 

(g) Codon (h) Anticodon 

What amino acids do these ribonucleotide triplets code for? 
(a) AAU (b) GAG (c) UCC (d) CAU 

From what DNA sequences were each of the mRNA codons in Problem 29.33 
transcribed? 

What anticodon sequences of tRNA’s are coded for by the codons in Problem 29.33? 

Draw the complete structure of the ribonucleotide codon U-A-C. For what amino 
acid does this sequence code? 

Draw the complete structure of the deoxyribonucleotide sequence from which the 

mRNA codon in Problem 29.36 was transcribed. 

Give an mRNA sequence that would code for synthesis of met-enkephalin: 

H-Tyr-Gly-Gly-Phe-Met-OH 

Look up the structure of angiotensin II (Figure 27.4), and give an mRNA sequence 

that would code for its synthesis. 

What amino acid sequence is coded for by this mRNA base sequence? 

CUA-GAC-CGU-UCC-AAG-UGA 

Isoquinolines are often synthesized by the Bischler—Napieralski cyclization of an 
N-acyl-2-phenylethyl amine with strong acid and P,O;, followed by oxidation of the 
initially formed dihydroisoquinoline. Suggest a mechanism by which this cyclization 
occurs. 

HPO, HNO, Ss 

_NH Pas ZN ZN 
O—€ 

| CH, CH, 
CH3 , 

A dihydroisoquinoline 1-Methylisoquinoline 

Quinolines are often prepared by the Skraup® synthesis, in which an aniline reacts 
with an a,f-unsaturated aldehyde and the dihydroquinoline product is oxidized. 
Suggest a mechanistic pathway for the Skraup reaction. 

+ H,C=CHCHO —““S ek HNOs Oe 
#5 

N N 
H 

2 

1,2-Dihydroquinoline Quinoline 

Show the steps involved in a laboratory synthesis of the DNA fragment with the 
sequence C-T-A-G. 

Review the mechanism shown in Figure 29.15 for the cleavage of deoxyguanosine 
residues, and propose a mechanism to account for the similar cleavage of deoxy- 
adenosine residues in a DNA chain. Recall that deoxyadenosine is first methylated 
at N3 prior to hydrolysis. 

°Hans Zdenko Skraup (1850-1910); b. Austria; professor, Graz, Vienna, Austria. 



Chapter 30 
i) 

Orbitals and 
Organic Chemistry: 
Pericyclic Reactions 

Most organic reactions take place by polar mechanisms, in which an elec- 
tron-rich nucleophile donates two electrons in forming a bond to an electron- 
poor electrophile. Many other organic reactions take place by radical mech- 
anisms, in which each of two reactants donates one electron in forming a 
new bond. Although much remains to be learned about polar and radical 
reactions, the broad outlines of both classes have been studied for many 
years and seem relatively well understood. 

By contrast, the fundamental principles of pericyclic reactions, the third 
major class of organic reaction mechanisms, have been understood only 
recently. Numerous individuals have made major contributions, but it was 
the work of Robert Woodward! and Roald Hoffmann? in the mid-1960s that 
made most chemists aware of the principles of pericyclic reactions. 

30.1 Some Examples of Pericyclic 
Reactions 

We previously defined a pericyclic reaction as one that occurs by a con- 
certed process through a cyclic transition state. The word concerted means 
that all bonding changes occur at the same time and in a single step; no 
intermediates are involved. Rather than try to expand this definition now, 
let’s look at some examples of the three major classes of pericyclic reactions. 

1Robert Burns Woodward (1917-1979); b. Boston, Mass.; Ph.D. Massachusetts Institute of 
- Technology (1937); professor, Harvard University (1941-1979); Nobel Prize (1965). 

2Roald Hoffmann (1937—_); b. Zloczow, Poland; Ph.D. Harvard University (1962); professor, 
Cornell University; Nobel Prize (1981). 

1149 
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The Diels—Alder reaction (Section 14.7) is an intermolecular pericyclic 

reaction between a diene and a dienophile to yield a cyclohexene. Three 

bonds are formed (two sigma bonds and one pi bond) and three bonds are 
broken (two diene pi bonds and one alkene pi bond) at the same time via a 
cyclic transition state. This is an example of a cycloaddition reaction, so 
named because the two reagents add together to yield a cyclic product. The 
product of a cycloaddition always has fewer pi bonds than the starting 

materials have. 

Diels—Alder reaction; 

a cycloaddition 

eh LO fo. 

Soe eet ET ee 
Se Sen? 

A diene A Cyclic A cyclohexene 

dienophile transition state 

The Claisen rearrangement (Section 26.8) is an intramolecular peri- 
cyclic reaction of an allyl aryl ether. Three new bonds are formed (one sigma 
bond and two pi bonds) and three bonds are broken (one sigma bond and 
two pi bonds) at the same time via a cyclic transition state. This is an 
example of a sigmatropic rearrangement, so named because the starting 
molecule rearranges by changing a sigma bond (Greek tropos, meaning 
“change” or “turn”). One sigma bond in the starting material breaks, and 
a new sigma bond forms in the product. 

Claisen rearrangement; 
a sigmatropic rearrangement 

O mOxieaili O OH -(O)-C-06 Rogier nests! pocateries 
H 

An allyl aryl A cyclic 

ether transition state An o-allylphenol 

A third kind of pericyclic process, called an electrocyclic reaction, 
occurs when polyenes are heated or irradiated with ultraviolet light. For 
example, heating (2E,4Z,6E)-octatriene leads exclusively to formation of 
cis-5,6-dimethyl-1,3-cyclohexadiene. Heating the (2H,4Z,6Z)-octatriene iso- 
mer, however, leads exclusively to formation of trans-5,6-dimethyl-1,3- 
cyclohexadiene. These electrocyclic reactions are so named because they 
involve a cyclic reorganization of electrons. The product of an electrocyclic 
reaction always has one more sigma bond and one less pi bond than the 
starting material has. 

Both of the above triene cyclizations,.and many other pericyclic reac- 
tions as well, are stereospecific; that is, they yield only a single product 
stereoisomer rather than a mixture. Why should this be? 
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Electrocyclic reactions 

CH; CH; |* ae 
ye ¥ JJS Po paws 
SS =o 

CH; CH3 CH; 

(2E,4Z,6E)-Octatriene Cyclic transition cis-5,6-Dimethy]- 

state 1,3-cyclohexadiene 

CHs CH3 : CH; 

puke A gents ~H | J > —> 

em! CH; az CH3 

CH; H 

(2E,4Z,6Z)-Octatriene Cyclic transition trans-5,6-Dimethy]l- 

state 1,3-cyclohexadiene 

The answer to this question is fundamental to the nature of pericyclic 
reactions and has to do with symmetry properties of the reactant and product 
orbitals. To understand how orbital symmetry affects reactivity, we need to 
look more deeply into the nature of molecular orbitals. 

30.2 Atomic and Molecular Orbitals 

Let’s begin by briefly reviewing some of the concepts introduced in Chapter 
1. We’ve said that an orbital is the region of space where a given electron 
is most likely to be found. In mathematical terms, orbitals are derived from 
quantum mechanical calculations involving electron wave functions. 
Although the exact nature of these calculations isn’t important at the 
moment, the different lobes of an orbital turn out to have algebraic signs, 
+ and —, when the wave functions are solved. For example, the two equiv- 
alent lobes of a p atomic orbital have plus and minus signs, and the two 
nonequivalent lobes of an sp? hybrid orbital also have plus and minus signs 

(Figure 30.1). 

A p orbital An sp° hybrid orbital 

=a ee eee oe) 

Figure 30.1 Signs of lobes in p and sp? orbitals. 
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When a bond is formed between two atoms by overlap of atomic orbitals, 

the two electrons in the bond no longer occupy atomic orbitals but instead 
occupy molecular orbitals (MO’s). Overlap of two atomic orbitals leads to 
two molecular orbitals, one of which is lower in energy and one of which is 
higher in energy than either of the original two atomic orbitals. 

As shown in Figure 30.2, the lower-energy molecular orbital, denoted 
Ww (Greek psi), is a bonding molecular orbital because it results from 
additive overlap of two lobes with the same algebraic sign. The higher- 
energy molecular orbital, denoted wW.*, is an antibonding molecular 
orbital because it results from subtractive overlap of two lobes with the 
opposite algebraic sign. Note that the antibonding orbitals have nodes 
between nuclei—planes of zero electron density between lobes of opposite 
sign. Higher-energy orbitals always have more nodes between nuclei than 
do lower-energy orbitals and thus have fewer favorable bonding interactions. 

Sigma antibonding molecular orbital, Vo 

ok. 

de oC =. N 

sp°-sp® sigma bond 

sp° atomic 

orbital 

sp° atomic 

orbital 

>~<Qe>< 
Sigma bonding molecular orbital, y, 

Pi antibonding molecular orbital, Vo 

p-p pi bond 

p atomic 

orbital 
p atomic 

orbital 

Pi bonding molecular orbital, Wy 

SSS eee 

Figure 30.2 Sigma and pi molecular orbitals. Bonding molecular 
orbitals result from overlap of like lobes, whereas antibonding 
molecular orbitals result from overlap of unlike lobes. 



30.3 Molecular Orbitals of Conjugated Pi Systems 1153 

Having now constructed molecular orbitals, we can arrive at a complete 
description of sigma and pi bonds by assigning electrons to the orbitals. The 
method used is exactly the same as that used in assigning electrons to atomic 
orbitals in describing the electronic configuration of atoms (the aufbau prin- 
ciple, Section 1.3). Each molecular orbital can hold two electrons of opposite 
spin. 

The assignments are made by filling the lowest-energy molecular orbit- 
als first and by filling each molecular orbital with two electrons before going 
on to the next higher orbital. For example, the ground-state electronic con- 
figuration of an alkene pi bond has yy filled and w.* vacant. Irradiation with 
ultraviolet light, however, excites an electron from yy to .*, leaving each 
orbital with one electron (Section 14.11). The electronic configurations of 
both ground and excited states of ethylene are shown in Figure 30.3. 

| 8 — & ie 
i 

e | 
i | 

. Antibonding MO hy J 

| + + 

2 2 a ¥y == 1 

ae Ground state Excited state 

Bonding MO 

Da ET 

Figure 30.3 Ground-state and excited-state electronic 

configurations of the ethylene pi bond. 

30.3 Molecular Orbitals of Conjugated Pi 
Systems 

Se SSS 

The molecular orbital description of a conjugated pi system is more complex 

than that of a simple alkene because the pi electrons are delocalized over 

more than two atoms. In 1,3-butadiene, for example, four 2p atomic orbitals 

combine into four diene molecular orbitals spanning the entire pi system. 

Two of these molecular orbitals are bonding (lower energy, ¥ and 2), and 

two are antibonding (higher energy, #3* and 4*), as shown in Figure 30.4. 

‘The two bonding orbitals in ground-state butadiene are occupied by four 

electrons, while the two antibonding orbitals are unoccupied. Note once 

again that the higher the energy of a molecular orbital, the more nodes it 

has between nuclei. 
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Antibonding y _ 

(three nodes) - 

Antibonding < * 
(two nodes) fe V3 

hv 

~I,IIY 
Four 2p atomic orbitals Bondi 

er ac =r aie Vo 

Bonding = pss 
(zero nodes) i i M4 

U9 ——_,—__ 

Ground state Excited state 

Figure 30.4 Pi molecular orbitals of 1,3-butadiene. In the ground 

state, the two bonding orbitals are occupied and the two 

antibonding orbitals are vacant. 

A similar sort of molecular orbital description can be derived for a 
conjugated triene or for any conjugated pi electron system. The six molecular 
orbitals of 1,3,5-hexatriene are shown in Figure 30.5. Only the three bonding 
orbitals, %, Ww, and ws, are occupied in the ground state, whereas W3 and 
W4* have one electron each in the excited state. 

30.4 Molecular Orbitals and Pericyclic 
Reactions 

What do molecular orbitals and the signs of their lobes have to do with 
pericyclic reactions? The answer is everything. According to a series of rules 
formulated by Woodward and Hoffmann, a pericyclic reaction can take place 
only if the symmetry of all reactant molecular orbitals is the same as the 
symmetry of the product molecular orbitals. In other words, the lobes of 
reactant molecular orbitals must be of the correct algebraic sign for bonding 
overlap to occur in the transition state leading to the product. 



Six 
2p atomic 

orbitals 

Figure 30.5 Pi molecular orbitals of 1,3,5-hexatriene. 

Antibonding 
(five nodes) 

Antibonding 

(four nodes) 

Antibonding 
(three nodes) 
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(one node) 

Bonding 

(zero nodes) 

30.4 Molecular Orbitals and Pericyclic Reactions 

hv 

= 

= 

“H 

1155 

coe 8, 

i, 

ac: 

“Hs 
Ground state Excited state 

If the orbital symmetries of both reactant and product match up, or 
“correlate,” the reaction is said to be symmetry allowed. If the orbital 
symmetries of reactant and product don’t correlate, the reaction is sym- 
metry disallowed. Symmetry-allowed reactions often occur under rela- 
tively mild conditions, but symmetry-disallowed reactions can’t occur by 
concerted paths. They take place either by nonconcerted pathways under 
forcing, high-energy conditions, or not at all. 

The Woodward—Hoffmann rules for pericyclic reactions require an anal- 

ysis of all reactant and product molecular orbitals, but Kenichi Fukui? at 

3Kenichi Fukui (1918-— 
Kyoto University; Nobel Prize (1981). 

); b. Nara Prefecture, Japan; Ph.D. Kyoto University; professor, 
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PROBLEM... 

Kyoto University in Japan introduced a simplified version. According to 

Fukui, we need consider only two molecular orbitals called the frontier 

orbitals. These frontier orbitals are the highest occupied molecular 

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). 

In ground-state ethylene, for example, 4 is the HOMO since it has two 

electrons and wW.* is the LUMO since it is vacant. In ground-state 1,3- 

butadiene, W is the HOMO and /3* is the LUMO (Figure 30.6). 

0999 
Vs a We ° ® 

: 4 ‘i Q 0 + 

| +. 
ss € 

ve —— e. LUMO ea ; LUMO 

x3 ¥x50 
e+ + + Oy 

ya had * HOMO Y, 4 A A HOMO LA \/ 

"™ Ada 
Ethylene 1, 3-Butadiene 

Figure 30.6 The HOMO and LUMO of ground-state 

ethylene and 1,3-butadiene. 

The best way to understand how orbital symmetry affects pericyclic 
reactions is to look at some examples. Let’s look first at some electrocyclic 
reactions of polyenes and then go on to cycloaddition reactions and sigma- 
tropic rearrangements. 

SOOO OO Oe EEO HEHE OHHH EHO RHEE OEE HORE ee eee 

Refer to Figure 30.5 to find the molecular orbitals of a conjugated triene, and tell 
which molecular orbital is the HOMO and which is the LUMO for both ground and 
excited states. 
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30.5 Electrocyclic Reactions 

Electrocyclic reactions are pericyclic processes that involve the cycliza- 
tion of conjugated polyenes. One pi bond is broken, the other pi bonds change 
position, a new sigma bond is formed, and a cyclic compound results. For 
example, conjugated trienes can be converted into cyclohexadienes, and 
conjugated dienes can be converted into cyclobutenes. 

Both of these reactions are reversible, and the position of the equilib- 
rium depends on the specific case. In general, the triene—cyclohexadiene 
equilibrium favors the ring-closed product, whereas the diene—cyclobutene 
equilibrium favors the ring-opened product. 

Pn ete alo ae es 
A conjugated triene A cyclohexadiene 

PRS oe 
A conjugated diene A cyclobutene 

The most important feature of electrocyclic reactions is their stereo- 
chemistry. For example, (2E,4Z,6E)-octatriene yields only cis-5,6-dimethyl- 
1,3-cyclohexadiene when heated, and (2H,4Z,6Z)-octatriene yields only 

trans-5,6-dimethyl-1,3-cyclohexadiene. Remarkably, however, the stereo- 
chemical results change completely when the reactions are carried out under 
photochemical, rather than thermal, conditions. Thus, irradiation of 

(2E,4Z,6E)-octatriene with ultraviolet light yields trans-5,6-dimethyl-1,3- 

cyclohexadiene (Figure 30.7). 

CH, CH; 

aT A A — kh — > 
H << 

ZA = H 

CH, CH; 

(2E,4Z,6E)-Octatriene hv cis-5,6-Dimethyl- 

NC 1,3-cyclohexadiene 

Cie CHs 
er mrs | =< H K H 

Z-~CHs3 me = Cie 
H H 

(2E,4Z,6Z)-Octatriene trans-5,6-Dimethyl- 
1,3-cyclohexadiene 

ea Se ee 

Figure 30.7 Electrocyclic interconversions of 2,4,6-octatrienes and 

5,6-dimethyl-1,3-cyclohexadienes. 
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A similar result is obtained for the thermal electrocyclic ring opening 

of the 3,4-dimethylcyclobutenes. The trans isomer yields only (2E,4E)- 

hexadiene when heated, and the cis isomer yields only (2H,4Z)-hexadiene. 
On UV irradiation, however, the results are again different: Cyclization of 
the 2E,4E isomer under photochemical conditions yields cis product (Figure 

30.8). 

CH3 

nas 175°C 
| 

oH 

CH3 
hv 

cis-3,4-Dimethylcyclobutene (2E,4Z)-Hexadiene 

CH3 

| pa! 175°C 

--CH3 ad 

H 

trans-3,4-Dimethylcyclobutene (2E,4E)-Hexadiene 

Figure 30.8 Electrocyclic interconversions of 2,4-hexadienes and 

3,4-dimethylcyclobutenes. 

All of these stereospecific electrocyclic reactions can be accounted for 
by orbital-symmetry arguments. To do so, we need to look only at the sym- 
metries of the two outermost lobes of the polyene. There are two possibilities: 
The lobes of like sign can be either on the same side or on opposite sides of 
the molecule. 

Like lobes on same side Like lobes on opposite side 

For a bond to form, the outermost pi lobes must rotate so that favorable 
bonding overlap is achieved—a positive lobe overlapping a positive lobe or 
a negative lobe overlapping a negative lobe. If two lobes of like sign are on 

the same side of the molecule, the two orbitals must rotate in different 
directions. One orbital must rotate clockwise, and one must rotate counter- 
clockwise. This kind of motion is referred to as disrotatory: 
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Clockwise Counterclockwise 

Conversely, if lobes of like sign are on opposite sides of the molecules, 
both orbitals must rotate in the same direction, either both clockwise or 
both counterclockwise. This kind of motion is called conrotatory: 

Conrotatory 

Clockwise Clockwise 

Now let’s see what happens to substituents on the polyene carbon atoms 
when cyclization occurs. To choose a specific example, let’s look at the ther- 
mal cyclization of (2H ,4Z,6E)-octatriene. If a disrotatory cyclization were 
to occur, cis-5,6-dimethyl-1,3-cyclohexadiene would result. If a conrotatory 
cyclization were to occur, trans-5,6-dimethyl-1,3-cyclohexadiene would re- 

sult (Figure 30.9). 

Disrotatory 

cach me ae H3C 

H H 

H CH; 

(2E,4Z,6E)-Octatriene trans-5,6-Dimethy1]-1,3-cyclohexadiene 

Figure 30.9 Stereochemistry of disrotatory and conrotatory 

cyclization of (2£,4 Z,6E£)-octatriene. 
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In fact, only the disrotatory cyclization of (2H,4Z,6E)-octatriene is 
observed to occur. We therefore conclude that the stereochemistry of an 
electrocyclic reaction is determined by the mode of ring closure. The mode 
of ring closure, in turn, is determined by the symmetry of reactant molecular 
orbitals. 

30.6 Stereochemistry of Thermal 
Electrocyclic Reactions 

How can we predict which mode of ring closure, conrotatory or disrotatory, 
will occur in a given case? How can we tell whether the terminal lobes of 
like sign will be on the same side or on opposite sides of the molecule? 

According to frontier orbital theory, the stereochemistry of an electro- 
cyclic reaction is determined by the symmetry of the polyene’s HOMO. The 
electrons in the HOMO are the highest-energy, most loosely held electrons, 
and are therefore most easily moved during reaction. For thermal ring 
openings and closings, the ground-state electronic configuration is used to 

identify the HOMO; for photochemical ring openings and closings, the 
excited-state electronic configuration is used. 

Let’s look again at the thermal ring closure of conjugated trienes. 
According to Figure 30.5, the HOMO of a conjugated triene in its ground 
state has a symmetry that predicts a disrotatory ring closure: 

Disrotatory 

Conjugated triene 
ground-state HOMO 

This disrotatory cyclization is exactly what’s observed in the thermal cycli- 
zation of 2,4,6-octatriene. The 2H,4Z,6E isomer yields cis product; the 
2EH,4Z,6Z isomer yields trans product (Figure 30.10). 

In a similar manner, the ground-state HOMO of a conjugated diene 
(Figure 30.4) has a symmetry that predicts conrotatory ring closure: 

Conjugated diene 
ground-state HOMO 
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H H H H 

(2E,4Z,6E)-Octatriene cis-5,6-Dimethyl- 
1,3-cyclohexadiene 

H CHs 

(2E,4Z,6Z)-Octatriene trans-5,6-Dimethyl- 
1,3-cyclohexadiene 

Figure 30.10 Thermal disrotatory ring closure of 2,4,6-octatrienes. 

In practice, of course, the conjugated diene reaction can only be observed 
in the reverse direction (cyclobutene — butadiene) because of the position 
of the equilibrium. We therefore predict that the 3,4-dimethylcyclobutene 
ring will open in a conrotatory fashion, which is exactly what is observed. 
cis-3,4-Dimethylcyclobutene yields (2H,4Z)-hexadiene, and trans-3,4-di- 

methylcyclobutene yields (2H ,4E)-hexadiene by conrotatory opening (Figure 
30.11 on page 1162). 

Note that a conjugated diene and a conjugated triene react in opposite 
stereochemical senses. The diene opens and closes by a conrotatory path, 
whereas the triene opens and closes by a disrotatory path. This difference, 
of course, is due to the different symmetries of the diene and triene HOMO’s: 

p Fags 28 signs ay ony Same sign 2053 

Sec . 

Diene HOMO Triene HOMO 

There is an alternating relationship between the number of electron 
pairs (double bonds) undergoing bond reorganization and the mode of ring 
opening or closure. Polyenes with an even number of electron pairs undergo 
thermal electrocyclic reactions in a conrotatory sense, whereas polyenes 
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H3C H3C 

Conrotatory b 

<_ ~ Le 

rs H CH H CH 3 3 
Moa Sor 

trans-3,4-Dimethyl- 
cyclobutene 

H 

(2E,4Z)-Hexadiene cis-3,4-Dimethyl- 
cyclobutene 

Se EE 

Figure 30.11 Conrotatory ring opening of the cis- and trans- 

dimethylcyclobutenes. 

with an odd number of electron pairs undergo the same reactions in a dis- 
rotatory sense. 

PROBEEM a porate tra cobsiste ao.) eraayey a ate tose nie aicrshs (orp iy ska.-e eta altel Ale ierematcy® wre creas ‘ 

30.2 Draw the products you would expect to obtain from conrotatory ant disrotatory 
cyclizations of (2Z,4Z,6Z)-octatriene. Which of the two paths would you expect the 
thermal reaction to follow? 

30.3 In principle, trans-3,4-dimethylcyclobutene can open by two conrotatory paths to 
give either (2H,4E)-hexadiene or (2Z,4Z)-hexadiene. Explain why both products are 
symmetry allowed, and then account for the fact that only the 2E,4E isomer is 
obtained in practice. 

COREE EER ERE EEE HEHEHE EEE HEHEHE EHH EEE EH EHH EEE EE EES 

30.7 Photochemical Electrocyclic 
Reactions 

We noted previously that photochemical electrocyclic reactions take a dif- 
ferent stereochemical course than their thermal counterparts do. We can 
now explain this difference. Ultraviolet irradiation of a polyene causes an 
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excitation of one electron from the ground-state HOMO to the ground-state 
LUMO. For example, irradiation of a conjugated diene excites an electron 
from 2 to W3*, and irradiation of a conjugated triene excites an electron 
from wW3 to W4* (Figure 30.12). 

v4, — ae LUMO: 

LUMO W3; —— 1 —+- Homo 
—_—_—_—>P 

HOMO ¥, 4—> = 

Ht a 
Ground state Excited state 

Conjugated diene 

te a 
———— — LUMO 

LUMO yj —— spy —+- Homo 

Homo 3s +r eae 

be HE HF 

v, H+ sa 
Ground state Excited state 

Conjugated triene 

Figure 30.12 Ground-state and excited-state electronic 

configurations of conjugated dienes and trienes. 

Electronic excitation changes the symmetries of HOMO and LUMO and 
hence changes the reaction stereochemistry. Thus, (2#,4E)-hexadiene 
undergoes photochemical cyclization by a disrotatory path (recall that the 
thermal reaction is conrotatory): 

a) Same sign + 

err po } ¥ 
* H.: Wy 

++ 4 t+ 

Ground-state Excited-state (2E,4E)-Hexadiene 
HOMO HOMO 

cis-3,4-Dimethylcyclobutene 

Ta the same way, (2E,4Z,6E)-octatriene undergoes photochemical cyclization 
by a conrotatory path (the thermal reaction is disrotatory): 
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eat 65586: 
H3C 

Ground-state Excited-state re [ 
HOMO HOMO 

Hy) CH 

(2E,4Z,6E)-Octatriene 

Conrotatory 

H CHs 

trans-5,6-Dimethy]-1,3-cyclohexadiene 

Thermal and photochemical electrocyclic reactions always take place 
with opposite stereochemistry, as the rules governing these processes indi- 
cate (Table 30.1). Learning these simple rules makes it possible to predict 
the stereochemistry of a large number of organic reactions. 

TABLE 30.1 Stereochemical Rules for 

Electrocyclic Reactions 
LSS a ee eee) 

Electron pairs Thermal Photochemical 
(double bonds) reaction reaction { 

Even number Conrotatory Disrotatory 

Odd number Disrotatory Conrotatory 

Ce ee Cc ce ec er ey 

What product would you expect to obtain from the photochemical cyclizations of 
(2E,4Z,6E)-octatriene? Of (2E,4Z,6Z)-octatriene? 

CHC Coe emcees errors eeeseesese OES HOH Se EEE OCe HOLES ECE E EES 

The following thermal isomerization has been reported to occur under relatively 
mild conditions. Identify the pericyclic reactions involved, and show how the rear- 
rangement occurs. 

C.H; CHe 

CeH5 CeHs 
oh PO hen ¢ ie Ce 

C.H; SS Cols Ce H; << CDs 

CDs C.H; 
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30.6 Would you expect the following reaction to proceed in a conrotatory or disrotatory 

manner? Show the stereochemistry of the cyclobutene product, and explain your 
answer. 

Ce ee ee Ce er rr a 

30.8 Cycloaddition Reactions 

Cycloaddition reactions are intermolecular pericyclic processes in which 
two unsaturated molecules add to each other, yielding a cyclic product. As 
with electrocyclic reactions, cycloadditions are controlled by the orbital sym- 
metry of the reactants. Symmetry-allowed processes often take place readily, 
but symmetry-disallowed processes take place with great difficulty, if at all, 
and then only by nonconcerted pathways. Let’s look at two possible reactions 
to see how they differ. 

The Diels—Alder cycloaddition reaction is a [4 + 2]-pi-electron process 
that takes place between a diene (4 pi electrons) and a dienophile (2 pi 
electrons) to yield a cyclohexene product. Thousands of examples of Diels— 
Alder reactions are known. They often take place under mild conditions 
(room temperature or slightly above), and they are stereospecific with 
respect to substituents. For example, room-temperature reaction between 
1,3-butadiene and diethyl maleate (cis) yields exclusively cis-disubstituted 
cyclohexene product; reaction between 1,3-butadiene and diethyl fumarate 
(trans) yields exclusively trans-disubstituted product (Figure 30.13). 

H CO,C2Hs 

OL CO,C.H; 

H CO2C2Hs =H Cis 

: sid 
Diethyl maleate (cis) 

CO.C2H; 
oo 

SS H CO,C.Hs 
i CO,C.H; 

1,3-Butadiene CoH;0.C H a A Treas 

Diethyl fumarate (trans) v ey 2568 
H 

SSeS Ee Se eee 

Figure 30.13 Diels—Alder cycloaddition reactions of diethyl 

maleate (cis) and diethyl fumarate (trans). The reactions are 

stereospecific. 
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In contrast to the [4 + 2]-pi-electron Diels—Alder reaction, thermal 
cycloaddition between two alkenes (2 pi + 2 pi) does not occur. Photochemical 
[2 + 2] cycloadditions often take place readily, however, to yield cyclobutane 
products. How can we use orbital-symmetry arguments to explain these 

results? 

ee No reaction 

M. C re Se C ” Dae 

Le ae, ai 
eae er C—C 

“te 
An alkene An alkene se 

A cyclobutane 

For a successful cycloaddition to take place, the terminal pi lobes of the 
two unsaturated reactants must have the correct symmetry for bonding 
overlap to occur. This can happen in either of two ways, designated supra- 
facial and antarafacial. Suprafacial cycloadditions take place when the 
orbital symmetries of the reactants are such that overlap occurs between 
lobes on the same face of one component and lobes on the same face of the 
other component (Figure 30.14). 

Figure 30.14 Suprafacial cycloaddition occurs when there is 

bonding overlap between lobes on the same face of one reactant 
and lobes on the same face of a second reactant. 

Antarafacial cycloadditions take place when the orbital symmetries 
of the reactants are such that overlap occurs between lobes on the same face 
of one component and lobes on opposite faces of the other component (Figure 
30.15). 
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Lobes on 
opposite side of 
this pi system 

Lobes on 

same side of 

this pi system 

Figure 30.15 Antarafacial cycloaddition occurs when there is 

bonding overlap between lobes on the same face of one reactant 

and lobes on opposite faces of the second reactant. 

Note that both suprafacial and antarafacial cycloadditions are allowed 
on orbital-symmetry grounds. Geometric constraints often make antara- 
facial reactions difficult, however, since there must be twisting of the p 
orbital system. Thus, only suprafacial cycloadditions are possible for small 
pi systems. 

30.9 Stereochemistry of Cycloadditions 

How can we predict whether a given reaction will occur with suprafacial or 
with antarafacial geometry? According to frontier orbital theory, cycloaddi- 
tion reactions take place when the HOMO of one reaction partner overlaps 
the LUMO of the other reaction partner in a bonding manner. 

A good intuitive explanation of this rule is to imagine that one partner 
reacts by donating two electrons to the second partner. As with electrocyclic 
reactions, it’s the electrons in the HOMO of the first partner that are least 
tightly held and most likely to be donated. Since only two electrons can be 
in any one orbital, these electrons must go into a vacant orbital of the second 
partner, and it is the LUMO that’s lowest in energy and most likely to accept 
the electrons. Let’s see how this rule applies to specific cases. 

For the [4 + 2]-pi-electron cycloaddition (Diels—Alder reaction), let’s 
arbitrarily select the diene LUMO and the alkene HOMO. (We could equally 
well use the diene HOMO and the alkene LUMO.) The symmetries of the 
two orbitals are such that bonding overlap of the terminal lobes can occur 
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with suprafacial geometry (Figure 30.16). The Diels—Alder reaction there- 

fore takes place readily under thermal conditions. Note that, as with elec- 

trocyclic reactions, we need be concerned only with the symmetries of the 

terminal lobes. For purposes of prediction, it doesn’t matter whether or not 

the interior lobes have bonding or antibonding overlap in the product. 

—§+3+7 
7 . } . Suprafacial f= 

Ws SS 

1 + ts +3 + + 

Diene: . 
ground-state LUMO “ha +o 

: : Cyclohexene product 

YY 
2D) Wy f 

Alkene: 

ground-state HOMO 

ae eee ea es 

Figure 30.16 Correlation of diene LUMO and alkene HOMO in a 

suprafacial [4 + 2] cycloaddition reaction (Diels—Alder reaction). 

In contrast to the [4 + 2] Diels—Alder reaction, the [2 + 2] cycloaddition 
of two alkenes to yield a cyclobutane does not occur thermally but can only 
be observed photochemically. The explanation follows from orbital-sym- 
metry arguments. Looking at the HOMO of one alkene and the LUMO of 
the second alkene, it’s apparent that a thermal [2 + 2] cycloaddition must 
take place by an antarafacial pathway (Figure 30.17). Geometric constraints 
make the antarafacial transition state difficult, however, and concerted ther- 
mal [2 + 2] cycloadditions are therefore rarely observed. 

In contrast to the thermal case, photochemical [2 + 2] cycloadditions 
are observed. Irradiation of an alkene with ultraviolet light excites an elec- 
tron from 4, the ground-state HOMO, to w2*, the excited-state HOMO. 
Correlation between the excited-state HOMO of one alkene and the LUMO 
of the second alkene indicates that a photochemical [2 + 2] cycloaddition 
reaction can occur by a suprafacial pathway (Figure 30.18). 



v Ground-state HOMO 

1 of one alkene 

os wy 
+ 

Ge 

A « Ground-state LUMO 

2 of another alkene 
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Antarafacial 

No reaction 

(geometrically 
impossible) 

Figure 30.17 Correlation of HOMO and LUMO in thermal 
[2 + 2] cycloaddition. The reaction rarely occurs because 
antarafacial geometry is too strained. 

+ + 
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Vy e aaaiaind Vo 

Ground-state Excited-state 

HOMO HOMO 

A> 
ve @ @ 

LUMO 

Suprafacial 

Cyclobutane 

Figure 30.18 Correlation of HOMO and LUMO in photochemical 

[2 + 2] cycloaddition reactions. The reaction occurs with 

suprafacial geometry. 

; The photochemical [2 + 2] cycloaddition reaction occurs smoothly and 
represents one of the best methods known for synthesizing cyclobutane rings. 
The reaction can take place either inter- or intramolecularly, as the following 
examples show: 
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Thermal and photochemical cycloaddition reactions always take place 
by opposite stereochemical pathways. As with electrocyclic reactions, we 
can categorize cycloadditions according to the total number of electron pairs 
(double bonds) involved in the rearrangement. Thus, a Diels—Alder [4 + 2] 
reaction between a diene and a dienophile involves an odd number (three) 
of electron pairs and takes place by a ground-state suprafacial pathway. A 
[2 + 2] reaction between two alkenes involves an even number (two) of 
electron pairs and takes place by a ground-state antarafacial pathway. The 
general rules governing such processes are given in Table 30.2. 

TABLE 30.2 Stereochemical Rules for i 
Cycloaddition Reactions 
SS a es I TT 

Electron pairs Thermal Photochemical 
(double bonds) reaction reaction 

Even number Antarafacial Suprafacial 

Odd number Suprafacial Antarafacial 

It should be reiterated that both suprafacial and antarafacial cycload- 
dition pathways are symmetry allowed. Only the geometric constraints 
inherent in twisting a conjugated pi electron system out of planarity make 
antarafacial reaction geometry difficult in many cases. 

COPTER E HOHE HOHE OOOO eT OOOO HEHEHE HOO eee CEH RCRD ESC B OOS 

What stereochemistry would you expect for the product of the Diels—Alder reaction 
between (2H,4E)-hexadiene and ethylene? What stereochemistry would you expect 
if (2H,4Z)-hexadiene were used instead? 



30.10 Sigmatropic Rearrangements 1171 

30.8 Cyclopentadiene reacts with cycloheptatrienone to give the product shown. Tell what 
kind of reaction is involved, and explain the observed result. Is the reaction supra- 
facial or antarafacial? 

O 

aq:O+, 
PROBLEM. Fas sass she Sarat PEt mn be binine So +. Bietalgpe vared g Moisi whe dered Ebb biwve 

O 

30.9 The following reaction takes place in two steps, one of which is a cycloaddition and 
the other of which is a reverse cycloaddition. Identify the two pericyclic reactions, 
and show how they occur. 

CO.CH3; 

O | , ve e : CO.CH, I 
+ | = + ¢ 

ee) 
1 CO.CH3 O 

CO.CH3; 

30.10 Sigmatropic Rearrangements 

Sigmatropic rearrangements are pericyclic reactions in which a sigma- 
bonded substituent group (denoted here by a circled S) migrates across a pi 
electron system. One sigma bond is broken in the starting material, and a 

new sigma bond is formed in the product. The sigma-bonded group can be 
either at the end or in the middle of the pi system, as the following [1,3] 
and [3,3] rearrangements illustrate: 

ene @: | i. 
A [1,3] rearrangement Cae = Cle oe — Sale 

Cyclic transition 

state 

C C i . 
TE INg Me S eee 3 

A [3,3] rearrangement I . = 0%" i = Cine me 

A Roe 3 es id mas 3 

Cyclic transition 

state 



1172 

30.11 

CHAPTER 30 Orbitals and Organic Chemistry: Pericyclic Reactions 

The designations [1,3] and [3,3] describe the kind of rearrangement that 

has occurred. The two numbers in brackets refer to the two groups connected 

by the sigma bond and designate the positions in those groups to which 

migration occurs. For example, in the [1,5] sigmatropic rearrangement of a 

diene, the two groups connected by the sigma bond are a hydrogen atom 

and a pentadieny] fragment. Migration occurs to position 1 of the H group 

(the only possibility) and to position 5 of the pentadieny! group. 

A [1,5] sigmatropic rearrangement 

H, Hy 

aie 
CH,—CH =CH—CH=CH, == CH,=CH—CH=CH—CH, 
1 2 3 4 5 1 2 3 4 5 

In the [3,3] Claisen rearrangement, the two groups connected by the 
sigma bond are an allyl group and a vinylic ether group. Migration occurs 
to position 3 of the allyl group and also to position 3 of the vinylic ether. 

2 2 

| pce 1 ot 
Claisen rearrangement, CH, CHe 
a [3,3] rearrangement pCa Zora HG _CH2 ' 

CH CH 
2 2 

Stereochemistry of Sigmatropic 
Rearrangements \ 

Sigmatropic rearrangements are more complex than either electrocyclic or 
cycloaddition reactions but are nonetheless controlled by orbital-symmetry 
considerations. There are two possible modes of reaction: Migration of a 
group across the same face of the pi system is called a suprafacial rear- 
rangement, and migration of a group from one face of the pi system to the 
other face is an antarafacial rearrangement (Figure 30.19). 

The rules for sigmatropic rearrangements are identical to those for 
cycloaddition reactions, as summarized in Table 30.3. Both suprafacial and 

TABLE 30.3 Stereochemical Rules for 

Sigmatropic Rearrangements 
Sa ee a a ee ea) 

Electron pairs Thermal Photochemical 
(double bonds) reaction reaction 

Even number Antarafacial Suprafacial 
Odd number Suprafacial Antarafacial 
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Suprafacial 

—_—_—_—_—_—_——— 

(same side) 

Antarafacial 
a 

(opposite side) 4 

Figure 30.19 Suprafacial and antarafacial sigmatropic 

rearrangements. 

antarafacial sigmatropic rearrangements are symmetry-allowed processes, 
but suprafacial rearrangements are often easier for geometric reasons. 

30.12 Some Examples of Sigmatropic 
Rearrangements 
ee ee ee ee ed 

Since a [1,5] sigmatropic rearrangement involves three electron pairs (two 
pi bonds and one sigma bond), the orbital-symmetry rules in Table 30.3 
predict a suprafacial reaction. In fact, the [1,5] suprafacial shift of a hydrogen 
atom across two double bonds of a pi system is one of the most commonly 
observed of all sigmatropic rearrangements. For example, 5-methylcyclo- 

‘ pentadiene rapidly rearranges at room temperature to yield a mixture of 
1-methyl-, 2-methyl-, and 5-methyl-substituted products. 
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Hee [1,5] Shift (1,5) Shift H 
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25°C 25°C 

dk 
H 

H 

5-Methylcyclopentadiene 1-Methylcyclopentadiene 2-Methylcyclopentadiene 

As another example, heating 5,5,5-trideuterio-(1,3Z)-pentadiene causes 

scrambling of deuterium between positions 1 and 5. 

a3 (1,5) D Shift (aa 

oN A 
CH, CH,D 

Both of these [1,5] hydrogen shifts occur by a symmetry-allowed supra- 

facial rearrangement, as illustrated in Figure 30.20. 

Transition state { 

Figure 30.20 An orbital view of a suprafacial [1,5] hydrogen shift. 

In contrast to the preceding two examples of [1,5] sigmatropic hydrogen 
shifts, thermal [1,3] hydrogen shifts are unknown. Were they to occur, they 
would have to proceed via an impossibly strained antarafacial reaction 
pathway. 

Two other important sigmatropic reactions are the Cope rearrange- 

ment of a 1,5-hexadiene and the Claisen rearrangement of an allyl aryl 
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ether (Section 26.8). These two, along with the Diels—Alder reaction, are 
the most useful pericyclic reactions for organic synthesis; many thousands 
of examples of all three are known. Note that the Claisen rearrangement 
works well with both allyl aryl ethers and with allyl vinylic ethers. 

Claisen rearrangement 

(3,3] 
> 5 

O = OF 
[tad 

An allyl aryl ether 

Claisen rearrangement Os és 

| = 

An allyl vinylic ether A y,6-unsaturated 

carbonyl compound 

Cope rearrangement ~~ CH a Z CH; 
(3,3] 

an 

A 1,5 diene A new 1,5 diene 

Since both Cope and Claisen rearrangements involve reorganization of 
an odd number of electron pairs (two pi bonds and one sigma bond), they 
are predicted to react by suprafacial pathways (Figure 30.21 on page 1176). 

The ease with which these two rearrangements occur provides strong 
evidence for the correctness of orbital-symmetry predictions. For example, 

it has been estimated, based on spectroscopic measurements, that homotro- 
pilidene undergoes [3,3] Cope rearrangement several hundred times each 

second at room temperature. 

Homotropilidene 

Pee ee eee eee eee neers ees esesesresereeereseeeseeeseecseesece 

The 18C NMR spectrum of homotropilidene taken at room temperature shows only 
three peaks. Explain. 

aS wees svvrecs sO CKeesotrHevnvreseeeroemerececesrereertneseee 

How can you account for the fact that heating 1-deuterioindene scrambles the isotope 
label to all three positions on the five-membered ring? 
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Figure 30.21 Suprafacial [3,3] Cope and Claisen rearrangements. 

ee eet 

30.12 Classify the following sigmatropic reaction by order [x,y], and indicate whether you 
would expect it to proceed with suprafacial or antarafacial stereochemistry. 

CHs—H 

cee oes 
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30.13 When a 2,6-disubstituted allyl phenyl ether is heated in an attempted Claisen rear- 
rangement, migration occurs to give p-allyl product. Explain how this occurs. 

0 e Satehne HE OH 

H.C CH; H3C CH; 

a MCH, 
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30.13 A Summary of Rules for Pericyclic 
Reactions 

Pericyclic, electrocyclic, cycloaddition, sigmatropic, conrotatory, disrotatory, 
suprafacial, antarafacial ... how can you keep it all straight? 

The information provided in Tables 30.1, 30.2, and 30.3 to summarize 
the selection rules for electrocyclic, cycloaddition, and sigmatropic reactions 
leads to the conclusion that pericyclic processes can be grouped according 
to whether they involve the reorganization of an even or an odd number of 
electron pairs (bonds). All of this information can be distilled into one simple 
phrase that provides an easy and accurate way to predict the stereochemical 
outcome of any pericyclic reaction: 

For a ground-state (thermal) pericyclic reaction, the groupings are odd— 
supra—dis and even—antara—con. 

Cycloaddition and sigmatropic reactions involving an odd number of 
electron pairs (bonds) occur with suprafacial geometry; electrocyclic reac- 
tions involving an odd number of electron pairs occur with disrotatory ste- 
reochemistry. Conversely, pericyclic reactions involving an even number 
of electron pairs occur with either antarafacial geometry or conrotatory 
stereochemistry. 

Once the selection rules for thermal reactions have been memorized, 
the rules for photochemical reactions are derived simply by remembering 
that they’re the opposite of the thermal rules: 

For an excited-state (photochemical) pericyclic reaction, the groupings 
are odd—antara—con and even—supra—dis. 

Both rules are summarized in Table 30.4. Memorizing this table will 
give you the ability to predict the stereochemistry of literally thousands of 

pericyclic reactions. 



1178 

PROBLEM... 

30.14 

eee eee wees 

CHAPTER 30 Orbitals and Organic Chemistry: Pericyclic Reactions 

TABLE 30.4 Generalized Selection Rules for Pericyclic Reactions 
rg Ne 

Electron state Electron pairs Stereochemistry 

Ground state (thermal) Even number Antara—con 
Odd number Supra—dis 

Excited state (photochemical) | Even number Supra—dis 
Odd number Antara—con 

ee 

Predict the stereochemistry of these pericyclic reactions: 
(a) The thermal cyclization of a conjugated tetraene 
(b) The photochemical cyclization of a conjugated tetraene 
(c) A photochemical [4 + 4] cycloaddition 

(d) A thermal [2 + 6] cycloaddition 
(e) A photochemical [3,5] sigmatropic rearrangement 

ee 

30.14 Summary and Key Words 

A pericyclic reaction is one that takes place in a single step through a 
cyclic transition state; no intermediates are involved. There are three major 
classes of pericyclic processes: electrocyclic reactions, cycloaddition 
reactions, and sigmatropic rearrangements. The stereochemistry of 
these reactions is controlled by the symmetry of the orbitals involved in 
bond reorganization. 

Electrocyclic reactions involve the cyclization of conjugated polyenes. 
For example, 1,3,5-hexatriene cyclizes to 1,3-cyclohexadiene on heating. 
Electrocyclic reactions can occur by either conrotatory or disrotatory 
paths, depending on the symmetry of the terminal lobes of the pi system. 
Conrotatory cyclization requires that both lobes rotate in the same direction, 
whereas disrotatory cyclization requires that the lobes rotate in opposite 
directions (Figure 30.22). Tne reaction course for any specific case can be 
found by looking at the symmetry of the highest occupied molecular 
orbital (HOMO). 

Cycloaddition reactions are those in which two unsaturated molecules 
add together to yield a cyclic product. For example, Diels—Alder reaction 
between a diene (4 pi electrons) and a dienophile (2 pi electrons) yields a 
cyclohexene. Cycloadditions can take place by either suprafacial or antara- 
facial pathways. Suprafacial cycloaddition involves reaction between lobes 
on the same face of one component and on the same face of the second 
component. Antarafacial cycloaddition involves reaction between lobes on 
the same face of one component and on opposite faces of the other component 
(Figure 30.23). The reaction course in a specific case can be found by looking 
at the symmetry of the HOMO of one component and the LUMO of the other 
component. 
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Conrotatory Disrotatory 

Figure 30.22 Conrotatory and disrotatory motions during 
electrocyclic reactions. 

Suprafacial Antarafacial 

aa aS 

Figure 30.23 Suprafacial and antarafacial cycloadditions. 

Sigmatropic rearrangements involve the migration of a sigma-bonded 
group across a pi electron system. For example, Claisen rearrangement 
of an allyl vinylic ether yields an unsaturated carbonyl compound, and Cope 
rearrangement of a 1,5-hexadiene yields a new 1,5-hexadiene. Sigmatropic 
rearrangements can occur with either suprafacial or antarafacial stereo- 
chemistry; the selection rules for a given case are the same as those for 
cycloaddition reactions. 

The stereochemistry of any pericyclic reaction can be predicted by 
counting the total number of electron pairs (bonds) involved in bond reor- 

- ganization and then applying some simple rules. Thermal (ground-state) 
reactions involving an even number of electron pairs occur with either 
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antarafacial or conrotatory stereochemistry (even—antara—con); thermal 

reactions involving an odd number of electron pairs occur with suprafacial 

or disrotatory stereochemistry (odd—supra—dis). Exactly the opposite rules 

apply to photochemical (excited-state) reactions. 

ADDITIONAL PROBLEMS. ..................:::ccceeeeeeeees 

30.15 

30.16 

30.17 

30.18 

30.19 

30.20 

Define these terms in your own words: 
(a) Electrocyclic reaction (b) Conrotatory motion 
(c) Suprafacial (d) Antarafacial 
(e) Disrotatory motion (f) Sigmatropic rearrangement 

Have the following reactions taken place in a conrotatory or in a disrotatory manner? 
Under what conditions, thermal or photochemical, would you carry out each reaction? 

» Sul) — GYD H H 

(2E,4Z,6Z,8E)-Decatetraene has been cyclized to give 7,8-dimethyl-1,3,5-cyclooc- 

tatriene. Predict the manner of ring closure—conrotatory or disrotatory—for both 
thermal and photochemical reactions, and predict the stereochemistry of the product 
in each case. 

Answer Problem 30.17 for the thermal and photochemical cy¢lizations of 
(2E,4Z,6Z,8Z)-decatetraene. 

What stereochemistry would you expect to observe in these reactions? 
(a) A photochemical [1,5] sigmatropic rearrangement 
(b) A thermal [4 + 6] cycloaddition 
(c) A thermal [1,7] sigmatropic rearrangement 
(d) A photochemical [2 + 6] cycloaddition 

The cyclohexadecaoctaene shown isomerizes to two different isomers, depending on 
reaction conditions. Explain the observed results, and indicate whether each reaction 
is conrotatory or disrotatory. 

A 1 

Keenan H H 
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30.21 Which of the following two reactions is more likely to occur? Explain. 

Arn + CHC 
30.22 The following thermal rearrangement involves two pericyclic reactions in sequence. 

Identify them and propose a mechanism to account for the observed result. 

CDs H.C 

H 275°C D ———> 
H D 

CD, H.C D 

30.23 Predict the product of the following pericyclic reaction. Should this [5,5] shift be a 
suprafacial or an antarafacial process? 

NN Ce acna 
30.24 How can you account for the fact that ring opening of the trans-cyclobutene isomer 

shown takes place at much lower temperatures than a similar ring opening of the 
cis-cyclobutene isomer does? Identify the stereochemistry of each reaction as either 

conrotatory or disrotatory. 

on!) a CTO =o 
HH H H 

30.25 Photolysis of the cis-cyclobutene isomer in Problem 30.24 yields cis-cyclododecaen- 
7-yne, but photolysis of the trans isomer yields trans-cyclododecaen-7-yne. Explain 
these results, and identify the type and stereochemistry of the pericyclic reaction. 

a 

H H 
a = 

HOH 
30.26 Two pericyclic reactions are involved in the furan synthesis shown. Identify them 

and propose a mechanism for the transformation. 
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ce C.H; CHs 

Ue yng (oaelgmannyene= + CgH,C=N Il 
Nigen! fe =~ HO 

| 
CHO 

30.27 The following synthesis of dienones occurs readily. Propose a mechanism to account 
for the results, and identify the kind of pericyclic reaction involved. 

Gong Nviegnee tates 
A NS eS H,07 Sony. 0 

CH, 

30.28 Karahanaenone, a compound isolated from oil of hops, has been synthesized by the 

thermal reaction shown. Identify the kind of pericyclic reaction, and explain how 

karahanaenone is formed. 

O 
CHg H3;C 

oa A 
ee CH, ae H3C 

CH; 

CHs 

Karahanaenone 

30.29 The 'H NMR spectrum of bullvalene at 100°C consists only of a single peak at 4.22 
6. What conclusion can you draw from this? What explanation can you suggest to 
account for this result? 

Bullvalene 

30.30 The rearrangement shown was devised and carried out to prove the stereochemistry 
of [1,5] sigmatropic hydrogen shifts. Explain how the observed result confirms the 
predictions of orbital symmetry. 

D- CH; H;C. CH3 D H3;C CoH; 
CH; H 

30.31 The reaction shown is an example of a [2,3] sigmatropic rearrangement. Would you 
expect the reaction to be suprafacial or antarafacial? Explain. 
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ey. eat os O—S—CH, 

30.32 When the compound having a cyclobutene fused to a five-membered ring is heated, 
(1Z,3Z)-cycloheptadiene is formed. When the related compound having a cyclobutene 
fused to an eight-membered ring is heated, however, (1E,3Z)-cyclodecadiene is 
formed. Explain these results, and suggest a reason why the eight-membered-ring 
opening occurs at lower reaction temperatures. 

H 
<< _— 

H 

H 

| = ee) 

SS 

30.33 In light of your answer to Problem 30.32, explain why a mixture of products occurs 

in the following reaction: 

H 

CH; 
H 

H 

30.34 Estrone, a major female sex hormone, has been synthesized by a route that involves 

the following step. Identify the pericyclic reactions involved, and propose a mech- 

anism. 

CH30 

Estrone methy] ether 

30.35 Coronafacic acid, a bacterial toxin, was synthesized using a key step that involves 

‘ three sequential pericyclic reactions. Identify them and propose a mechanism for 

the overall transformation. How would you complete the synthesis? 
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Coronafacic acid 

30.36 The following rearrangement of N-allyl-N,N-dimethylanilinium ion has been 
observed. Propose a mechanism to account for the reaction. 

H 
HCl ee CHe ae 

N(CHs3)o 
Nw A 

CH,CH=CH, —> 

CH,CH=CH, 

N-Ally]-N,N-dimethylanilinium ion o-Allyl-N,N-dimethylanilinium ion 



Chapter 31 

Synthetic 
Polymers 

No other group of compounds has had as great an impact on our day-to-day 
living as the synthetic polymers. As plastics, adhesives, and paints, synthetic 
polymers have a multitude of uses, from the foam coffee cup to the life- 
saving artificial heart valve. Polymer synthesis is a major part of the chem- 
ical industry, and annual production figures for some of the more important 
polymers are shown in Table 31.1. 

TABLE 31.1 Production Figures for Some Major Polymers (1990) 

U.S. production 
(million ton/yr) 

U.S. production 
(million ton/yr) Polymer 

Polyethylene Acrylonitrile/butadiene/styrene La 
Low-density 5.59 Acrylic fibers 0.25 
High-density 4.17 Epoxy adhesives 0.25 

Polypropylene 4.16 Phenolic resins 1.47 
Polystyrene wok Urea/formaldehyde resins 0.75 
Poly(vinyl! chloride) 4.54 Styrene/butadiene rubber 0.43 
Nylon 1.33 Polybutadiene rubber 0.20 
Polyesters 

A polymer is simply a large molecule built up by repetitive bonding 
together of many smaller units called monomers. We've already seen, for 
example, that cellulose is a large carbohydrate polymer built of repeating 
glucose units, proteins are large polyamides built of repeating amino acid 

units, and nucleic acids are large molecules built of repeating nucleotide 

units. 

1185 
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Synthetic polymers are chemically much simpler than most biopoly- 
mers, since the repeating monomer units tend to be small, simple, and 

inexpensive molecules. There is, however, an immense diversity to the struc- 
ture and properties of synthetic polymers, depending on the structure of the 
monomer and on the reaction conditions used for polymerization. 

Polymers can be classified in many ways—by method of synthesis, by 
structure, by physical properties, or by end use, to name a few. Let’s begin 
by looking at the organic chemistry of polymer synthesis and then see how 
polymer structure is correlated with uses and physical properties. 

31.1 General Classes of Polymers 

Synthetic polymers can be classified by their method of synthesis as either 
chain-growth polymers or step-growth polymers. The categories are neces- 
sarily broad and imprecise but nevertheless provide a useful distinction. 
Chain-growth polymers, also called addition polymers, are produced by 
chain-reaction polymerization in which an initiator adds to a carbon—carbon 
double bond to yield a reactive intermediate. This intermediate reacts with 
a second molecule of monomer to yield a new intermediate, this new inter- 
mediate reacts with a third monomer unit, and so on. The polymer is built 
as more monomers add successively to the reactive end of the growing chain. 

The initiator can be an anion, a cation, or a radical, and the monomer 

unit can be any of a large number of substituted alkenes. Polyethylene, 
produced by radical-initiated polymerization of ethylene, is by far the most 
common example of a chain-growth polymer. 

in? 4CHy=—CH, —=> {in—CH.CH.})).————" > [In—CH,CH,CH,CH) °] 

A radical 

initiator 
| Repeat 

| many times 

HH HH) H H H HieHebH 
4 Var / MI / 

et OR ee ee a 

/ \ / \ / \ / \ i \ 

H Hw HO Breen eee ce 

A section of a polyethylene chain 

Step-growth polymers, also called condensation polymers, are pro- 
duced by processes in which the bond-forming step is one of the fundamental 
polar reactions we’ve studied. Reactions occur between two difunctional 
molecules, with each bond in the polymer being formed independently of 
the others. The polymer produced normally has the two monomers in an 
alternating order and usually has other atoms in addition to carbon in the 
main chain. Nylon, a polyamide formed by reaction of a diacid and a diamine, 
is the most common example of a step-growth polymer: 
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1 Wl 1 
H,N(CH,),NH, + HOC(CH,),COH —> + HN(CH,),NH—C(CH,),C + H,O 

A diamine A diacid Nylon (a polyamide) 

31.2 Radical Polymerization of Alkenes 

Many low-molecular-weight alkenes undergo a rapid polymerization reac- 
tion when treated with small amounts of a radical initiator. For example, 
polyethylene, one of the first alkene chain-growth polymers to be manufac- 
tured commercially, has been produced since 1943 and has a current annual 
U.S. production volume of more than 9 million tons. 

Polymerization of ethylene is usually carried out at high pressure 
(1000-3000 atm) and high temperature (100—250°C) with a radical catalyst 
such as benzoyl peroxide. The resultant polymer may have anywhere from 
a few hundred to a few thousand monomer units in the chain. As with all 
radical chain reactions, three kinds of steps are required: initiation steps, 
propagation steps, and termination steps. 

Step 1 Initiation occurs when trace amounts of radicals are generated 
by the catalyst: 

O O O 

od 
ao =< Pas — ae A : 

Benzoyl peroxide Benzoyloxy radical 

Step 2 One of the benzoyloxy radicals produced in step 1 adds to eth- 
ylene to generate a new carbon radical, and the polymerization 

is off and running: 

In< + H,C=CHy, 3 In—CH,CH,: 

Step 3 Propagation occurs when the carbon radical adds to another 
ethylene molecule. Repetition of this step builds the polymer 

chain. 

In —CH,CH2 2) ioe H.C = CH, on Es CH,CH,CH,CH, ° 

R 
en (CH.CH.),CH,CH.- 
many times 

Step 4 Eventually, the polymer chain is terminated by reactions that 

consume the radical. Combination or disproportionation of two 

radicals are possible chain-terminating reactions: 
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2 In-—(CH2CH2), CH2,CHe- 

2 In—(CH,2CH2),CH2CH,2- 

Synthetic Polymers 

ee In —(CH,CH,),,CH,CH2,—CH,CH2(CH2CHg2),—In 

ee In—(CH,CH,),C HCH, ate In—(CH,CH2),CH2CH3 

Many substituted ethylene monomers undergo radical chain polymer- 
ization to yield polymers with substituent groups (denoted by a circled S) 
regularly spaced along the polymer backbone. 

CH,=CH 
Radical 

polymerization 

Monomer 

CH,CHCH,CHCH,CH 

Polymer 

Table 31.2 shows some of the more important of these vinyl monomers 
and lists the industrial uses of the different polymers that result. 

TABLE 31.2 Some Chain-Growth Polymers and Their Uses 

Trade or common 

Monomer name Formula name of polymer Uses 

Ethylene H,C—CH, Polyethylene Packaging, bottles, 
cable insulation, 

films and sheets 

Propene (propylene) H,C—CHCH3 Polypropylene Automotive 
moldings, rope, 

carpet fibers 

Chloroethylene H,C=CHCl Poly(vinyl chloride), Insulation, films, 
(vinyl chloride) Tedlar pipes { 

Styrene H,C—CHC,H; Polystyrene, Styron Foam and molded 
articles 

Tetrafluoroethylene F,C=CF, Teflon Valves and gaskets, 

coatings 

Acrylonitrile H,C—CHCN Orlon, Acrilan Fibers 

CH3 

Methyl] methacrylate 

Vinyl acetate 

Vinyl alcohol 

| 
H,C=CCO,CHs 

H,C=CHOCOCH3 

“H,C =CHOH” 

Plexiglas, Lucite 

Poly(vinyl acetate) 

Poly(vinyl alcohol) 

Molded articles, 
paints 

Paints, adhesives 

Fibers, adhesives 

Note that vinyl alcohol, the monomer corresponding to poly(vinyl alco- 
hol), is an enol that would, if prepared, tautomerize rapidly to acetaldehyde. 
Poly(vinyl alcohol) is therefore made by polymerization of vinyl acetate 
(H2C=CHOCOCHs), followed by hydrolysis of the ester groups in poly(vinyl 
acetate): 
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O O | 

oucH, ouch, OH OH 0 
cH, —CH—CH,—OH a oH, —CH—CH,—OH + CH,CO- 

Poly(vinyl acetate) Poly(vinyl alcohol) 

PROBLEM Sate wi eratclercrerats sieve Mee SECIS OaTe wists srnval' ale tareieharavetore Binieuvenel Mere where 

31.1 How might these polymers be prepared? Show the monomer units you would use. 

OCH OCH OCH 

(a) ron ar Se 

(b) fon€\-cu-an-€ V-cr.-oi-€ cf 

c i ] iG 7 i i a 

(c) CH—CH—CH—CH—CH—CH 

31.2 How can you account for the fact that radical polymerization of styrene yields a 

product in which the pheny] substituents are on alternate carbon atoms rather than 
on neighboring carbons? 

CH=CH, / h ie 

Paes Ph 

not CH,—CH—CH—CH, 

a alle ee’ ele) alive viele isialaen ele rele tee) © e 16 ¢. oie) 68) © d's sie) 4) 0) 0 6 0 6 6.0 60.6) 0) 80 bia eee ee 6 678s '0) 0 e116 

31.3. Cationic Polymerization 

Certain alkene monomers can be polymerized by a cationic initiator, as well 

as by a radical initiator. Cationic polymerizations occur by a chain-reaction 

pathway and require the use of strong protic or Lewis acids. The key chain- 

carrying step is the electrophilic addition of a carbocation intermediate to 

the carbon—carbon double bond of another monomer unit. 
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os OO uae 
H—CH,—CH* —2=*." cH,CHCH.CH* CH,=CH 

| 
many times 

om 
As you might expect, vinyl monomers with electron-donating substit- 

uents polymerize much more readily than monomers with electron-with- 
drawing substituents. Thus, ethylene, vinyl chloride, and acrylonitrile don’t 
polymerize easily under cationic conditions, but 2-methylpropene polymer- 
izes rapidly. This difference in behavior simply reflects the difference in 
stability of the potential chain-carrying intermediate cations: 

intermediate when substituent is 

S © Electron-rich alkene; stabilized cation 

electron-donating; good reaction 
Se | 

CH,—CH —— H—CH,—CH* 

© S) Electron-poor alkene; destabilized 

(ee yas t cation intermediate when substituent 
CH,—CH —*— | H—CH,—CH* is electron-withdrawing; poor reaction 

The most common commercial use of cationic polymerization occurs in 
the preparation of polyisobutylene by treatment of isobutylene (2-methyl- 
propene) with BF catalyst at —80°C. The product is used in the manufacture 
of inner tubes for truck and bicycle tires. : 

ies Hs ie ou 
H.c=c¢ Bele CH,;—C+ _H2C=C(CHs)2 , Cite Gee 

ons CH; CH, CH; 
Isobutylene 

CH, 
Repeat | 
—— CH,—C 
many times | 

CH; n 

Polyisobutylene 

PROBLEM COMO F CECH OHO Eee eee REE HET EE HEE DERE H ECE EES OOO S EEO Oe 

31.3 List the expected reactivity order of the following monomers to cationic polymer- 
ization. Explain your ordering. 

H,C=CHCHs;, H,C=CHCIl, H2C=CHC,H;, H2C—CHCO,CH3 
C810 6.0 66 6.06.08 6 6 8:0 6.66 6180 6.0 6. Tes 0108 8 8 6:6 0 ely 6 Ow 065 8 6 Be 5 8 Se) e pie b miele ein ieneia 
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31.4 Anionic Polymerization 
SSS ET FE YE EE ET 

Alkene monomers with electron-withdrawing, anion-stabilizing substitu- 
ents can be polymerized by anionic catalysts. A chain reaction occurs in 
which the key step is nucleophilic addition of an anion to the unsaturated 
monomer by a Michael reaction (Section 23.12). Acrylonitrile (H,C=CHCN), 
methyl methacrylate [HyC=C(CH3)COOCHs], and styrene (H,C=CHCgHs) 
can all be polymerized anionically, although radical-initiated polymerization 
is preferred commercially. 

CH,—CH + Nu:~ ——> neve —> Nu—CH,CHCH,CH:— 

CH,—CH 

where Nu = A nucleophilic initiator 

s An electron-withdrawing substituent 

One particularly interesting example of anionic polymerization 
accounts for the remarkable properties of “super glue,’ one drop of which 
can support up to 2000 lb. Super glue is simply a solution of pure methyl 
a-cyanoacrylate. Since the carbon—carbon double bond has two electron- 
withdrawing groups, anionic addition is particularly easy. Trace amounts 
of water or bases on the surface of an object are sufficient to initiate poly- 
merization of the cyanoacrylate and bind articles together. Skin is a good 
source of the necessary basic initiators, and many people have found their 
fingers stuck together after inadvertently touching super glue. 

O 

\s—ocH, CN ie 
H,c=C =.) HO—CcH,— Cc: — ,. +cH,—¢ 

C=N ae booctt, n 

Methyl a-cyanoacrylate Super glue 

PROBLEMA 6 ate ove assets 16 attncel ato vanscot svapyo\o 17 oye) © ll oliedey aleiiFs °( Fa) olaVe ¥e,r0l'eTalimre i9s's falre\ielaal «7's 

31.4 Order the following monomers with respect to their expected reactivity toward 
anionic polymerization. Explain your ordering. 

H,C—CHCHs, H,C=CFy,, H,C=CHCN, H,C—CHC.H; 
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PROBLEM Sdis ica tcc d Sok oem ara c ainiva.ke MANGE ee ee 

31.5 Poly(ethylene glycol), or Carbowax, can be made by base-induced polymerization of 

ethylene oxide. Propose a mechanism for this reaction. 

ow ~OH 
CH,—CH, ———— CH,CH,—O —CH,CH,—O —CH,CH,—O 

Ethylene oxide Carbowax 

SRO HEHEHE EOE HEHEHE HEHE EEE HEHEHE EEE EEE HEHE TEES 

31.5 Chain Branching during 
Polymerization 

The polymerization of unsaturated monomers is complicated in practice by 
several problems that greatly affect the properties of the product. One such 
problem is that radical polymerization yields a product that is not linear 
but has numerous branches in it. Branches arise when the radical end of a 
growing chain abstracts a hydrogen atom from the middle of the chain to 
yield an internal radical site that continues the polymerization. The most 
common kind of branching, termed short-chain branching, arises from 
intramolecular hydrogen atom abstraction from a position four carbon atoms 
away from the chain end (Figure 31.1). 

+ CH A short chain 
pine : cH“ 7H — { cH,cHoH,cH,cH.cH, RS { cu.cdi.cH,cH.cH, 

CH ; 27 2 H CH H CH, 
Branch | ; 
point CH, 

Branched polymer 

Figure 31.1 Short-chain branching during the polymerization of 
ethylene. 

Alternatively, intermolecular hydrogen atom abstraction can take place 
by reaction of the radical end of one chain with the middle of another chain. 
Long-chain branching results from this kind of reaction (Figure 31.2). 
Studies have shown that short-chain branching occurs about 50 times more 
often than long-chain branching. 

Chain branching is a common occurrence during radical polymeriza- 
tions and is not restricted to polyethylene. Polypropylene, polystyrene, and 
poly(methyl methacrylate) all contain branched chains. 
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A long chain 

H2C — CHe ! 
aoe vt =a CH,CHCH,CH, } a | Bit? oatia + 

H is 

~ 4 
CH, 

-oH,0H,+ —cH,0H, + | 

Branched polymer 

Figure 31.2 Long-chain branching during the polymerization of 
ethylene. 

31.6 Stereochemistry of Polymerization: 
Ziegler—Natta Catalysts 

Another complication that arises during alkene polymerization has to do 
with stereochemistry. Although not pointed out earlier, polymerization of 
substituted alkenes leads to polymers with numerous stereogenic centers 
on the backbone. For example, propylene might polymerize with any of the 
three stereochemical outcomes shown in Figure 31.3. The conformation in 
which all methyl groups are on the same side of the zigzag backbone is 
called isotactic; that in which the methyl groups regularly alternate on 
opposite sides of the backbone is called syndiotactic (syn-di-o-tac-tic); and 
the conformation in which the methyl groups are randomly oriented is called 
atactic. 

H CH;~H CH; HCH; HCH, HCH; HCH; H CH; 

Isotactic (same side) 

CH3 H H CHs CHs H H CHs CH3 H H CH; CH3 H 

Syndiotactic (alternating) 

CH;H HCH; H.CH; HCH;°CH;H CH;H HCH; 

Atactic (random) 

ane Se ee 

Figure 31.3 Isotactic, syndiotactic, and atactic forms of 

polypropylene. 
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The three different stereochemical forms of polypropylene all have some- 

what different properties, and all three can be made by the proper choice 

of polymerization conditions. Branched atactic polymers arise from normal 

radical chain polymerizations, but the use of special Ziegler—Natta'!? cata- 

lysts allows preparation of isotactic and syndiotactic forms. 

Ziegler—Natta catalysts are organometallic transition-metal complexes 

prepared by treatment of a trialkylaluminum with a titanium compound. 

Triethylaluminum and titanium trichloride form a typical preparation, 

although the precise structure of the active catalyst is still unknown. 

(CH;CH,)3Al + TiCl; ——> A Ziegler—Natta catalyst 

Introduced in 1953, Ziegler—Natta catalysts immediately revolutionized 
the field of polymer chemistry, largely because of two advantages: 

1. Ziegler—Natta polymers are linear and have practically no chain 
branching. 

2. Ziegler—Natta polymers are stereochemically regular. Either iso- 
tactic or syndiotactic forms can be produced, depending on the exact 
catalyst system used. All commercial polypropylene is now produced 
by the- Ziegler—Natta process, since the product has greater 
strength, stiffness, and resistance to cracking than does the 

branched atactic polypropylene prepared by radical polymerization. 

Linear polyethylene produced by the Ziegler—Natta process (called 
high-density polyethylene) is a highly crystalline polymer with 500-1000 
ethylene units per chain. High-density polyethylene has greater strength 
and heat resistance than the product of radical-induced polymerization (low- 
density polyethylene) has and is used to produce plastic squeeze bottles and 
molded housewares. 

The exact mechanism by which Ziegler—Natta catalysts operate is 
unclear, but the key chain-lengthening steps undoubtedly involve formation 
of alkyltitanium species, followed by coordination of alkene monomer to the 
titanium and insertion of coordinated alkene into the carbon—titanium bond. 

pon 

H.C: 

CH,CH ny hee i/ f 2 CH,CH,— " Se CECH ay — Fi OFC GHC H aT 

An alkyltitanium Chain-extended 

intermediate alkyltitanium intermediate 

I Repeat 

lKarl Ziegler (1889-1976); b. Helsa, near Kassel, Germany; Ph.D. Marburg University; 
director, Max Planck Institute for Coal Research, Milheim-Ruhr, Germany; Nobel Prize (1963). 

2Giulio Natta (1903-1979); b. Imperia, Italy; D.C.E. Milan Polytechnic Institute; professor, 
Milan Polytechnic Institute; Nobel Prize (1963). 
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PROBLEM eC 

31.6 Account for the fact that vinylidene chloride, H,C=CCl,, does not polymerize in 
isotactic, syndiotactic, and atactic forms. 

PROBLEM PRM eRe eee eee eee meee eee ee eeeeee ee eeeeneeeeeeeeeeeeseseesese 

31.7 Polymers such as polypropylene contain a large number of chiral carbon atoms. 
Would you therefore expect samples of isotactic, syndiotactic, or atactic polypropy]- 

ene to rotate plane-polarized light? Explain. 

eC Ce ey 

31.7. Diene Polymers: Natural and 
Synthetic Rubbers 

Although we’ve discussed only the polymerization of simple alkene mono- 
mers up to this point, the same principles apply to the polymerization of 
conjugated dienes. Diene polymers are structurally more complex, though, 
since double bonds remain every four carbon atoms along the chain. These 
double bonds can be either cis or trans, and the proper choice of Ziegler— 
Natta catalyst allows preparation of either geometry. Note that the poly- 
merization reaction corresponds to 1,4 addition of the growing chain to each 
conjugated diene monomer (recall 1,4 ionic addition to dienes, Section 14.5). 

CH. CH,— CH CH Ne ate 2 yas 
~ 

== ¢ C=C 
Via g N aa IN 
H H H H 

cis-Poly(1,3-butadiene) 

aor’ eS 
= ritsacrih.- sClin CH, eae 1,3-Butadiene 

, CH, _C CH, C 
BN To 

oe. CH, co oft, 

| 
H H 

trans-Poly(1,3-butadiene) 

Natural rubber is a polymer of isoprene (2-methyl-1,3-butadiene) in 
which the double bonds have cis stereochemistry. Gutta-percha, the all-trans 
isomer of natural rubber, also occurs naturally as the exudate of certain 

trees but is less common. Gutta-percha is harder and more brittle than 

rubber but finds a variety of minor applications, including occasional use 

as the covering on golf balls. 
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CHs H CHs H 

tees Gor 
ae \ a Ss 
CH, CH.CH, CH, 

CH3 
5 Natural rubber (all cis) 

CH,—=C—CH=CH, 

Isoprene 
(2-Methyl-1,3-butadiene) a i 

Hee ely Chet 
CHa Nar ieee hed 

Cc CHO CH, 
| | 
CHg CH 

Gutta-percha (all trans) 

A number of different synthetic rubbers are produced commercially by 
diene polymerization. Both cis- and trans-polyisoprene can be made under 
Ziegler—Natta conditions, and the synthetic rubber thus produced is similar 
to the natural material. Chloroprene (2-chloro-1,3-butadiene) is polymerized 
commercially to yield neoprene, an excellent, though expensive, synthetic 
rubber with good weather resistance. Neoprene is used in the production of 
industrial hoses and gloves, among other things. 

Cl a c 
| CH Che 64.66 Ziegler—Natta X2 a yore his 

e - catalyst G CH. Cc ae CHs 

Chloroprene | | 
(2-Chloro-1,3-butadiene) Cl Cl 

Neoprene (trans) i 

Both natural and synthetic rubbers are soft and tacky unless hardened 
by a process called vulcanization. Discovered in 1839 by Charles Goodyear 
(of subsequent tire fame), vulcanization involves heating the polymer with 
a few percent by weight of sulfur. The result is a much harder rubber with 
greatly improved resistance to wear and abrasion. 

Figure 31.4 Sulfur cross-linked chains resulting from vulcanization 
of rubber. 
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The chemistry of vulcanization involves formation of sulfur bridges or 
cross-links between polymer chains. Cross-linked polymers tend to be rigid, 
because the individual chains are locked together into immense single mole- 
cules that can no longer slip over one another (Figure 31.4). Note the 
similarity in structure between a vulcanized rubber and a peptide with 
cysteine cross-links (Section 27.7). 

Ce ee ee ee Se ee 

Diene polymers contain occasional vinyl branches along the chain. How do you think 
these branches might arise? 

CH,=CH—CH=CH, —> SEC Osea 

A vinyl branch at CH=CH, 

PRPS RSS ET eee ee H eRe eee Eee eee ESTEE Eee ee HEE eH eC ORE DRED OOS 

Radial tires, whose sidewalls are made of natural rubber, tend to crack and weather 
rapidly in areas around cities where high levels of ozone and other industrial pol- 
lutants are found. Explain. 

i Ce 

31.8 Copolymers 

Up to this point we’ve discussed only homopolymers, polymers that are 
made up of identical repeating units. In practice, however, copolymers are 
more common and more important commercially. Copolymers are obtained 
when two or more different monomers are allowed to polymerize together. 

For example, copolymerization of vinyl chloride with vinylidene chloride 
(1,1-dichloroethylene) leads to the well-known polymer Saran. 

‘3 is it " 

CH.=CH + CH,=CCl, ——> CH,.CH— ee —CH,CH 

Vinyl Vinylidene Cl 
chloride chloride 

Saran 

Copolymerization of monomer mixtures often leads to materials with 
properties quite different from those of either corresponding homopolymer, 
giving the polymer chemist a vast amount of flexibility for devising new 
materials. Table 31.3 lists some common copolymers and indicates their 
commercial applications. 

Several different structural types of copolymers can be defined, depend- 
_ing on the distribution of monomer units in the chain. If monomer A and 
monomer B are being copolymerized, for instance, the resultant product 
might have a random distribution of the two units throughout the chain, 
or it might have an alternating distribution: 



1198 CHAPTER 31 Synthetic Polymers 

TABLE 31.3 Some Common Copolymers and Their Uses 
SSS TN I a a EE 

Monomer name 

Vinyl] chloride 
Vinylidene chloride 

Styrene (25%) 
Butadiene (75%) 

Hexafluoropropene 
Vinylidene fluoride 

Acrylonitrile 
Butadiene 

Isobutylene 
Isoprene 

Acrylonitrile 
Butadiene 
Styrene 

ASB 

Formula 

H,C=CHCl 
H.C — CCl, 

H.C = CHC,H; 

H,C=CHCH=CH, 

F,C=CFCF3; 
H,C — CF, 

H,C=CHCN 
H,C=CHCH=CHy, 

H,C=C(CHs3)2 
H,C=C(CH;)CH=CH, 

H,C—CHCN 
H,C—CHCH=CH, 
H.C —— CHC,H; 

Trade or common 

name of polymer 

Saran 

SBR (styrene— 
butadiene rubber) 

Viton 

Nitrile rubber 

Buty] rubber 

ABS (initials of 

three monomers) 

Uses 

Food wrapping, 

fibers 

Tires 

Gaskets, rubber 

articles 

Latex, adhesives, 

gasoline hoses 

Inner tubes 

Pipes, high-impact 
applications 

+ A—A—B—A—B—B—A—B—A—A—A—B= 

Random copolymer 

+s-A—B—A—B—A—B—A—B—A—B—A—Bs= 

Alternating copolymer 

The exact distribution depends on such factors as the initial proportion 
of the two reactant monomers and their relative reactivities. [In practice, 
neither perfectly random nor perfectly alternating copolymers are usually 
found. Most copolymers tend more toward the alternating form but have 
many random imperfections. 

Two other special forms of copolymers that can be prepared under cer- 
tain conditions are called block copolymers and graft copolymers. Block 
copolymers are those in which different blocks of identical monomer units 
alternate with each other; graft copolymers are those in which homo- 
polymer branches of one monomer unit are “grafted” onto a homopolymer 
chain of another monomer unit. 

Segment of a block copolymer 

~A—A—A—A—A—A—A—A—B—B—B—B—B—B—B—B+ 

Se cit tot oben one ee ed 

| 
i 
B B 
a “fy 

| 

I 
B 

AV 

Segment of a graft copolymer 

B 
| 
B 

B 
AV 
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Block copolymers are prepared by initiating the radical polymerization 
of one monomer as if growing homopolymer chains, followed by addition of 
an excess of the second monomer. Graft copolymers are made by gamma 
irradiation of a homopolymer chain in the presence of a second monomer. 
The high-energy irradiation knocks hydrogen atoms off the homopolymer 
chain at random points, thus generating radical sites that can initiate poly- 
merization of the added monomer. 

Se Ree ee ee mee ee meee eee eres erereseeeerereseseseseerereeeeeeee 

Draw the structure of an alternating segment of butyl rubber, a copolymer of 
2-methyl-1,3-butadiene and 2-methylpropene prepared under cationic conditions. 

ee ee a 

One of the most important commercial applications of graft polymerization involves 
irradiation of polybutadiene, followed by addition of styrene. The product is used to 
make rubber soles for shoes. Draw the structure of a representative segment of this 
styrene—butadiene graft copolymer. 

i 

31.9 Step-Growth Polymers: Nylon 

Step-growth polymers are produced by reactions between two difunctional 
molecules, as noted earlier. Each bond is formed in a discrete step, inde- 
pendent of all other bonds in the polymer, and no chain reactions are 
involved. The key bond-forming step is usually one of the fundamental polar 
reactions studied earlier, as opposed to a radical reaction. A large number 
of different step-growth polymers have been made, with some of the more 
important ones shown in Table 31.4 on page 1200. 

The best-known step-growth polymers are the polyamides (nylons), first 
prepared by Wallace Carothers® at the Du Pont Company by heating di- 
amines with diacids. For example, nylon 66 is prepared by reaction of the 
six-carbon adipic acid with the six-carbon hexamethylenediamine at 280°C: 

| | 
HOCCH,CH,CH,CH,COH + H,NCH,CH,CH,CH,CH,CH,NH; 

Adipic acid Hexamethylenediamine 

| Heat 

O ) 
ie omemrnte we ft alvete: Insta io rina nt 2n HO 

Nylon 66 

3Wallace H. Carothers (1896-1937); b. Burlington, Iowa; Ph.D. Illinois (Adams); Du Pont 

Company. 
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TABLE 31.4. Some Common Step-Growth Polymers and Their Uses 

Monomer name Uses 

Adipic acid 
Hexamethylene diamine 

Ethylene glycol 

Dimethyl terephthalate 

Caprolactam 

Diphenyl! carbonate 

Bisphenol A 

Poly(2-butene-1,4-diol) 

Tolylene diisocyanate 

Trade or 
common name 

Formula of polymer 

HOOC(CH,),COOH | Nylon 66 

H,N(CHe)gNH2 

HOCH,CH,0H 

COOCH3 
Dacron, 

Terylene, 
Mylar 

COOCH3 

O 

IN=eel Nylon 6, Perlon 

CsH;OCOOC,H; 

CH; Lexan, 

| polycarbonate 
HO 7 OH 

CH; 

HO-+ CH,CH=CHCH, 7,0H 

CH; N=C=0O 
Polyurethane, 

Spandex 

N=C=0 

Fibers, clothing, 

tire cord, 

bearings 

Fibers, clothing, 
tire cord, film 

Fibers, large 
cast articles 

Molded articles, 
machine 
housings 

‘ 

Foams, fibers, 

coatings 

Nylon 6, closely related in structure to nylon 66, is prepared by poly- 
merization of caprolactam. Water is first added to hydrolyze caprolactam to 
6-aminohexanoic acid, and strong heating then brings about dehydration 
and polymerization. 

Nylons are used both in engineering applications and in making fibers. 
A combination of high impact strength and abrasion resistance makes nylon 
an excellent metal-substitute for bearings and gears. As fiber, nylon is used 
in a wide variety of applications, from clothing to tire cord to Perlon moun- 
taineering ropes. 
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O 
H 

Nm ° 
30) 2°, HOCCH,CH,CH,CH,CH,NH, 

Caprolactam 6-Aminohexanoic acid 

] 260°C 

O 
| | ) 
ee eb eA he CCH,CH,CH,CH,CH,NH nt 2n H,O 

Nylon 6 

31.12 Nylon is far more easily damaged by accidental spillage of acid or base than are 
chain-growth polymers like polyethylene. In other words, wearing nylon stockings 
in a chemistry laboratory can be very expensive. Explain. 

31.13 Draw structures of the step-growth polymers you would expect to obtain from these 
reactions: 

(a) BrCH,CH,CH,Br + HOCH,CH,CH,OH 

(b) HOCH,CH,OH + HOOC(CH2),COOH 

(c) HgN(CH2)gNHz + ClOC(CH2),COC] —— 

Base 
—— 

H,SO, catalyst 
> 

31.14 Kevlar, a nylon polymer prepared by reaction of 1,4-benzenedicarboxylic acid (tere- 
phthalic acid) with 1,4-diaminobenzene (p-phenylenediamine), is so strong that it’s 
used to make bulletproof vests. Draw the structure of a segment of Kevlar. 

eC 

31.10 Polyesters 
ne eee eee ee ee ee ee ed 

Just as polyamides can be made by reaction between diacids and diamines, 
polyesters can be made by reaction between diacids and dialcohols. The 
most generally useful polyester is made by ester exchange reaction between 
dimethyl terephthalate and ethylene glycol. The product is widely used 
under the trade name Dacron to make clothing fiber and tire cord, and is 

_ used under the name Mylar to make plastic film. The tensile strength of 
poly(ethylene terephthalate) film is nearly equal to that of steel, and the 
film is unusually flex- and tear-resistant. 
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1 1 | 
CH;0C COCH; + HOCH,CH,OH 

Dimethyl terephthalate Ethylene glycol 

ee 

O 
| | 

OCH,CH,0 cf \-c + 2nCH3;0H 

Polyester, Dacron, Mylar 

Lexan, a polycarbonate prepared from dipheny] carbonate and bisphenol 
A, is another commercially valuable polyester. Lexan has an unusually high 
impact strength, making it valuable for use in machinery housings, tele- 
phones, and bicycle safety helmets. 

0 ne 

oO | 
CH; 

Diphenyl carbonate Bisphenol A 

| s00%c 

ie i 
0 po prone + 2nC,H;OH 

ou, 
Lexan 
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31.15 Draw the structure of the polymer you would expect to obtain from reaction of 
dimethyl] terephthalate with a triol such as glycerol. What structural feature would 
this new polymer have that was not present in Dacron? How do you think this new 
feature would affect the properties of the polymer? 

Beem ee eee EEE HHH EERE HEHEHE HEHE EH EHH EEE EEE HEE EHH EHH EH EEE 

31.11 Polyurethanes 

A urethane is a carbonyl-containing functional group in which the carbonyl 
carbon is bound both to an ether oxygen and to an amine nitrogen. As such, 
a urethane can be considered intermediate between a carbonate and a urea: 
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O O O 

RO~ “OR RO~ NR,’ RN NR, 

A carbonate A urethane A urea 

Urethanes are prepared by nucleophilic addition of alcohols to isocyanates: 

O O 
| | 

RNC 0 + COS Rk. See aed aa: ce _ 

i I i 
An isocyanate A urethane 

Polyurethanes, polymers containing urethane linkages, are prepared 
by reaction between diols and diisocyanates. The diol is itself a low-molec- 
ular-weight (mol wt ~ 1000) polymer with hydroxy] end groups; the diiso- 
cyanate is often tolylene diisocyanate. 

HAC N= O=G 

HO-(Polymer)-OH + 

N=C=0 
Tolylene diisocyanate 

I ae | 0 ; 

A polyurethane 

A number of different kinds of polyurethanes are produced, depending 
on the nature of the polymeric alcohol used and on the degree of cross- 
linking achieved. One major use of polyurethane is in the stretchable span- 
dex and Lycra fibers used for bathing suits and leotards. These polyure- 
thanes have a fairly low degree of cross-linking so that the resultant polymer 

is soft and elastic. 
A second major use of polyurethanes is in foams. Foaming occurs when 

_a small amount of water is added during polymerization. Water adds to 
isocyanate groups giving carbamic acids, which spontaneously lose COs, 
thus generating the foam bubbles. 
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O 

| 
R—N=C=0 + H,O —> Sa ae, => RNH, + CO;7 

An isocyanate | 
H 

A carbamic acid 

Polyurethane foams generally have a higher amount of cross-linking 
than polyurethane fibers do, an amount that can be varied by using a poly- 
alcohol rather than a diol as one of the reactive components. The result is 
a rigid but very light foam suitable for use as thermal insulation in building 

construction and in portable ice chests. 

Cee ewe ere eee rears eereareseeresseseeeeseeesesesessseeseresese 

Show the mechanism of reaction between water and an isocyanate to yield a carbamic 

acid. 

Ce 

Show the mechanism of the decarboxylation of a carbamic acid to yield an amine 

plus CO,. What kind of reaction is occurring? 

eee ee meee eee errors er eee neers eseeeeeeeeeeseseeeeeeeeesesee 

31.12 Polymer Structure and Chemistry 

Polymers aren’t really so different from other organic molecules. They’re 
much bigger, of course, but their chemistry is the same as that of analogous 
small molecules. The chemistry of polymers is the familiar chemistry of 
functional groups; molecular size plays little role. Thus, the ester linkages 
of a polyester such as Dacron are hydrolyzed by base; the aromatic rings of 
polystyrene undergo typical electrophilic aromatic substitution reactions; 
and the alkane chains of polyethylene undergo radical-initiated halo- 
genation. 

The major differences between small and very large organic molecules 
are in structure and in physical properties. Here too, though, the bulk struc- 
tures and properties of polymers are the result of the same intermolecular 
forces that operate in small molecules. 

The most important intermolecular forces between non-cross-linked 
polymer chains are van der Waals forces. These forces, which are due to 
weak attractive interactions between transient dipoles in nearby molecules 
(Section 3.6), are the same as those that act between small molecules in 
solution or in the solid state. 

Since van der Waals forces operate only at close distances, they’re 
strongest in those polymers like linear polyethylene in which chains can 
line up in a regular, close-packed way. Many polymers, in fact, have regions 
that are essentially crystalline. These regions, called crystallites, consist 
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of highly ordered portions in which the zigzag polymer chains are bound 
together by van der Waals forces (Figure 31.5). 

Figure 31.5 Crystallites in linear polyethylene. The long polymer 

chains are arranged in parallel lines in the crystallite regions. 

As you might expect, polymer crystallinity is strongly affected by the 
steric requirements of substituent groups on the chains. Poly(methyl meth- 
acrylate), for instance, is noncrystalline because the chains can’t pack closely 
together in a regular way, but linear polyethylene is highly crystalline. 

31.18 What product would you expect to obtain from catalytic hydrogenation of natural 

rubber? Would the product be syndiotactic, atactic, or isotactic? 

eC 

31.13 Polymer Structure and Physical 
Properties 

Classification of synthetic polymers according to their physical properties 
is a useful exercise because it makes possible a rough correlation between 
structure and property. In general, we can divide polymers into four major 
categories: thermoplastics, fibers, elastomers, and thermosetting resins. 

Thermoplastics are the polymers most people think of when the word 
plastic is mentioned. These polymers are hard at room temperature but 

- become soft and viscous when heated. As a result, they can be molded into 
toys, beads, telephone housings, or into any of a thousand other items. 
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Because thermoplastics have little or no cross-linking, the individual chains 
can slip past one another on heating. Some thermoplastic polymers such as 
poly(methyl methacrylate) (Plexiglas) are amorphous and noncrystalline; 
others, such as polyethylene and nylon, are partially crystalline. 

Plasticizers—small organic molecules that act as lubricants between 
chains—are usually added to plastics to keep them from becoming brittle 
at room temperature. Dialkyl phthalates are commonly used for this purpose 
and, in the past few decades, have become among the most widely dispersed 
of all environmental pollutants. Phthalate plasticizers have even been 
detected in the fat of antarctic penguins. 

O 

| 
CL 

OCH,CH,CH,CHs; Dibutyl] phthalate 
er _OCH,CH,CH,CH; (a plasticizer) 

G 
| 
O 

Fibers are thin threads produced by extruding a molten polymer 
through small holes in a die, or spinneret. The fibers are then cooled and 
drawn out. Drawing has the effect of orienting the crystallite regions along 
the axis of the fiber, a process that adds considerable tensile strength (Figure 
31.6). Nylon, Dacron, and polyethylene all have the semicrystalline struc- 
ture necessary for drawing into oriented fibers. 

= 2 ns 
a se Draw ne ree 

Unoriented crystallites Oriented crystallites 
in a thermoplastic in a fiber 

me eS eed 

Figure 31.6 Oriented crystallite regions in a polymer fiber. 

Elastomers are amorphous polymers that have the ability to stretch 
out and spring back to their original shapes. These polymers must have a 
modest amount of cross-linking to prevent the chains from slipping over one 
another, and the chains must have an irregular shape to prevent crystallite 
formation. When stretched, the randomly coiled chains straighten out and 
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orient along the direction of the pull. Van der Waals forces are too weak 
and too few to maintain this orientation, however, and the elastomer there- 
fore reverts to its random-coiled state when the stretching force is released 
(Figure 31.7). 

_— Cross-links 

Stretch 
V—7—___—_—_—> 

———— 

Relax 

Figure 31.7 Unstretched and stretched forms of an elastomer. 

Natural rubber is the most obvious example of an elastomer. Rubber 
has the long chains and occasional cross-links needed for elasticity, but its 
irregular geometry prevents close packing of the chains into crystallites. 
Gutta-percha, by contrast, is highly crystalline and is not an elastomer 
(Figure 31.8). 

(a) 

(b) 
SS SS SS SS 

Se See Se ee ee 

Figure 31.8 (a) Natural rubber is elastic and noncrystalline 

because of its cis double-bond geometry, but (b) gutta-percha is 

nonelastic and crystalline because its geometry allows for better 

packing together of chains. 

Thermosetting resins are polymers that become highly cross-linked 
and solidify into a hard, insoluble mass when heated. Bakelite, a thermo- 
setting resin first produced in 1907 by Leo Baekeland,* has been in com- 

4L.eo Hendrik Baekeland (1863-1944); b. Ghent, Belgium; founder and president, Bakelite 

Corp., U.S. (1910-1939). 
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mercial use longer than any other synthetic polymer. It is widely used for 

molded parts, for adhesives, for coatings, and even for high-temperature 

applications such as missile nose cones. 

Chemically, Bakelite is a phenolic resin produced by reaction of phenol 

and formaldehyde. On heating, water is eliminated, many cross-links form, 

and the polymer sets into a rock-like mass. The cross-linking in Bakelite 

and other thermosetting resins is three-dimensional and is so extensive that 

we can’t really speak of polymer “chains.” A piece of Bakelite is essentially 

one large molecule. 

OH 

A 
te) H,O ae 5 H,O 

Bakelite 

Sue diel k eleib ls 6: 6)e 6.0/8, 0 (610 ud 0 6810] 0 6/618 6, 0 ¢ ule © 8/0 OU ec. 6 0.0 ¢ 00/0 60/08 Sie e618 

31.19 Propose a mechanism to account for the formation of Bakelite from agid-catalyzed 

eee eee eee 

polymerization of phenol and formaldehyde. 

Cee eee emcee eee ewer ereeestoeraseocseereecreneeesreseoneRere 

31.14 Summary and Key Words 

Synthetic polymers can be classified as either chain-growth polymers or 
step-growth polymers. Chain-growth polymers are prepared by chain- 
reaction polymerization of unsaturated monomers in the presence of a rad- 
ical, an anion, or a cation initiator. Radical polymerization is the most 
commonly used method, but alkenes such as 2-methylpropene that have 
electron-donating substituents on the double bond polymerize easily by a 
cationic route. Similarly, monomers such as methyl a-cyanoacrylate that 
have electron-withdrawing substituents on the double bond polymerize by 
an anionic (Michael reaction) pathway. 

Conjugated dienes such as 1,4-butadiene, isoprene, and chloroprene also 
undergo polymerization, giving products that have double bonds in their 
chains. Still another possibility is the copolymerization of two monomers to 
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give a product that has properties different from those ef either homopoly- 
mer. Graft copolymers and block copolymers are two special kinds of 
polymers whose physical properties can sometimes be controlled. 

Alkene polymerization can be carried out in a much more controlled 
fashion if Ziegler—Natta catalysts are used. Ziegler—Natta polymerization 
minimizes the amount of chain branching in the polymer and leads to stereo- 
regular chains—either isotactic (substituents on the same side of the chain) 
or syndiotactic (substituents on alternate sides of the chain), rather than 
atactic (substituents randomly disposed). 

Step-growth polymers, the second major class of polymers, are pre- 
pared by reactions between difunctional molecules; the individual bonds in 
the polymer are formed independently of one another. Polyamides (nylons) 
are formed by step-growth polymerization between a diacid and a diamine; 
polyesters are formed from a diester and a diol; and polyurethanes are 
formed from a diisocyanate and a diol. 

The chemistry of synthetic polymers is similar to the chemistry of small 
molecules with the same functional groups, but the physical properties of 
polymers are greatly affected by size. Polymers can be classified by physical 
property into four groups: thermoplastics, fibers, elastomers, and ther- 
mosetting resins. The properties of each group can be accounted for by the 
structure, the degree of crystallinity, the geometry, and the amount of cross- 
linking in the specific polymers. 

ADDITIONAL’ PROBLEMS 05... 5. oc 0sc- eeccved vctacs sven one 

31.20 Identify the monomer units in each of the following polymers. 

31.21 

31.22 

31.23 

| ae “ie | 

(a) CH,CH—CH,CH 

(b) --CFCI—CF,— CFC1—CF,~+, Kel-F 

(c) +CH;,—O—CH,—O—CH,—0O-+,, Delrin 

(e) ==CH(CH2)4CH=N(CHe2)gN> 

Identify each polymer in Problem 31.20 as either a step-growth or a chain-growth 

polymer. 

Cyclopentadiene undergoes thermal polymerization to yield a polymer that has no 

double bonds in the chain. On strong heating, this polymer breaks down to regenerate 

cyclopentadiene. Propose a structure for the product. (See Section 14.7.) 

Draw a three-dimensional representation of segments of these polymers: 

_ (a) Syndiotactic polyacrylonitrile 
(b) Atactic poly(methyl methacrylate) 
(c) Isotactic poly(vinyl chloride) 
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31.25 

31.26 

31.27 

31.28 

31.29 

31.30 
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When styrene, CgH;CH=CHg, is copolymerized in the presence of a few percent 
p-divinylbenzene, a hard, insoluble, cross-linked polymer is obtained. Show how this 
cross-linking of polystyrene chains occurs. 

One method for preparing the 1,6-hexanediamine needed in nylon production starts 
with 1,3-butadiene. How would you accomplish this synthesis? 

H,C—=CHCH=CH, —> H,NCH,CH,CH,CH,CH,CH,NH, 

Nitroethylene, H,C=CHNOg, is a sensitive compound that must be prepared with 
great care. Attempted purification of nitroethylene by distillation often results in 
low recovery of product and a white coating on the inner walls of the distillation 
apparatus. Explain. 

Poly(vinyl butyral) is used as the plastic laminate in the preparation of automobile 
windshield safety glass. How would you synthesize this polymer? 

Poly(vinyl butyral) 

Polyimides having the structure shown are used as coatings on glass and plastics 
to improve scratch resistance. How would you synthesize a polyimide? 

O O 

O O 

Qiana, a polyamide fiber with a silk-like feel, has the structure indicated. What are 
the monomer units used in the synthesis of Qiana? 

ieee 
C(CH,),C_—NH <)-cu{ )-ne Qiana 

Starting from aniline and formaldehyde, how would you synthesize the amine nec- 
essary for the preparation of Qiana (Problem 31.29)? 

‘ 

What is the structure of the polymer produced by treatment of B-propiolactone with 
a small amount of hydroxide ion? 

O 
O f 

B-Propiolactone 

Glyptal is a highly cross-linked thermosetting resin produced by heating glycerol 
and phthalic anhydride (1,2-benzenedicarboxylic acid anhydride). Show the structure 
of a representative segment of glyptal. 
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31.33 Melmac, a thermosetting resin often used to make plastic dishes, is prepared by 

31.34 

31.35 

31.36 

31.37 

heating melamine with formaldehyde. Review the structure of Bakelite in Section 
31.13, and then propose a structure for Melmac. 

H,N_ LN NH. 2 BG wr 2 | 

+ CH,0O — > Melm 
N_ -N Riad 

NH, 

Melamine 

Epoxy adhesives are cross-linked resins prepared in two steps. The first step involves 
Sy2 reaction of the disodium salt of bisphenol A with epichlorohydrin to form a low- 
molecular-weight prepolymer. This prepolymer is then “cured” into a cross-linked 
resin by treatment with a triamine such as HXNCH,CH,NHCH»,CH,NHp. 

CH, O 

| yes 
HO 1 OH CH,—CH—CH,Cl 

CHs 

Bisphenol A Epichlorohydrin 

(a) What is the structure of the prepolymer? 
(b) How does addition of the triamine result in cross-linking? 

The polyurethane foam used for home insulation uses methanediphenyldiisocyanate 
(MDI) as monomer. The MDI is prepared by reaction of aniline with formaldehyde, 

followed by treatment with phosgene, COCl,. Propose mechanisms for the two steps. 

NH, 

[oor 

o=c—n—( cn, _\-w-c-0 

MDI 

Write the structure of a representative segment of polyurethane prepared by reaction 
of ethylene glycol with MDI (Problem 31.35). 

Urea—formaldehyde resins have been prepared commercially for over 60 years for 
a variety of purposes, including use as adhesives and insulating foams. For example, 
the smoking salons of the great hydrogen-filled dirigibles of the 1930s were insulated 
with urea—formaldehyde foams, and urea—formaldehyde adhesives were used ex- 

_tensively in boats and aircraft during World War II. The structure of the urea— 
formaldehyde polymer is highly cross-linked, like that of Bakelite (Section 31.13). 
Propose a structure for this polymer. 
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| 
H.N—C—NH,, + CH,0, —> 

Urea Formaldehyde 

31.38 An improved polymeric resin used for Merrifield solid-phase peptide synthesis (Sec- 
tion 27.12) is prepared by treating polystyrene with N-(hydroxymethyl)phthalimide 
and trifluoromethanesulfonic acid, followed by reaction with hydrazine. Show how 
these steps occur. 

“1 —CH,0H CH,CH CHa CGH 

H,NNH, 

hee Cl cotiaamied 6 | 

CH2NH, n 



Appendix A 

Nomenclature of 
Polyfunctional 
Organic 
Compounds 

Judging from the number of incorrect names that appear in the chemical literature, 
it’s probably safe to say that relatively few practicing organic chemists are fully 
conversant with the rules of organic nomenclature. Simple hydrocarbons and mono- 
functional compounds present few difficulties because the basic rules for naming 
such compounds are logical and easy to understand. Problems, however, are often 
encountered with polyfunctional compounds. Whereas most chemists could correctly 
identify hydrocarbon 1 as 3-ethyl-2,5-dimethylheptane, rather few could correctly 
identify polyfunctional compound 2. Should we consider 2 as an ether? As an ethyl 
ester? As a ketone? As an alkene? It is, of course, all four, but it has only one correct 

name: ethy! 3-(4-methoxy-2-o0xo-3-cyclohexenyl)propanoate. 

O O 
CH;CHCH; | 

COCH,CH; 
Saree. CHUH ION: 

CH; CH,0 

1. 3-Ethy]-2,5-dimethylheptane 2. Ethyl] 3-(4-methoxy-2-oxo-3-cyclohexenyl)propanoate 

Naming polyfunctional organic compounds isn’t really much harder than nam- 
ing monofunctional ones. All that’s required is a knowledge of nomenclature for 
monofunctional compounds and a set of additional rules. In the following discussion, 
it’s assumed that you have a good command of the rules of nomenclature for mono- 
functional compounds that were given throughout the text as each new functional 

_ group was introduced. A list of where these rules can be found is shown in Table 
A.1. 

Al 
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TABLE A.1_ Where to Find Nomenclature Rules for Simple Functional Groups 

Text section Functional group Text section Functional group 

Acid anhydrides 21.1 Amines Dae 
Acid halides 21,1 Aromatic compounds 15.2 
Alcohols VT Carboxylic acids 20.1 
Aldehydes 19.2 Cycloalkanes 3.8 
Alkanes 3.4 Esters 21 
Alkenes 6.3 Ethers 18.1 
Alkyl halides 10.1 Ketones 19.2 
Alkynes 8.2 Nitriles 21.1 
Amides Phenols 

The name of a polyfunctional organic molecule has four parts: 

1. Suffix—the part that identifies the principal functional-group class to which 
the molecule belongs. 

2. Parent—the part that identifies the size of the main chain or ring. 

3. Substituent prefixes—parts that identify what substituents are located on the 
main chain or ring. 

4. Locants—numbers that tell where substituents are located on the main chain 

or ring. 

To arrive at the correct name for a complex molecule, you must identify the four 
name parts and then express them in the proper order and format. Let’s look at the 
four parts. 

The Suffix—Functional-Group Precedence { 

A polyfunctional organic molecule can contain many different kinds of functional 
groups, but for nomenclature purposes, we must choose just one suffix. It’s not correct 
to use two suffixes. Thus, keto ester 3 must be named either as a ketone with an 

-one suffix or as an ester with an -oate suffix but can’t be named as an -onoate. 
Similarly, amino alcohol 4 must be named either as an alcohol (-o/) or as an amine 
(-amine) but can’t properly be named as an -olamine. The only exception to this rule 
is in naming compounds that have double or triple bonds. For example, the unsat- 
urated acid H,C=CHCH,COOH is 3-butenoic acid, and the acetylenic alcohol 
HC=CCH,CH,CH,CH,2OH is 5-hexyn-1-ol. 

1 a 
CH3CCH,CH,COCH3; CH3;CHCH,CH,CH,NH, 

3. Named as an ester with a keto (oxo) 4, Named as an alcohol with an amino 
substituent: methyl 4-oxopentanoate substituent: 5-amino-2-pentanol 

How do we choose which suffix to use? Functional groups are divided into two 
classes, principal groups and subordinate groups, as shown in Table A.2. Prin- 
cipal groups are those that may be cited either as prefixes or as suffixes, whereas 
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subordinate groups are those that may be cited only as prefixes. Within the principal 
groups, an order of precedence has been established. The proper suffix for a given 
compound is determined by identifying all of the functional groups present and then 
choosing the principal group of highest priority. For example, Table A.2 indicates 
that keto ester 3 must be named as an ester rather than as a ketone, since an ester 

functional group is higher in priority than a ketone is. Similarly, amino alcohol 4 

TABLE A.2_ Classification of Functional Groups for Purposes of Nomenclature? 

Functional group Name as suffix Name as prefix 

Principal groups 

Carboxylic acids -oic acid carboxy 
-carboxylic acid 

Acid anhydrides -oic anhydride 
-carboxylic anhydride 

Esters -oate alkoxycarbonyl 
-carboxylate 

Acid halides -oyl halide halocarbonyl 
-carbonyl] halide 

Amides -amide amido 
-carboxamide 

Nitriles -nitrile cyano 

-carbonitrile 

Aldehydes -al oxo 
-carbaldehyde 

Ketones -one oxo 

Alcohols -ol hydroxy 

Phenols -ol hydroxy 

Thiols -thiol mercapto 

Amines -amine amino 

Imines -imine imino 

Alkenes -ene alkenyl 

Alkynes -yne alkynyl 

Alkanes -ane alkyl 

Subordinate groups 

Ethers alkoxy 

Sulfides ; alkylthio 

Halides halo 

Nitro nitro 

Azides azido 

Diazo diazo 

ely Serna erie teeyoes ie te 8 IT oh ayers ees ed eh ee Sete 

Principal functional groups are listed in order of decreasing priority; subordinate functional 

groups have no established priority order. 
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must be named as an alcohol rather than as an amine. The correct name of 3 is 

methyl 4-oxopentanoate, and the correct name of 4 is 5-amino-2-pentanol. Further 

examples are shown below. 

o-{ coon 

5. Named as a cyclohexanecarboxylic acid with an oxo 

substitutent: 4-oxocyclohexanecarboxylic acid 

O CH; 

HOG Osc cH0G) 

CH; 

6. Named as a carboxylic acid with a chlorocarbonyl substituent: 

5-chlorocarbonyl-2,2-dimethylpentanoic acid 

an | 
CH,CHCH,CH,CH,COCH; 

7. Named as an ester with an oxo substituent: 

methy] 5-methyl-6-oxohexanoate 

The Parent—Selecting the Main Chain 
or Ring 

The parent or base name of a polyfunctional organic compound is usually easy to 
identify. If the group of highest priority is part of an open chain, we simply select 
the longest chain that contains the largest number of principal functional groups. 
If the highest priority group is attached to a ring, we use the name of that ring 
system as the parent. For example, compounds 8 and 9 are isomeric aldehydo acids, 
and both must be named as acids rather than as aldehydes according to Table A.2. 
The longest chain in compound 8 has seven carbons, and the substance is therefore 
named 6-methyl-7-oxoheptanoic acid. Compound 9 also has a chain of seven carbons, 
but the longest chain that contains both of the principal functional groups has only 
three carbons. The correct name of 9 is 3-oxo-2-pentylpropanoic acid. 

CHO O 

CH CHOReAIe IC Hcon Gu. ioH CH Eaeror 

bHo 
8. Named as a substituted heptanoic acid: 9. Named as a substituted propanoic acid: 

6-methyl-7-oxoheptanoic acid 3-0xo-2-pentylpropanoic acid 

Similar rules apply for compounds 10-13,'which contain rings. Compounds 10 
and 11 are isomeric keto nitriles, and both must be named as nitriles according to 
Table A.2. Substance 10 is named as a benzonitrile since the -CN functional group 
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is a substituent on the aromatic ring, but substance 11 is named as an acetonitrile 
since the -CN functional group is on an open chain. The correct names are 
2-acetyl-4-methylbenzonitrile (10) and (2-acetyl-4-methylphenyl)acetonitrile (11). 
Compounds 12 and 13 are both keto acids and must be named as acids. The correct 
names are 3-(2-oxocyclohexyl)propanoic acid (12) and 2-(3-oxopropyl)cyclohexane- 
carboxylic acid (13). 

CN CH,CN 

CH CH eee o 3 HC ; H.C Cal 
| 

O O 

10. Named as a substituted benzonitrile: 11. Named as a substituted acetonitrile: 

2-acetyl-4-methylbenzonitrile (2-acetyl-4-methylpheny])acetonitrile 

7 ‘ — On ; 

C 
OH tH 

12. Named as a carboxylic acid: 13. Named as a carboxylic acid: 

3-(2-oxocyclohexyl)propanoic acid 2-(3-oxopropy])cyclohexanecarboxylic acid 

The Prefixes and Locants 

With the suffix and parent name established, the next step is to identify and number 
all substituents on the parent chain or ring. These substituents include all alkyl 
groups and all functional groups other than the one cited in the suffix. For example, 
compound 14 contains three different functional groups (carboxyl, keto, and double 
bond). Because the carboxyl group is highest in priority, and because the longest 
chain containing the functional groups is seven carbons long, 14 is a heptenoic acid. 
In addition, the main chain has an oxo (keto) substituent and three methyl groups. 
Numbering from the end nearer the highest-priority functional group, we find that 
14 is 2,5,5-trimethyl-4-oxo-2-heptenoic acid. Note that the final -e of heptene is 
deleted in the word heptenoic. This deletion occurs only when the name would have 
two adjacent vowels (thus, heptenoic has the final e deleted, but heptenenitrile retains 
the -e). Look back at some of the other compounds we’ve named to see other examples 
of how prefixes and locants are assigned. 

einen | 
CH3;CH,—C— Poem a 

| 
CH; CH; 

14. Named as a heptenoic acid: 

2,5,5-trimethy]-4-oxo-2-heptenoic acid 
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Writing the Name 

Once the name parts have been established, the entire name is written out. Several 

additional rules apply: 

1. Order of prefixes When the substituents have been identified, the main chain 
has been numbered, and the proper multipliers such as di- and tri- have been 
assigned, the name is written with the substituents listed in alphabetical, rather 
than numerical, order. Multipliers such as di- and tri- are not used for alpha- 

betization purposes, but the prefix iso- is used. 

CH; 
| 

HAN CHSCs 

OH 

15. 5-Amino-3-methy]-2-pentanol 

(not 3-methyl-5-amino-2-pentanol) 

2. Use of hyphens; single- and multiple-word names The general rule in such 
cases is to determine whether the principal functional group is itself an element 
or compound. If it is, then the name is written as a single word; if it isn’t, then 
the name is written as multiple words. For example, methylbenzene (one word) 
is correct because the parent—-benzene—is itself a compound. Diethyl ether, 
however, is written as two words because the parent—ether—is a class name 
rather than a compound name. Some further examples are shown: 

1 
H;C—Mg—CHs3 SAGHETEOR 

16. Dimethylmagnesium Br { 
(one word, since magnesium is an element) 

17. 2-Bromopropanoic acid 
H, on 7 CH; (two words, since “acid” is not a compound) 

2 1 a [Coot 
N 

18. 4-(Dimethylamino)pyridine 19. Methyl cyclopentanecarboxylate 
(one word, since pyridine is a compound) 

3. Parentheses Parentheses are used to denote complex substituents when ambi- 
guity would otherwise arise. For example, chloromethylbenzene has two sub- 
stituents on a benzene ring, but (chloromethyl)benzene has only one complex 
substituent. Note that the expression in parentheses is not set off by hyphens 
from the rest of the name. 

ot \-cx, | ( \-cnc 

20. p-Chloromethylbenzene 21. (Chloromethyl) benzene 
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O 
| 

HOCCHCH,CH,COH 
| 

CH,CHCH,CH, 

22. 2-(1-Methylpropyl)pentanedioic acid 
(The 1-methylpropyl group is a complex 
substituent on C2 of the main chain.) 

Additional Reading 

Further explanations of the rules of organic nomenclature can be found in the 
following references: 

1. J. H. Fletcher, O. C. Dermer, and R. B. Fox, “Nomenclature of Organic Com- 

pounds: Principles and Practice,’ Advances in Chemistry Series No. 126, Amer- 
ican Chemical Society, Washington, DC, 1974. 

2. “Nomenclature of Organic Chemistry, Sections A, B, C, D, E, F, and H,” Inter- 

national Union of Pure and Applied Chemistry, Pergamon Press, Oxford, 1979. 

3. J. G. Traynham, “Organic Nomenclature: A Programmed Introduction,” Pren- 

tice-Hall, Englewood Cliffs, NJ, 1985. 



Compound 

CH;SO3H 
CH(NOz,)3 

NO, 

O,N OH 

NO, 

CCl;COOH 
CF;COOH 
CBr;COOH 
HOOCC=CCOOH 
HOOCCOOH 
CHCl,COOH 
CH,(NO,)COOH 
HC=CCOOH 
Z HOOCCH=CHCOOH 

ae, 

NO, 

CH;COCOOH 

NCCH,COOH 
CH3;C=CCOOH 

A8 

0.3 

0.5 

0.5 

0.7 

1.2; 2.5 

2a 

1.3 

1.3 

1.9 

1.9; 6.3 

2.4 

2.4 

2.5 

2.6 

Appendix B 

Acidity Constants 
for Some Organic 
Compounds 

Compound Compound 

CH,FCOOH CH;0CH,COOH 3.6 

CH,CICOOH CH3;COCH,COOH 3.6; 7.8 

HOOCCH,COOH HOCH,COOH . 3.7 

CH,BrCOOH HCOOH { 3.7 

COOH 

ee om 3.8 

cre 

OH Cae 

CH,ICOOH 
fs CH,BrCH,COOH = 4.0 

oe 

OH 

COOH 

CT = 

H,C=CHCOOH 4.2 HSCH,COOH 

CH2(NOz2)2 3.6 
3.5; 10.2 
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Compound pK, Compound pK, Compound pK, 

HOOCCH,CH,COOH 4.2; 5.7 | CH,;CO;H 8.2 CH;CHO 13.5 
HOOCCH,CH,CH,COOH 4.3; 5.4 OH (CH3)2CHCHO 13.8 

Cl C1 ae HOCH,CH(OH)CH,OH 14.1 

Cl 
Cl OH 4.5 

CH;CH,NO, 8.5 15.0 

es CH;0H 15.1 
CH,COOH 4.7 Bae CE eH : 
H,C—C(CH;)COOH 4.7 
CH,CH,COOH 48 CH;COCH,COCH; 9.0 CH,OH 15.4 

(CH;)3CCOOH 5.0 HO OH 

O ; CH;,CH,OH 15.9 
CH;,CH,CH,OH 16.1 

4s OH CH;COCH.Br 16.1 

9.3; 12.6 
‘ OH { )ro 16.7 

O,NCH,COOCH, 5.8 Gio 9.4 (CH3),CHOH trl 
O (CH;);COH 19.2 

5.8 CH;COCH; 20.0 
OH 

CHO gM ont Glee Na Cl 
HO 

OH HC=CH 25 
CH;CN 25 

e el fou CH,S0,CH, 28 
(CgH;);CH 32 

«pst 6.6 OH (CeH;5)2CH, 34 
er 103 See a 

3 5 

ete Pig Bie CH,CH,NH, 35 

NO, CH;NO, 10.3 (CH3CH,)2NH 36 
72 CH,SH 10.3 

or ee CH;COCH,COOCH, 10.6 en 
CH,COCHO 11.0 41 

(CH,),CHNO, 7.7 CH,(CN); 11.2 
CCl,CH,OH 12.2 
Glucose 12.3 

any 78 | (CHs,C=NOH 12.4 @ i 
CH,(COOCHs). 12.9 

Cl CHC1,CH,OH 12.9 H,C=CHp 44 
CH,(OH). 13.3 CH, ~60 

An acidity list covering more than 5000 organic compounds has been published: E. P. Serjeant and B. Dempsey (eds.), 

“Ionization Constants of Organic Acids in Aqueous Solution,” IUPAC Chemical Data Series No. 23, Pergamon Press, 

Oxford, 1979. 
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Absolute configuration (Section 9.6): The actual three-dimensional structure of 
a chiral molecule. Absolute configurations are specified verbally by the Cahn— 

Ingold—Prelog R,S convention and are represented on paper by Fischer projections. 

Absorption spectrum (Section 12.8): A plot of wavelength of incident light versus 
amount of light absorbed. Organic molecules show absorption spectra in both the 
infrared and the ultraviolet regions of the electromagnetic spectrum. By. interpreting 
these spectra, we can obtain useful structural information about thejsample. (See 
Infrared spectrum, Ultraviolet spectroscopy.) 

Acetal (Section 19.14): A functional group consisting of two ether-type oxygen 
atoms bound to the same carbon, R2C(OR’)2. Acetals are often used as protecting 
groups for ketones and aldehydes since they are stable to basic and nucleophilic 
reagents but can be easily removed by acidic hydrolysis. 

Achiral (Section 9.2): Having a lack of handedness. A molecule is achiral if it has 
a plane of symmetry and is thus superimposable on its mirror image. (See Chiral.) 

Activating group (Section 16.5): An electron-donating group such as hydroxyl 
(-OH) or amino (-NHz,) that increases the reactivity of an aromatic ring toward 
electrophilic aromatic substitution. All activating groups are ortho- and para- 
directing. 

Activation energy, AG (Section 5.9): The difference in energy levels between 
ground state and transition state. The amount of activation energy required by a 
reaction determines the rate at which the reaction proceeds. The majority of organic 
reactions have activation energies of 10—25 kcal/mol. 

Acylation (Section 16.4): The introduction of an acyl group, -COR, onto a molecule. 

For example, acylation of an alcohol yields an ester (R'OH — R’OCOR), acylation 

of an amine yields an amide (R’NH, — R’NHCOR), and acylation of an aromatic 
ring yields an alkyl aryl ketone (ArH — ArCOR). 
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Acylium ion (Section 16.4): A resonance-stabilized carbocation in which the pos- 
itive charge is located at a carbonyl-group carbon, R-C*=O <—> R-C=O*. Acylium 
ions are strongly electrophilic and are involved as intermediates in Friedel—Crafts 
acylation reactions. 

1,4 Addition (Sections 14.5 and 19.18): Addition of a reagent to the ends of a 
conjugated pi system. Conjugated dienes yield 1,4 adducts when treated with elec- 
trophiles such as HCl. Conjugated enones yield 1,4 adducts when treated with nucleo- 
philes such as cyanide ion. 

Adrenocortical hormone (Section 28.8): A steroid hormone secreted by the adre- 
nal glands. There are two types of adrenocortical hormones: mineralocorticoids and 
glucocorticoids. 

Aldaric acid (Section 24.8): The dicarboxylic acid resulting from oxidation of an 
aldose. 

Alditol (Section 24.8): The polyalcohol resulting from reduction of the carbonyl 
group of a sugar. 

Aldonic acid (Section 24.8): The monocarboxylic acid resulting from mild oxi- 
dation of an aldose. 

Alicyclic (Section 3.7): Referring to an aliphatic cyclic hydrocarbon such as a 
cycloalkane or cycloalkene. 

Aliphatic (Section 3.2): Referring to a nonaromatic hydrocarbon such as a simple 
alkane, alkene, or alkyne. 

Alkaloid (Section 25.10): A naturally occurring compound that contains a basic 

amine functional group. Morphine is an example of an alkaloid. 

Alkylation (Sections 8.9, 16.3, 18.4, and 22.9): Introduction of an alkyl group onto 
a molecule. For example, certain aromatic rings can be alkylated to yield arenes 
(ArH — ArR), alkoxide anions can be alkylated to yield ethers (R'O- — R’OR), 

and enolate anions can be alkylated to yield a-substituted carbonyl compounds 
(R’,C=C(R’)O- — RR’,C-COR’). 

Allylic (Section 10.5): Used to refer to the position next to a double bond. For 
example, HxXC=CHCH,Br is an allylic bromide, and an allylic radical is a conjugated, 

resonance-stabilized species in which the unpaired electron is in a p orbital next to 
a double bond (C=C-C- <—> -C-C=C),. 

Androgen (Section 28.8): A male steroid sex hormone. 

Angle strain (Section 4.4): The strain introduced into a molecule when a bond 
angle is deformed from its ideal value. Angle strain is particularly important in 

small-ring cycloalkanes where it results from compression of bond angles to less 
than their ideal tetrahedral values. For example, cyclopropane has approximately 

22 kcal/mol angle strain because of bond deformation from the 109° tetrahedral 
angle to 60°. 

Anomers (Section 24.6): Cyclic stereoisomers of sugars that differ only in their 
configurations at the hemiacetal (anomeric) carbon. 

Antarafacial (Section 30.8): A word used to describe the geometry of pericyclic 
reactions. An antarafacial reaction is one that takes place on opposite faces of the 
two ends of a pi electron system. (See Suprafacial.) 

Anti conformation (Section 4.3): The geometric arrangement around a carbon— 
_carbon single bond, in which the two largest substituents are 180° apart as viewed 
in a Newman projection. 
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Anti stereochemistry (Section 7.2): Referring to opposite sides of a double bond 
or molecule. An anti addition reaction is one in which the two ends of the double 
bond are attacked from different sides. For example, addition of Br2 to cyclohexene 
yields trans-1,2-dibromocyclohexane, the product of anti addition. An anti elimi- 
nation reaction is one in which the two groups leave from opposite sides of the 

molecule. (See Syn stereochemistry.) 

Antibonding orbital (Section 1.7): A molecular orbital that is higher in energy 
than the atomic orbitals from which it is formed. 

Anticodon (Section 29.15): A sequence of three bases on tRNA that read the codons 
on mRNA and bring the correct amino acids into position for protein synthesis. 

Aromaticity (Chapter 15): The special characteristics of cyclic conjugated pi elec- 
tron systems that result from their electronic structures. These characteristics 
include unusual stability, the presence of a ring current in the 1H NMR spectrum, 
and a tendency to undergo substitution reactions rather than addition reactions on 
treatment with electrophiles. Aromatic molecules must be planar, cyclic, conjugated 
species that have 4n + 2 pi electrons. 

Asymmetric center (Section 9.2): See stereogenic center. 

Atactic polymers (Section 31.6): Chain-growth polymers that have a random ste- 
reochemical arrangement of substituents on the polymer backbone. These polymers 
result from high-temperature radical-initiated polymerization of alkene monomers. 

Aufbau principle (Section 1.3): A guide for determining the ground-state elec- 
tronic configuration of elements by filling the lowest energy orbitals first. 

Axial bond (Section 4.10): A bond to chair 
cyclohexane that lies along the ring axis 
perpendicular to the rough plane of the ring. 
(See Equatorial bond.) 

Axial bonds 

Base peak (Section 12.5): The most intense peak in a mass spectrum. 

Bent bonds (Section 4.7): The bonds in small rings such as cyclopropane that bend 
away from the internuclear line and overlap at a slight angle, rather than head-on. 
Bent bonds are highly strained and highly reactive. 

Benzylic (Sections 11.9 and 16.11): Referring to the position next to an aromatic 
ring. For example, a benzylic cation is a resonance-stabilized, conjugated carbocation 
having its positive charge located on a carbon atom next to the benzene ring in a 
pi orbital that overlaps the aromatic pi system. 

Benzyne (Section 16.10): An unstable intermediate having a triple bond in a ben- 
zene ring. Benzynes are implicated as intermediates in certain nucleophilic aromatic 
substitution reactions of aryl halides with strong bases. 

Betaine (Section 19.16): A neutral dipolar " 
molecule that has nonadjacent positive and O- PPh, 
negative charges. For example, the initial s i : 
adducts of Wittig reagents with carbonyl ations ex Wittig betaine 
compounds are betaines. 

Bimolecular reaction (Section 11.4): A reaction that occurs between two reagents. 

Block copolymer (Section 31.8): A polymer consisting of alternating homopoly- 
mer blocks. Block copolymers are usually prepared by initiating chain-growth poly- 
merization of one monomer, followed by addition of an excess of a second monomer. 
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Boat cyclohexane (Section 4.14): A three-dimen- 
sional conformation of cyclohexane that bears a 
slight resemblance to a boat. Boat cyclohexane has 
no angle strain but has a large number of eclipsing 
interactions that make it less stable than chair 
cyclohexane: 

Boat cyclohexane 

Bond angle (Section 1.8): The angle formed between two adjacent bonds. 

Bond dissociation energy (Section 5.8): The amount of energy needed to break 
a bond homolytically to produce two radical fragments. 

Bond length (Section 1.7): The equilibrium distance between the nuclei of two 
atoms that are bonded to each other. 

Bond strength (Section 1.7): See Bond-dissociation energy. 

Bonding orbital (Section 1.7): A molecular orbital that is lower in energy than 
the atomic orbitals from which it is formed. 

Bromohydrin (Section 7.3): The 1,2-disubstituted bromoalcohol that is obtained 
by addition of HOBr to an alkene. 

Br¢gnsted acid (Section 2.6): A substance that donates a hydrogen ion (proton) to 
a base. 

Carbanion (Section 10.9): A carbon-anion, or substance that contains a trivalent, 

negatively charged carbon atom (R3C:~). Carbanions are sp* hybridized and have 
eight electrons in the outer shell of the negatively charged carbon. 

Carbene (Section 7.11): A neutral substance that contains a divalent carbon atom 

having only six electrons in its outer shell (R,C:). 

Carbinolamine (Section 19.12): A molecule that contains the R,C(OH)NHg func- 
tional group. Carbinolamines are produced as unstable intermediates during the 
nucleophilic addition of amines to carbonyl groups. 

Carbocation (Section 6.9): A carbon cation, or substance that contains a trivalent, 

positively charged carbon atom having six electrons in its outer shell (R3C*). Car- 
bocations are planar and sp? hybridized. 

Carbocycle (Section 15.9): A cyclic molecule that has only carbon atoms in the 
ring. (See Heterocycle.) 

Carbohydrate (Chapter 24): A polyhydroxy aldehyde or polyhydroxy ketone. The 
name derives from the fact that glucose, the most abundant carbohydrate, has the 

formula CgH,20, and was originally thought to be a “hydrate of carbon.” Carbo- 
hydrates can be either simple sugars such as glucose or complex sugars such as 
cellulose. Simple sugars are those that can’t be hydrolyzed to yield smaller molecules, 

whereas complex sugars are those that can be hydrolyzed to yield simpler sugars. 

Chain-growth polymer (Section 31.1): A polymer produced by a chain-reaction 
procedure in which an initiator adds to a carbon-carbon double bond to yield a 
reactive intermediate. The chain is then built as more monomers add successively 
to the reactive end of the growing chain. 

Chain reaction (Section 5.4): A reaction that, once initiated, sustains itself in an 

endlessly repeating cycle of propagation steps. The radical chlorination of alkanes 
is an example of a chain reaction that is initiated by irradiation with light and then 

continues in a series of propagation steps: 
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Step 1 Initiation: Cl, — 2Cl- 

Steps2and3 Propagation: Cl: + CH, —~ HCl + -CH3 

-CH; =F Cl, > CH;Cl a Cl: 

Step 4 Termination: R» + Ry — > R—R 

Chair cyclohexane (Section 4.9): A three-dimen- 
sional conformation of cyclohexane that resembles 
the rough shape of a chair. The chair form of cyclo- 
hexane, which has neither angle strain nor eclipsing 
strain, represents the lowest-energy conformation of 

the molecule: 
Chair cyclohexane 

Chemical shift (Section 13.3): The position on the NMR chart where a nucleus 
absorbs. By convention, the chemical shift of tetramethylsilane is arbitrarily set at 
zero, and all other absorptions usually occur downfield (to the left on the chart). 
Chemical shifts are expressed in delta units, 6, where 1 6 equals 1 ppm of the 
spectrometer operating frequency. For example, 1 6 on a 60 megahertz instrument 

equals 60 hertz. The chemical shift of a given nucleus is related to the chemical 
environment of that nucleus in the molecule, thus allowing one to obtain structural 
information by interpreting the NMR spectrum. 

Chiral (Section 9.2): Having handedness. Chiral molecules are those that do not 
have a plane of symmetry and are therefore not superimposable on their mirror 
image. A chiral molecule thus exists in two forms, one right-handed and one left- 
handed. The most common (though not the only) cause of chirality in a molecule is 
the presence of a carbon atom that is bonded to four different substituents. (See 
Achiral.) 

Chiral center: See Stereogenic center. 

Chlorohydrin (Section 7.3): The 1,2-disubstituted chloroalcohol that is obtained 
by addition of HOC] to an alkene. ‘ 

Chromatography (Section 12.1): A technique for separating a mixture of com- 
pounds into pure components. Chromatography operates on a principle of differential 
adsorption whereby different compounds adsorb to a stationary support phase and 
are then carried along at different rates by a mobile phase. 

Cis—trans isomers (Sections 3.9 and 6.5): Certain kinds of stereoisomers that 
differ in their stereochemistry about a double bond or on a ring. Cis—trans isomers 
are also called geometric isomers. 

Codon (Section 29.15): A three-base sequence on the messenger RNA chain that 
encodes the genetic information necessary to cause specific amino acids to be incor- 
porated into proteins. Codons on mRNA are read by complementary anticodons on 
tRNA. 

Concerted (Section 30.1): Referring to a reaction that takes place in a single step 
without intermediates. For example, the Diels—Alder cycloaddition reaction is a 
concerted process. 

Configuration (Section 9.6): The three-dimensional arrangement of atoms bonded 
to a stereogenic center relative to the stereochemistry of other stereogenic centers 
in the same molecule. 

Conformation (Section 4.1): The exact three-dimensional shape of a molecule at 
any given instant, assuming that rotation around single bonds is frozen. 
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Conformational analysis (Section 4.13): A means of assessing the minimum- 
energy conformation of a substituted cycloalkane by totaling the steric interactions 
present in the molecule. Conformational analysis is particularly useful in assessing 
the relative stabilities of different conformations of substituted cyclohexane rings. 

Conjugate acid (Section 2.6): The product that results from protonation of a 
Brgnsted base. 

Conjugate addition (Section 19.18): Addition of a nucleophile to the B-carbon 
atom of an a,B-unsaturated carbonyl compound. (See 1,4 Addition.) 

Conjugate base (Section 2.6): The anion that results from dissociation of a 
Brgnsted acid. 

Conjugation (Section 14.1): A series of alternating single and multiple bonds with 
overlapping p orbitals. For example, 1,3-butadiene is a conjugated diene, 3-buten- 
2-one is a conjugated enone, and benzene is a cyclic conjugated triene. 

Conrotatory (Section 30.5): A term used to indicate the fact that p orbitals must 
rotate in the same direction during electrocyclic ring opening or ring closure. (See 
Disrotatory.) 

Constitutional isomers (Sections 3.2 and 9.11): Isomers that have their atoms 
connected in a different order. For example, butane and 2-methylpropane are con- 
stitutional isomers. 

Copolymer (Section 31.8): A polymer formed by chain-growth polymerization of 
a mixture of two or more different monomer units. 

Coupling constant (Section 13.12): The magnitude (expressed in hertz) of the 
spin-spin splitting interaction between nuclei whose spins are coupled. Coupling 
constants are denoted J. 

Covalent bond (Section 1.6): A bond formed by sharing electrons between two 
nuclei. (See Ionic bond.) 

Cracking (Section 3.5): A process used in petroleum refining in which large 
alkanes are thermally cracked into smaller fragments. 

Cycloaddition (Sections 14.7, 30.1, and 30.8): A pericyclic reaction in which two 
reactants add together in a single step to yield a cyclic product. The Diels—Alder 
reaction between a diene and a dienophile to give a cyclohexene is the best-known 

example of a cycloaddition. 

Deactivating group (Section 16.5): An electron-withdrawing substituent that 
decreases the reactivity of an aromatic ring toward electrophilic aromatic substi- 
tution. Most deactivating groups, such as nitro, cyano, and carbonyl, are meta- 
directors, but halogen substituents are ortho- and para-directors. 

Decarboxylation (Sections 20.9 and 22.9): A reaction that involves loss of carbon 
dioxide from the starting material. B-Keto acids decarboxylate particularly readily 

on heating. 

Degenerate orbitals (Section 15.6): Two or more orbitals that have the same 
energy level. 

Dehydration (Sections 7.1 and 17.8): A reaction that involves loss of water from 
the starting material. Most alcohols can be dehydrated to yield alkenes, but aldol 
condensation products (6-hydroxy ketones) dehydrate particularly readily. 

Dehydrohalogenation (Section 7.1): A reaction that involves loss of HX from the 
‘starting material. Alkyl halides undergo dehydrohalogenation to yield alkenes on 

treatment with strong base. 
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Delocalization (Section 10.6): A spreading out of electron density over a conju- 

gated pi electron system. For example, allylic cations and allylic anions are delo- 

calized because their charges are spread out by resonance stabilization over the 

entire pi electron system. 

Denaturation (Section 27.16): The physical changes that occur in proteins when 

secondary and tertiary structures are disrupted. Denaturation is usually brought 
about by heat treatment or by a change in pH and is accompanied by a loss of 

biological activity. 

Deshielding (Section 13.2): An effect observed in NMR that causes a nucleus to 
absorb downfield (to the left) of tetramethylsilane standard. Deshielding is caused 
by a withdrawal of electron density from the nucleus and is responsible for the 
observed chemical shifts of vinylic and aromatic protons. 

Deuterium isotope effect (Section 11.13): A tool for use in mechanistic investi- 
gations to establish whether or not a C—H bond is broken in the rate-limiting step 
of a reaction. Since carbon—deuterium bonds are stronger and less easily broken 
than carbon—protium bonds, one can measure the reaction rates of both protium- 
and deuterium-substituted substrates and see if they are the same or different. If 
they are different, a deuterium isotope effect is present, indicating that C-H bond 
breakage is rate-limiting. 

Dextrorotatory (Section 9.3): A word used to describe an optically active substance 

that rotates the plane of polarization of plane-polarized light in a right-handed 
(clockwise) direction. The direction of rotation is not related to the absolute config- 
uration of the molecule. (See Levorotatory.) 

Diastereomer (Section 9.7): A term that indicates the relationship between non- 
mirror-image stereoisomers. Diastereomers are stereoisomers that have the same 
configuration at one or more stereogenic centers, but differ at other stereogenic 
centers. 

Diazotization (Section 26.3): The conversion of a primary amine, RNHg, into a 
diazonium salt, RN2*, by treatment with nitrous acid. Aryl diazonium salts are 
stable, but alkyl diazonium salts are extremely reactive and are rarely isolable. 

Dielectric constant (Section 11.9): A measure of the ability of a solvent to act as 
an insulator of electric charge. Solvents that have high dielectric constants are highly 
polar and are particularly valuable in Syl reactions because of their ability to 
stabilize the developing positive charge of the intermediate carbocation. 

Dienophile (Section 14.8): A compound containing a double bond that can take 
part in the Diels—Alder cycloaddition reaction. The most reactive dienophiles are 
those that have electron-withdrawing groups such as nitro, cyano, or carbonyl on 
the double bond. 

Dipole moment, pu (Section 2.5): A measure of the polarity of a molecule. A dipole 
moment arises when the centers of gravity of positive and negative charges within 
a molecule do not coincide. 

Disrotatory (Section 30.5): A term used to indicate the fact that p orbitals rotate 
in opposite directions during electrocyclic ring opening or ring closing. (See 
Conrotatory.) 

d,l form (Section 9.11): A shorthand way of indicating the racemic modification 
of a compound. (See Racemic mixture.) 

DNA (Section 29.9): Deoxyribonucleic acid, the biopolymer consisting of deoxyri- 
bonucleotide units linked together through phosphate—sugar bonds. DNA, which is 
found in the nucleus of cells, contains an organism’s genetic information. 
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Doublet (Section 13.6): A two-line NMR absorption caused by spin-spin splitting 
when the spin of the nucleus under observation couples with the spin of a neighboring 
magnetic nucleus. 

Downfield (Section 13.3): Used to refer to the left-hand portion of the NMR chart. 
(See Deshielding.) 

Eclipsed conformation (Section 4.1): The geo- 
metric arrangement around a carbon-carbon single 
bond in which the bonds to substituents on one car- 
bon are parallel to the bonds to substituents on the 
neighboring carbon as viewed in a Newman projec- 
tion. For example, the eclipsed conformation of eth- 
ane has the C—H bonds on one carbon lined up with 
the C—H bonds on the neighboring carbon. 

Eclipsed conformation 

Eclipsing strain (Section 4.1): The strain energy in a molecule caused by electron 
repulsions between eclipsed bonds. Eclipsing strain is also called torsional strain. 

Elastomers (Section 31.13): Amorphous polymers that have the ability to stretch 
out and then return to their previous shape. These polymers have irregular shapes 
that prevent crystallite formation and have little cross-linking between chains. 

Electrocyclic reaction (Sections 30.1 and 30.5): A unimolecular pericyclic reac- 
tion in which a ring is formed or broken by a concerted reorganization of electrons 
through a cyclic transition state. For example, the cyclization of 1,3,5-hexatriene to 
yield 1,3-cyclohexadiene is an electrocyclic reaction. 

Electromagnetic spectrum (Section 12.8): The range of electromagnetic energy, 
including infrared, ultraviolet, and visible radiation. 

Electron affinity (Section 1.5): The measure of an atom’s tendency to gain an 
electron and form an anion. Elements on the right side of the periodic table such as 
the halogens have higher electron affinities than do elements on the left side. 

Electronegativity (Section 2.4): The ability of an atom to attract electrons and 
thereby polarize a bond. As a general rule, electronegativity increases in going across 
the periodic table from right to left and in going from bottom to top. 

Electrophile (Section 5.5): An “electron-lover,’ or substance that accepts an elec- 

tron pair from a nucleophile in a polar bond-forming reaction. 

Electrophoresis (Section 27.3): A technique used for separating charged organic 
molecules, particularly proteins and amino acids. The mixture to be separated is 
placed on a buffered gel or paper, and an electric potential is applied across the ends 
of the apparatus. Negatively charged molecules migrate toward the positive elec- 
trode, and positively charged molecules migrate toward the negative electrode. 

Elution (Section 12.1): The removal of a substance from a chromatography column. 

Empirical formula (Section 2.9): A formula that gives the relative proportions of 
elements in a compound in smallest whole numbers. 

Enantiomers (Sections 9.1 and 9.5): Stereoisomers of a chiral substance that have 
a mirror-image relationship. Enantiomers must have opposite configurations at all 
stereogenic centers in the molecule. 

Endothermic (Section 5.7): A term used to describe reactions that absorb heat 
and therefore have positive enthalpy changes. In reaction energy diagrams, the 
products of endothermic reactions have higher energy levels than the starting mate- 

_ rials do. 

Entgegen (E) (Section 6.6): A term used to describe the stereochemistry of a carbon— 
carbon double bond. The two groups on each carbon are first assigned priorities 
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according to the Cahn—Ingold—Prelog sequence rules, and the two carbons are then 

compared. If the high-priority groups on each carbon are on opposite sides of the 

double bond, the bond has E geometry. (See Zusammen.) 

Enthalpy change, AH (Section 5.7): The heat of reaction. The enthalpy change 

that occurs during a reaction is a measure of the difference in total bond energy 

between reactants and products. 

Entropy change, AS (Section 5.7): The change in amount of disorder. The entropy 

change that occurs during a reaction is a measure of the difference in disorder 

between reactants and products. 

Enzyme (Chapter 27): A biological catalyst. Enzymes are large proteins that cat- 

alyze specific biochemical reactions. 

Epoxide (Section 18.7): A three-membered-ring ether functional group. 

Equatorial bond (Section 4.10): A bond 
to cyclohexane that lies along the rough 
equator of the ring. (See Axial bond.) 

Equatorial bonds 

Equilibrium constant (Section 2.6): A measure of the equilibrium position for a 
reaction. The equilibrium constant, K,,, for the reaction A + B—C + D is given 

by the expression 

_ [C)D] 
Kea = TAB] 

where the numbers in brackets refer to the molar concentrations of the reactants 

and products. 

Essential oil (Section 28.6): The volatile oil obtained by steam distillation of a 

plant extract. ’ 

Estrogen (Section 28.8): A female steroid sex hormone. \ 

Excited-state configuration (Section 1.8): An electronic configuration having a 
higher energy level than the ground state has. Excited states are normally obtained 
by excitation of an electron from a bonding orbital to an antibonding one, such as 

occurs during irradiation of a molecule with light of the proper frequency. 

Exothermic (Section 5.7): A term used to describe reactions that release heat and 
that therefore have negative enthalpy changes. On reaction energy diagrams, the 
products of exothermic reactions have energy levels lower than those of starting 
materials. 

Fat (Section 28.1): A solid triacylglycerol derived from animal sources. 

Fibers (Section 31.13): Thin threads produced by extruding a molten polymer 
through small holes in a die. 

Fibrous protein (Section 27.13): Proteins that consist of polypeptide chains 
arranged side by side in long threads. These proteins are tough, insoluble in water, 
and are used in nature for structural materials such as hair, hooves, and fingernails. 

Fingerprint region (Section 12.10): The complex region of the infrared spectrum 
from 1500 cm~! to 400 cm~!. If two substances have identical absorption patterns 
in the fingerprint region of the IR, they are almost certainly identical. 

Fischer projection (Sections 9.13 and 24.2): A means of depicting the absolute 
configuration of chiral molecules on a flat page. A Fischer projection employs a cross 
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to represent the stereogenic center; the horizontal arms of the cross represent bonds 
coming out of the plane of the page, and the vertical arms of the cross represent 
bonds going back into the plane of the page: 

A A 
ss . E—C—B 

D D 

Fischer projection 

Formal charge (Section 2.3): The difference in the number of electrons owned by 
an atom in a molecule and by the same atom in its elemental state. The formal 
charge on an atom is given by the formula 

Reet ekorse = Powe of outer-shell| _ | Number of outer-shell 
8 electrons in free atom electrons in bonded atom 

Frequency (Section 12.8): The number of electromagnetic wave cycles that travel 
past a fixed point in a given unit of time. Frequencies are expressed in units of cycles 
per second, or hertz. 

Functional group (Section 3.1): An atom or group of atoms that is part of a larger 
molecule and has a characteristic chemical reactivity. Functional groups display the 
same chemistry in all molecules of which they are a part. 

Gated-decoupled mode (Section 13.5): A mode of 3C NMR spectrometer oper- 
ation in which all one-carbon resonances are of equal intensity. Operating in this 
mode allows one to integrate the spectrum to find out how many of each kind of 

carbon atom are present. 

Gauche conformation (Section 4.3): The CH; 
conformation of butane in which the two CH; 
methyl groups lie 60° apart as viewed in a Ganchecontormation 
Newman projection. This conformation has 
0.9 kcal/mol steric strain: 

Geometric isomers (Sections 3.9 and 6.5): An old term for cis—trans isomers. 

Gibbs free-energy change, AG (Section 5.7): The total amount of free-energy 
change, both enthalpy and entropy, that occurs during a reaction. The Gibbs free- 
energy change for a reaction is given by the formula 

AG = AH - TAS 

Globular protein (Section 27.13): Proteins that are coiled into compact, nearly 
spherical shapes. These proteins, which are generally water-soluble and mobile 
within the cell, are the structural class to which enzymes belong. 

Glycol (Section 7.8): A 1,2-diol such as ethylene glycol, HOCH,CH,OH. 

Glycoside (Section 24.8): A cyclic acetal formed by reaction of a sugar with another 

alcohol. 

Graft copolymer (Section 31.8): A copolymer that consists of homopolymer chains 
. grafted onto a different homopolymer backbone. Graft copolymers are prepared by 
X-ray irradiation of a homopolymer to generate radical sites along the chain, followed 

by addition of a second monomer. 



A20 APPENDIX C_ Glossary 

Ground state (Section 1.3): The most stable, lowest-energy electronic configura- 

tion of a molecule. 

Halohydrin (Section 7.3): A 1,2-disubstituted haloalcohol such as is obtained on 
addition of HOBr to an alkene. 

Halonium ion (Section 7.2): A species containing a positively charged, divalent 
halogen. Three-membered-ring bromonium ions are implicated as intermediates in 

the electrophilic addition of bromine to alkenes. 

Hammond postulate (Section 6.12): A postulate stating that we can get a picture 
of what a given transition state looks like by looking at the structure of the nearest 
stable species. Exothermic reactions have transition states that resemble starting 

material, whereas endothermic reactions have transition states that resemble 

products. 

CH,OH 

ae : Qo OH 
Haworth projection (Section 24.5): A means of 

yan : ; : ; OH 
viewing stereochemistry in cyclic hemiacetal forms 
of sugars. Haworth projections are drawn so that the OH 
ring is flat and is viewed from an oblique angle with OH 
the hemiacetal oxygen at the upper right. 

Haworth projection of glucose 

Heat of combustion (Section 4.5): The amount of heat released when a compound 
is burned in a calorimeter according to the equation 

CH 10, = COn 5 H20 

Heat of hydrogenation (Section 6.7): The amount of heat released when a carbon— 
carbon double bond is hydrogenated. Comparison of heats of hydrogenation for dif- 
ferent alkenes allows one to determine the stability of the different double bonds. 

Henderson-Hasselbalch equation (Section 27.3): An equation fori determining 
the extent of deprotonation of a weak acid at various pH’s. 

Heterocycle (Section 15.9 and Chapter 29): A cyclic molecule whose ring contains 
more than one kind of atom. For example, pyridine is a heterocycle that contains 
five carbon atoms and one nitrogen atom in its ring. 

Heterogenic bond formation (Section 5.2): What occurs when one partner 
donates both electrons in forming a new bond. Polar reactions always involve het- 
erogenic bond formation: 

A” + Be => A: 

Heterolytic bond breakage (Section 5.2): The kind of bond breaking that occurs 
in polar reactions when one fragment leaves with both of the bonding electrons, as 
in the equation 

A:B: — At + B:- 

HOMO (Sections 14.11 and 30.6): An acronym for highest occupied molecular 
orbital. The symmetries of the HOMO and LUMO are important in pericyclic reac- 
tions. (See LUMO.) 
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Homogenic bond formation (Section 5.2): What occurs in radical reactions when 
each partner donates one electron to the new bond: 

A» + Bs — AB 

Homolytic bond breakage (Section 5.2): +The kind of bond breaking that occurs 
in radical reactions when each fragment leaves with one bonding electron according 
to the equation 

A:B — > A+ +B: 

Homopolymer (Section 31.8): A polymer made by chain-growth polymerization 
of a single monomer unit. 

Hickel’s rule (Section 15.7): A rule stating that monocyclic conjugated molecules 
having 4n + 2 pi electrons (mn = an integer) show the unusual stability associated 
with aromaticity. 

Hybrid orbital (Section 1.8): An orbital that is mathematically derived from a 
combination of ground-state (s, p, d) atomic orbitals. Hybrid orbitals, such as the 
sp®, sp”, and sp hybrids of carbon, are strongly directed and form stronger bonds 
than ground-state atomic orbitals do. 

Hydration (Section 7.4): Addition of water to a molecule, such as occurs when 
alkenes are treated with strong sulfuric acid. 

Hydroboration (Section 7.5): Addition of borane (BHs3) or an alkylborane to an 
alkene. The resultant trialkylborane products are useful synthetic intermediates 
that can be oxidized to yield alcohols. 

Hydrogen bond (Section 17.3): A weak (5 kcal/mol) attraction between a hydro- 
gen atom bonded to an electronegative element and an electron lone pair on another 
atom. Hydrogen bonding plays an important role in determining the secondary 
structure of proteins and in stabilizing the DNA double helix. 

Hydrogenation (Section 7.7): Addition of hydrogen to a double or triple bond to 
yield the saturated product. 

Hyperconjugation (Section 6.7): A weak stabilizing interaction that results from 
overlap of a p orbital with a neighboring sigma bond. Hyperconjugation is important 
in stabilizing carbocations and in stabilizing substituted alkenes. 

Inductive effect (Sections 2.4 and 16.5): The electron-attracting or electron-with- 
drawing effect that is transmitted through sigma bonds as the result of a nearby 

dipole. Electronegative elements have an electron-withdrawing inductive effect, 
whereas electropositive elements have an electron-donating inductive effect. 

Infrared spectroscopy (Section 12.8): A kind of optical spectroscopy that uses 
infrared energy. IR spectroscopy is particularly useful in organic chemistry for deter- 
mining the kinds of functional groups present in molecules. 

Initiator (Section 5.4): A substance with an easily broken bond that is used to 

initiate radical chain reactions. For example, radical chlorination of alkanes is ini- 
tiated when light energy breaks the weak chlorine—chlorine bond to form chlorine 

radicals. 

Intermediate (Section 5.10): A species that is formed during the course of a multi- 
step reaction but is not the final product. Intermediates are more stable than tran- 

‘sition states but may or may not be stable enough to isolate. 
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Intramolecular, intermolecular (Section 23.7): Reactions that occur within the 

same molecule are intramolecular, whereas reactions that occur between two mol- 

ecules are intermolecular. 

Ion pair (Section 11.8): A loose complex between two ions in solution. Ion pairs 
are implicated as intermediates in Syl reactions in order to account for the partial 

retention of stereochemistry that is often observed. 

Ionic bond (Section 1.5): A bond between two ions due to the electrical attraction 
of unlike charges. Ionic bonds are formed between strongly electronegative elements 
(such as the halogens) and strongly electropositive elements (such as the alkali 

metals). 

Ionization energy (Section 1.5): The amount of energy required to remove an 
electron from an atom. Elements on the far right of the periodic table have high 
ionization energies, and elements on the far left of the periodic table have low 
ionization energies. 

Isoelectric point (Section 27.3): The pH at which the number of positive charges 
and the number of negative charges on a protein or an amino acid are balanced. 

Isomers (Section 3.2): Compounds that have the same molecular formula but have 
different structures. 

Isoprene rule (Section 28.6): An observation to the effect that terpenoids appear 
to be made up of isoprene (2-methyl-1,3-butadiene) units connected in a head-to-tail 
fashion. Monoterpenes have two isoprene units, sesquiterpenes have three isoprene 

units, diterpenes have four isoprene units, and so on. 

Isotactic polymer (Section 31.6): A chain-growth polymer in which all substit- 
uents on the polymer backbone have the same three-dimensional orientation. 

Kekulé structure (Section 1.6): A representation of molecules in which a line 
between atoms is used to represent a bond. (See Line-bond structure.) 

Kinetic control (Section 14.6): Reactions that follow the lowest activation-energy 
pathway are said to be kinetically controlled. The product formed in a kinetically 
controlled reaction is the one that is formed most rapidly, but is not nécessarily the 
most stable. (See Thermodynamic control.) 

Kinetics (Section 11.3): Referring to rates of reactions. Kinetics measurements 
can be extremely important in helping to determine reaction mechanisms. 

Leaving group (Section 11.5): The group that is replaced in a substitution reac- 
tion. The best leaving groups in nucleophilic substitution reactions are those that 
form the most stable, least basic anions. 

Levorotatory (Section 9.3): Used to describe an optically active substance that 
rotates the plane of polarization of plane-polarized light in a left-handed (counter- 
clockwise) direction. (See Dextrorotatory.) 

Lewis acid (Section 2.8): A substance having a vacant low-energy orbital that can 
accept an electron pair from a base. All electrophiles are Lewis acids, but transition 
metal salts such as AlCl; and ZnCl, are particularly good ones. (See Lewis base.) 

Lewis base (Section 2.8): A substance that donates an electron lone pair to an 
acid. All nucleophiles are Lewis bases. (See Lewis acid.) 

Lewis structure (Section 1.6): A representation of a molecule showing covalent 
bonds as a pair of electron dots between atoms. 

Line-bond structure (Section 2.1): A representation of a molecule showing cova- 
lent bonds as lines between atoms. (See Kekulé structure.) 
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Lipid (Chapter 28): A naturally occurring substance isolated from cells and tissues 

by extraction with nonpolar solvents. Lipids belong to many different structural 
classes, including fats, terpenes, prostaglandins, and steroids. 

Lipophilic (Section 28.2): Fat-loving. Long, nonpolar hydrocarbon chains tend to 
cluster together in polar solvents because of their lipophilic properties. 

Lone-pair electrons (Section 1.12): Nonbonding electron pairs that occupy 

valence orbitals. It is the lone-pair electrons that are used by nucleophiles in their 
reactions with electrophiles. 

LUMO (Sections 14.11 and 30.6): An acronym for lowest unoccupied molecular 
orbital. The symmetries of LUMO and HOMO are important in determining the 
stereochemistry of pericyclic reactions. (See HOMO.) 

Magnetic equivalence (Section 13.9): Used to describe nuclei that have identical 
chemical and magnetic environments and that therefore absorb at the same place 
in the NMR spectrum. For example, the six hydrogens in benzene are magnetically 
equivalent, as are the six carbons. 

Markovnikov’s rule (Section 6.10): A guide for determining the regiochemistry 
(orientation) of electrophilic addition reactions. In the addition of HX to an alkene, 

the hydrogen atom becomes bonded to the alkene carbon that has fewer alkyl sub- 
stituents. A modern statement of this same rule is that electrophilic addition reac- 
tions proceed via the most stable carbocation intermediate. 

Mechanism (Section 5.2): A complete description of how a reaction occurs. A mech- 
anism must account for all starting materials and all products, and must describe 
the details of each individual step in the overall reaction process. 

Meso compound (Section 9.8): A meso compound is one that contains stereogenic 
centers but is nevertheless achiral by virtue of a symmetry plane. For example, 
(2R,3S)-butanediol has two chiral carbon atoms but is achiral because of a symmetry 
plane between carbons 2 and 3. 

Micelle (Section 28.2): A spherical cluster of soap-like molecules that aggregate 
in aqueous solution. The ionic heads of the molecules lie on the outside where they 
are solvated by water, and the organic tails bunch together on the inside of the 

micelle. 

Mobile phase (Section 12.1): The solvent (either gas or liquid) used in chroma- 
tography to move material along the solid adsorbent phase. (See Chromatography.) 

Molecular formula (Section 2.9): An expression of the total numbers of each kind 
of atom present in a molecule. The molecular formula must be a whole-number 
multiple of the empirical formula. 

Molecular ion (Section 12.5): The cation produced in the mass spectrometer by 
loss of an electron from the parent molecule. The mass of the molecular ion corre- 

sponds to the molecular weight of the sample. 

Molecular orbital (Section 1.7): An orbital that is the property of the entire mol- 
ecule rather than of an individual atom. Molecular orbitals result from overlap of 
two or more atomic orbitals when bonds are formed and may be either bonding, 
nonbonding, or antibonding. Bonding molecular orbitals are lower in energy than 

the starting atomic orbitals, nonbonding MO’s are equal in energy to the starting 
orbitals, and antibonding orbitals are higher in energy. 

Monomer (Section 31.2): The simple starting units from which polymers are made. 

Multiplet (Section 13.6): A symmetrical pattern of peaks in an NMR spectrum 

. that arises by spin-spin splitting of a single absorption because of coupling between 

neighboring magnetic nuclei. 
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Mutarotation (Section 24.6): The spontaneous change in optical rotation observed 

when a pure anomer of a sugar is dissolved in water. Mutarotation is caused by the 

reversible opening and closing of the acetal linkage, which yields an equilibrium 

mixture of anomers. 

n + 1Lrule (Sections 13.6 and 13.12): A carbon bonded to n hydrogens shows n + 1 

peaks in its spin-coupled 13C NMR spectrum, and a hydrogen with n other hydrogens 

on neighboring carbons shows n + 1 peaks in its 1H NMR spectrum. 

Neighboring-group effect (Section 24.8): The effect on a reaction of a nearby 

functional group. 

Newman projection (Section 4.1): A means of 
indicating stereochemical relationships between 
substituent groups on neighboring carbons. The car- Front carbon 
bon—carbon bond is viewed end-on, and the carbons 

are indicated by a circle. Bonds radiating from the Rear carbon 
center of the circle are attached to the front carbon, 

and bonds radiating from the edge of the circle are 

attached to the rear carbon. 

Nitrogen rule (Sections 12.6 and 25.11): A rule stating that compounds having 
an odd number of nitrogens give rise to an odd-numbered molecular ion in the mass 
spectrum. Conversely, compounds with an even number of nitrogens give rise to 

even-numbered molecular ions. 

Node (Sections 1.2 and 14.3): The surface of zero electron density between lobes 
of orbitals. For example, a p orbital has a nodal plane passing through the center 
of the nucleus, perpendicular to the line of the orbital. 

Normal alkane (Section 3.2): A straight-chain alkane, as opposed to a branched 
alkane. Normal alkanes are denoted by the suffix n, as in n-C4Hj9 (n-butane). 

Nuclear magnetic resonance, NMR (Chapter 13): A spectroscopic technique that 
provides information about the carbon—hydrogen framework of a molecule. NMR 
works by detecting the energy absorption accompanying the transition between 

nuclear spin states that occurs when a molecule is placed in a strong magnetic field 
and irradiated with radio-frequency waves. Different nuclei within a tholecule are 
in slightly different magnetic environments and therefore show absorptions at 
slightly different frequencies. 

Nucleophile (Section 5.5): A “nucleus-lover,” or species that donates an electron 
pair to an electrophile in a polar bond-forming reaction. Nucleophiles are also Lewis 
bases. (See Electrophile.) 

Nucleoside (Section 29.9): A nucleic acid constituent, consisting of a sugar residue 
bonded to a heterocyclic purine or pyrimidine base. 

Nucleotide (Section 29.9): A nucleic acid constituent, consisting of a sugar residue 
bonded both to a heterocyclic purine or pyrimidine base and to a phosphoric acid. 
Nucleotides are the monomer units from which DNA and RNA are constructed. 

Off-resonance mode (Section 13.6): A mode of !8C NMR spectrometer operation 
that allows for the observation of spin—spin splitting between carbons and their 
attached hydrogens. Carbons bonded to one hydrogen show a doublet; carbons 
attached to two hydrogens show a triplet; and carbons attached to three hydrogens 
show a quartet in the off-resonance NMR. 

Olefin: An alternative name for an alkene. 

Optical isomers (Section 9.5): Enantiomers. Optical isomers are isomers that have 
a mirror-image relationship. 
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Optically active (Section 9.3): A substance that rotates the plane of polarization 
of plane-polarized light. Note that an optically active sample must contain chiral 
molecules, but that all samples with chiral molecules are not optically active. Thus, 
a racemic sample is optically inactive even though the individual molecules are 
chiral. (See Chiral.) 

Orbital (Section 1.2): The volume of space in which an electron is most likely to 
be found. Orbitals are described mathematically by wave functions, which define 
the behavior of electrons around nuclei. 

Ozonide (Section 7.9): The product formed by addition of ozone to a carbon—carbon 
double bond. Ozonides are usually treated with a reducing agent, such as zinc in 
acetic acid, to produce carbonyl compounds. 

Paraffins (Section 3.6): <A trivial name for alkanes. 

Pauli exclusion principle (Section 1.3): A statement of the fact that no more 
than two electrons can occupy the same orbital and that those two must have spins 
of opposite sign. 

Peptides (Section 27.6): Amino-acid polymers in which the individual amino acid 
residues are linked by amide bonds. (See Proteins.) 

Pericyclic reaction (Chapter 30): A reaction that occurs by a concerted reorgan- 
ization of bonding electrons in a cyclic transition state. 

Periplanar (Section 11.11): A conformation in which bonds to neighboring atoms 
have a parallel arrangement. In an eclipsed conformation, the neighboring bonds 
are syn periplanar; in a staggered conformation, the bonds are anti periplanar. 

x xX Ys 

Ne 

Anti periplanar Syn periplanar 

Peroxide (Section 18.2): A molecule containing an oxygen—oxygen bond functional 
group, R-O-O-R’ or R-O-O-H. The “peroxides” present as explosive impurities 
in ether solvents are usually of the latter type. Since the oxygen—oxygen bond is 
weak and easily broken, peroxides are often used to initiate radical chain reactions. 

Phase-transfer catalysts (Section 25.9): Agents that cause the transfer of ionic 

reagents between phases, thus catalyzing reactions. Tetraalkylammonium salts, 
R,N* X-, are often used to transport inorganic anions from the aqueous phase to 
the organic phase where the desired reaction then occurs. For example, perman- 

ganate ion is solubilized in benzene in the presence of tetraalkylammonium ions. 

Phospholipid (Section 28.3): Lipids that contain a phosphate residue. For exam- 
ple, phosphoglycerides contain a glycerol backbone linked to two fatty acids and a 

phosphoric acid. 

Pi bond (Section 1.7): The covalent bond formed by sideways overlap of atomic 
orbitals. For example, carbon—carbon double bonds contain a pi bond formed by 
sideways overlap of two p orbitals. 

Plane of symmetry (Section 9.2): An imaginary plane that bisects a molecule 
such that one half of the molecule is the mirror image of the other half. Molecules 

containing a plane of symmetry are achiral. 

Plane-polarized light (Section 9.3): Ordinary light that has its electric vectors in 
. a single plane rather than in random planes. The plane of polarization is rotated 
when the light is passed through a solution of a chiral substance. 
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Polar aprotic solvent (Section 11.5): Polar solvent that can’t function as a hydro- 
gen ion donor. Polar aprotic solvents such as dimethyl sulfoxide (DMSO), hexa- 

methylphosphoramide (HMPA), and dimethylformamide (DMF) are particularly 
useful in Sy2 reactions because of their ability to solvate cations. 

Polar reaction (Section 5.2): A reaction in which bonds are made when a nucleo- 
phile donates two electrons to an electrophile and in which bonds are broken when 
one fragment leaves with both electrons from the bond. Polar reactions are the most 
common class of reactions. (See Heterogenic bond formation; Heterolytic bond 

breakage.) 

Polarity (Sections 2.4 and 5.5): The unsymmetrical distribution of electrons in 
molecules that results when one atom attracts electrons more strongly than another. 

Polarizability (Section 5.5): The measure of the change in a molecule’s electron 
distribution in response to changing electric interactions with solvents or ionic 
reagents. 

Polymer (Chapter 31): A large molecule made up of repeating smaller units. For 
example, polyethylene is a synthetic polymer made from repeating ethylene units, 
and DNA is a biopolymer made of repeating deoxyribonucleotide units. 

Primary, secondary, tertiary, quaternary (Section 3.4): Terms used to describe 
the substitution pattern at a specific site. A primary site has one organic substituent 
attached to it, a secondary site has two organic substituents, a tertiary site has 
three, and a quaternary site has four. 

Carbon Hydrogen Alcohol Amine 

Primary RCH3 RCH; RCH,OH RNH, 

Secondary R,C He R,CH, RgC HOH R,NH 

Tertiary R3;CH R3CH R3;COH R3N 

Quaternary RC 

R = any organic substituent { 

Primary structure (Section 27.14): The amino acid sequence in a protein. (See 
Secondary structure; Tertiary structure.) 

Principle of maximum overlap (Section 1.7): The strongest bonds are formed 
when overlap between orbitals is greatest. 

Propagation step (Section 5.4): The step or series of steps in a radical chain 

reaction that carry on the chain. The propagation steps must yield both product and 
a reactive intermediate to carry on the chain. 

Prostaglandin (Section 28.5): A member 
of the class of lipids with the general carbon 
skeleton. 

Prostaglandins are present in nearly all body tissues and fluids, where they serve 
a large number of important hormonal functions. 

Protecting group (Section 17.10): A group that is introduced to protect a sensitive 
functional group toward reaction elsewhere in the molecule. After serving its pro- 
tective function, the group is then removed. For example, ketones and aldehydes 
are often protected as acetals by reaction with ethylene glycol, and alcohols are often 
protected as trimethylsilyl ethers. 
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Protein (Section 27.13): A large peptide containing fifty or more amino acid res- 
idues. Proteins serve both as structural materials (hair, horns, fingernails) and as 
enzymes that control an organism’s chemistry. (See Peptides.) 

Protic solvent (Section 11.9): A solvent such as water or alcohol that can serve 
as a proton donor. Protic solvents are particularly good at stabilizing anions by 
hydrogen bonding, thereby lowering their reactivity. (See Polar aprotic solvent.) 

Proton noise-decoupled mode (Section 13.4): The most common manner of 1°C 
NMR spectrometer operation, in which all nonequivalent carbon atoms in the sample 
show a single, unsplit resonance. Operating the spectrometer in this mode allows 
one to count the number of chemically different carbon atoms present in the sample 
molecule. 

Quartet (Section 13.6): A set of four peaks in the NMR, caused by spin-spin 
splitting of a signal by three adjacent nuclear spins. 

Quaternary (Section 3.4): See Primary. 

Quaternary structure (Section 27.14): The highest level of protein structure, 
involving a specific aggregation of individual proteins into a larger cluster. 

R,S convention (Section 9.6): A method for defining the absolute configuration 
around stereogenic centers. The Cahn-Ingold-Prelog sequence rules are used to 
assign relative priorities to the four substituents on the stereogenic center, and the 
center is oriented such that the group of lowest (fourth) priority faces directly away 
from the viewer. If the three remaining substituents have a right-handed or clockwise 
relationship in going from first to second to third priority, then the stereogenic center 
is denoted R (rectus, right). If the three remaining substituents have a left-handed 
or counterclockwise relationship, the stereogenic center is denoted S (sinister, left). 

(See Sequence rules.) 

Racemic mixture (Section 9.10): A mixture consisting of equal parts (+) and (—) 
enantiomers of a chiral substance. Even though the individual molecules are chiral, 
racemic mixtures are optically inactive. 

Racemization (Section 9.11): The process whereby one enantiomer of a chiral 
molecule becomes converted into a 50:50 mixture of enantiomers, thus losing its 

optical activity. For example, this might happen during an Syl reaction of a chiral 

alkyl halide. 

Radical (Section 5.2): When used in organic nomenclature, the word radical refers 
to a part of a molecule that appears in its name—for example, the “phenyl!” in phenyl 
acetate. Chemically, however, a radical is a species that has an odd number of 
electrons, such as the chlorine radical, Cl-. 

Radical reaction (Section 5.2): A reaction in which bonds are made by donation 
of one electron from each of two reagents and in which bonds are broken when each 

fragment leaves with one electron. (See Homogenic bond formation; Homolytic bond 
breakage.) 

Rate-limiting step (Section 11.7): The slowest step in a multistep reaction 
sequence. The rate-limiting step acts as a kind of bottleneck in multistep reactions 
and is observed by kinetics measurements. 

Reaction energy diagram (Section 5.9): A pictorial representation of the course 
of a reaction, in which potential energy is plotted as a function of reaction progress. 

Starting materials, transition states, intermediates, and final products are all rep- 
resented, and their appropriate energy levels are indicated. 

’ Reducing sugar (Section 24.8): Any sugar that reduces silver ion in the Tollens 
test or cupric ion in the Fehling or Benedict tests. All sugars that are aldehydes or 
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can be readily converted into aldehydes are reducing. Glycosides, however, are not 

reducing sugars. 

Refining (Section 3.5): The process by which petroleum is converted into gasoline 
and other useful products. 

Regiochemistry (Section 6.10): A term describing the orientation of a reaction 
that occurs on an unsymmetrical substrate. Markovnikov’s rule, for example, pre- 

dicts the regiochemistry of electrophilic addition reactions. 

Regiospecific (Section 6.10): A term describing a reaction that occurs with a spe- 
cific regiochemistry to give a single product rather than a mixture of products. 

Replication (Section 29.13): The process by which double-stranded DNA uncoils 

and is replicated to produce two new copies. 

Resolution (Section 25.5): The process by which a racemic mixture is separated 
into its two pure enantiomers. For example, a racemic carboxylic acid might be 
converted by reaction with a chiral amine base into a diastereomeric mixture of 
salts, which could be separated by fractional crystallization. Regeneration of the 
free acids would then yield the two pure enantiomeric acids. 

Resonance effect (Section 16.5): The effect by which substituents donate or with- 
draw electron density through orbital overlap with neighboring pi bonds. For exam- 
ple, an oxygen or nitrogen substituent donates electron density to an aromatic ring 
by overlap of the O or N orbital with the aromatic ring p orbitals. A carbonyl 
substituent, however, withdraws electron density from an aromatic ring by p orbital 
overlap. These effects are particularly important in determining whether a given 
group is meta-directing or ortho- and para-directing in electrophilic aromatic sub- 
stitution reactions. 

Resonance hybrid (Section 10.6): A molecule, such as benzene, that can’t be 

represented adequately by a single Kekulé structure but must instead be considered 
as an average of two or more resonance structures. The resonance structures them- 

selves differ only in the positions of their electrons, not their nuclei. 

Ring current (Section 15.12): The circulation of pi electrons induced in aromatic 
rings by an external magnetic field. This effect accounts for the pronounced downfield 
shift of aromatic-ring protons in the 1H NMR. 

Ring-flip (Section 4.11): The molecular motion that converts one chair confor- 
mation of cyclohexane into another chair conformation. The effect of a ring-flip is 
to convert an axial substituent into an equatorial substituent. 

RNA (Section 29.9): Ribonucleic acid, the biopolymer found in cells that serves to 
transcribe the genetic information found in DNA and uses that information to direct 
the synthesis of proteins. 

Saccharide (Section 24.1): A sugar. 

Saponification (Section 21.7): An old term for the base-induced hydrolysis of an 
ester to yield a carboxylic acid salt. 

Saturated (Section 3.2): A saturated molecule is one that has only single bonds 
and thus can’t undergo addition reactions. Alkanes, for example, are saturated, but 
alkenes are unsaturated. 

Sawhorse structure (Section 4.1): A stereochem- 
ical manner of representation that portrays a mol- 
ecule using a stick drawing and gives a perspective 
view of the conformation around single bonds. 

Sawhorse structure 
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Second-order reaction (Section 11.3): A reaction whose rate-limiting step is 
bimolecular and whose kinetics are therefore dependent on the concentration of two 
reagents. 

Secondary (Section 3.4): See Primary. 

Secondary structure (Section 27.14): The level of protein substructure that 
involves organization of chain sections into ordered arrangements such as B-pleated 
sheets or a-helices. 

Sequence rules (Sections 6.6 and 9.6): A series of rules devised by Cahn, Ingold, 

and Prelog for assigning relative priorities to substituent groups on a double-bond 
carbon atom or on a stereogenic center. Once priorities have been established, E,Z 

double-bond geometry and R,S configurational assignments can be made. (See Ent- 
gegen; R,S convention; Zusammen.) 

Shielding (Section 13.2): An effect observed in NMR that causes a nucleus to 

absorb toward the right (upfield) side of the chart. Shielding is caused by donation 
of electron density to the nucleus. (See Deshielding.) 

Sigma bond (Section 1.7): A covalent bond formed by head-on overlap of atomic 
orbitals. 

Sigmatropic reaction (Sections 30.1 and 30.10): A pericyclic reaction that 
involves the migration of a group from one end of a pi electron system to the other. 
For example, the [1.5] sigmatropic rearrangement of a hydrogen atom in cyclopen- 
tadiene is such a reaction. 

Soap (Section 28.2): The mixture of long-chain fatty acid salts obtained on base 
hydrolysis of animal fat. 

Solid-phase synthesis (Section 27.12): A technique of synthesis whereby the 
starting material is covalently bound to a solid polymer bead and reactions are 
carried out on the bound substrate. After the desired transformations have been 
effected, the product is cleaved from the polymer and is isolated. This technique is 
particularly useful in peptide synthesis (Merrifield method). 

sp orbital (Section 1.11): A hybrid orbital mathematically derived from the com- 
bination of an s and a p atomic orbital. The two sp orbitals that result from hybrid- 
ization are oriented at an angle of 180° to each other. 

sp? orbital (Section 1.10): A hybrid orbital mathematically derived by combination 
of an s atomic orbital with two p atomic orbitals. The three sp? hybrid orbitals that 
result lie in a plane at angles of 120° to each other. 

sp? orbital (Section 1.8): A hybrid orbital mathematically derived by combination 
of an s atomic orbital with three p atomic orbitals. The four sp* hybrid orbitals that 
result are directed toward the corners of a tetrahedron at angles of 109° to each 

other. 

Specific rotation, [a]p (Section 9.4): The specific rotation of a chiral compound is 

a physical constant that is defined by the equation 

ie Observed rotation ie ul 
a>” Path length x Concentration J/ x C 

where the path length of the sample solution is expressed in decimeters and the 

concentration of the sample solution is expressed in g/mL. 

Spin-spin splitting (Section 13.6): The splitting of an NMR signal into a multiplet 

caused by an interaction between nearby magnetic nuclei whose spins are coupled. 

The magnitude of spin-spin splitting is given by the coupling constant, J. 
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Staggered conformation (Section 4.1): The 
three-dimensional arrangement of atoms around a 
carbon-carbon single bond in which the bonds on 
one carbon exactly bisect the bond angles on the 
second carbon as viewed end-on. (See Eclipsed 
conformation.) 

Stationary phase (Section 12.1): The solid support used in chromatography. The 
molecules to be chromatographically separated adsorb to the stationary phase and 
are moved along by the mobile phase. Silica gel (hydrated SiO,) and alumina (Al,03) 
are often used as stationary phases in column chromatography of organic mixtures. 

(See Mobile phase.) 

Step-growth polymer (Section 31.1): A polymer produced by a series of polar 
reactions between two difunctional monomers. The polymer normally has the two 
monomer units in alternating order and usually has other atoms in addition to carbon 
in the polymer backbone. Nylon, a polyamide produced by reaction between a diacid 
and a diamine, is an example of such a polymer. 

Stereochemistry (Chapters 4 and 9): The branch of chemistry concerned with the 
three-dimensional arrangement of atoms in molecules. 

Staggered conformation 

Stereogenic center (Section 9.2): An atom (usually carbon) that is bonded to four 
different groups and is therefore chiral. (See Chiral.) 

Stereoisomers (Section 3.9): Isomers that have their atoms connected in the same 

order but have different three-dimensional arrangements. The term stereoisomer 
includes both enantiomers and diastereomers but does not include constitutional 

isomers. 

Stereospecific (Section 7.11): A term indicating that only a single stereoisomer 
is produced in a given reaction, rather than a mixture. 

Steric strain (Sections 4.3 and 4.12): The strain imposed on a molecule when two 
groups are too close together and try to occupy the same space. Steric strain is 
responsible both for the greater stability of trans versus cis alkenes and for the 
greater stability of equatorially substituted versus axially substituted cyclohexanes. 

Steroid (Section 28.8): A lipid whose structure is 
based on the tetracyclic carbon skeleton: 

Steroids occur in both plants and animals and have a variety of important hormonal 
functions. 

Suprafacial (Section 30.8): A word used to describe the geometry of pericyclic 
reactions. Suprafacial reactions take place on the same side of the two ends of a pi 
electron system. (See Antarafacial.) 

Symmetry-allowed, symmetry-disallowed (Section 30.4): A symmetry-allowed 
reaction is a pericyclic process that has a favorable orbital symmetry for reaction 
through a concerted pathway. A symmetry-disallowed reaction is one that does not 
have favorable orbital symmetry for reaction through a concerted pathway. 

Syn stereochemistry (Section 7.2): A syn addition reaction is one in which the 
two ends of the double bond are attacked from the same side. For example, OsO, 
induced hydroxylation of cyclohexene yields cis-1,2-cyclohexanediol, the product of 
syn addition. A syn elimination is one in which the two groups leave from the same 
side of the molecule. 
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Syndiotactic polymer (Section 31.6): A chain-growth polymer in which the sub- 
stituents on the polymer backbone have a regular alternating stereochemistry. 

Tautomers (Sections 8.5 and 22.1): Isomers that are rapidly interconverted. For 
example, enols and ketones are tautomers since they are rapidly interconverted on 
treatment with either acid or base catalysts. 

Terpenes (Section 28.6): Lipids that are formally derived by head-to-tail poly- 
merization of isoprene units. (See Isoprene rule.) 

Tertiary (Section 3.4): See Primary. 

Tertiary structure (Section 27.14): The level of protein structure that involves 
the manner in which the entire protein chain is folded into a specific three-dimen- 
sional arrangement. 

Thermodynamic control (Section 14.6): Equilibrium reactions that yield the 
lowest-energy, most stable product are said to be thermodynamically controlled. 
Although most stable, the product of a thermodynamically controlled reaction is not 
necessarily formed fastest. (See Kinetic control.) 

Thermoplastic (Section 31.13): A polymer that is hard at room temperature but 
that becomes soft and pliable when heated. Thermoplastics are used for the man- 
ufacture of a variety of molded objects. 

Thermosetting resin (Section 31.13): A polymer that is highly cross-linked and 
sets into a hard, insoluble mass when heated. Bakelite is the best-known example 
of such a polymer. 

Torsional strain (Section 4.1): The strain in a molecule caused by electron repul- 
sion between eclipsed bonds. Torsional strain plays a major role in destabilizing boat 
cyclohexane relative to chair cyclohexane. (See Eclipsing strain.) 

Transcription (Section 29.14): The process by which the genetic information 

encoded in DNA is read and used to synthesize RNA in the nucleus of the cell. A 
small portion of double-stranded DNA uncoils, and complementary ribonucleotides 
line up in the correct sequence for RNA synthesis. 

Transition state (Section 5.9): An imaginary activated complex between reagents, 

representing the highest energy point on a reaction curve. Transition states: are 
unstable complexes that can’t be isolated. 

Translation (Section 29.15): The process by which the genetic information tran- 

scribed from DNA onto mRNA is read by tRNA and used to direct protein synthesis. 

Tree diagram (Section 13.13): A diagram used in NMR to help sort out the com- 
plicated splitting patterns that can arise from multiple couplings. 

Triacylglycerol (Section 28.1): Lipids such as animal fat and vegetable oil con- 
sisting chemically of triesters of glycerol with long-chain fatty acids. 

Triplet (Section 13.6): A symmetrical three-line splitting pattern observed in the 
1H NMR when a proton has two equivalent neighbor protons or in the °C NMR 
when a carbon is bonded to two hydrogens. 

Ultraviolet (UV) spectroscopy (Section 14.10): An optical spectroscopy employ- 
ing ultraviolet irradiation. UV spectroscopy provides structural information about 

the extent of pi electron conjugation in organic molecules. 

Unimolecular reaction (Section 11.7): A reaction that occurs by spontaneous 
transformation of the starting material without the intervention of other reagents. 
For example, the dissociation of a tertiary alkyl halide in the Syl reaction is a 

unimolecular process. 
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Unsaturated (Section 6.2): An unsaturated molecule is one that has multiple 
bonds and can undergo addition reactions. Alkenes and alkynes, for example, are 

unsaturated. (See Saturated.) 

Upfield (Section 13.3): Used to refer to the right-hand portion of the NMR chart. 
(See Shielding.) 

Van der Waals forces (Section 3.6): The attractive forces between molecules that 
are caused by dipole—dipole interactions. Van der Waals forces are one of the primary 
forces responsible for holding molecules together in the liquid and solid states. 

Vicinal (Section 8.3): A term used to refer to a 1,2-disubstitution pattern. For 
example, 1,2-dibromoethane is a vicinal dibromide. 

Vinylic (Section 8.4): A term that refers to a substituent at a double—bond carbon 
atom. For example, chloroethylene is a vinylic chloride, and enols are vinylic 

alcohols. 

Vulcanization (Section 31.7): A process for hardening rubber by heating in the 
presence of elemental sulfur. The sulfur functions by forming cross-links between 
polymer chains. 

Wave function (Section 1.1): The mathematical expression that defines the behav- 
ior of an electron. The square of the wave function is the probability function that 
defines the shapes of orbitals. 

Wave number (Section 12.9): The wave number is the reciprocal of the wavelength 
in centimeters. Thus, wave numbers are expressed in cm“. 

Wavelength (Section 12.8): The length of a wave from peak to peak. The wave- 
length of electromagnetic radiation is inversely proportional to frequency and 
inversely proportional to energy. (See Frequency.) 

Ylide (Section 19.16): A neutral dipolar molecule in which the positive and neg- 
ative charges are adjacent. The phosphoranes used in Wittig reactions are ylides. 

Zaitsev’s rule (Section 11.10): A rule stating that E2 elimination reactions nor- 
mally yield the more highly substituted alkene as major product. 

Zusammen (Z) (Section 6.6): A term used to describe the stereochemistry of a 
carbon—carbon double bond. The two groups on each carbon are assigned priorities 
according to the Cahn-Ingold-Prelog sequence rules, and the two carbons are com- 
pared. If the high-priority groups on each carbon are on the same side of the double 
bond, the bond has Z geometry. (See Entgegen; Sequence rules.) 

Zwitterion (Section 27.2): A neutral dipolar molecule in which the positive and 
negative charges are not adjacent. For example, amino acids exist as zwitterions, 
H3N+-—CHR-COO-. Zwitterions are also called betaines. 
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Answers to 

Selected In-Text 
Problems 

The following answers are meant only as a quick check. Full answers and explanations for 
all problems are provided in the accompanying Study Guide and Solutions Manual. 

CHAPTER 1 

Ela) 1016) 3 (ec) 8 1.2 (a) Boron: 1s?2s?2p (b) Phosphorus: 1s?2s?2p°3s?3p 
(c) Oxygen: 1s?2s?2p4 (d) Chlorine: 1s?2s?2p°3s?3p5® 1.3 Cl 
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H 

| i? NY H H 
SS All bond angles are 

1.9 ne i) eae i ve near 109°. 

H, eH 3H Hie Hi a EL 

1.10 C,H, has too many hydrogens. 
1.11 The CH; carbon is sp; double-bond carbons are sp”. The C-C-C bond angle is 

a 

- 

approximately 120°. 1.12 All carbons are sp”; all bond angles are near 120°. 

i ae 
118H—C—C—H H:C:0:H 

‘) H 
1.14 The CH; carbon is sp; triple-bond carbons are sp. The C-C-C bond angle is 
approximately 180°. 1.15 The Nz molecule has a triple bond, N=N. 

ve °-N:H 

1.16 H—C—H H:C:H. The nitrogen atom is sp”. 
1.17 All are sp* hybridized and have tetrahedral geometry. Hj 

CHAPTER 2 

2.1 (a) CsH5N (b) C.gH1,0 (c) C3H,N 

2.2 (a) CH;CH,CH,CH,CH3 (b) CH;CH,NH, (c) CH;CH,CHO (d) CH3;CH,CH,CH,Cl 

2.4 For sulfur: 

SNORE SS ees 2 nonbonding electrons = +1 F.C. = 6 1 electrons — 9 

For oxygen: 

( 
F.C. = 6 valence electrons — 2 bonding electrons — 6nonbonding electrons = —1 

2.5 (a) C = 0, central N = +1, terminal N = -1 (b)C =0,.N = +1,0=-1 
(c)N=-1,C=+1 
2.6(a)H (b) Br (c)Cl (d)C 
2.7 (a) Cis 6+, Bris d- (b) Cis 5+; Nis &- (c) Liis 5+,C is 5- (d) His 5+, N is d- 

(e) Cis 6*+,Ois& (f)Mgisd6*+,Cisd (g)Cis 5, Fis &- 2.828 HA Ae 

C—O: 
Hd \ 
H H 

2.9 The two C—O dipoles cancel because of the 180° O=C=O bond angle. 
SLO KES Mii ue prerkl, AD) H (c) hae (d) Cl 

fo ent | | H Cl C=C" 

5 = Nes he H7o~Cl x 
No dipole moment ul H 

2.11 Picric acid is stonger. 2.12 Water is a stronger acid. 

2.13 Neither reaction will take place. 2.14 Reaction will take place. 2.15 6.3 x 101° 
2.16 pH = 2.25 2.17 Lewis acids: (c), (d), (e) Lewis bases: (a), (b), (f) 
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8 6 2.18 (a) For boron: F.C. = 3 — 5° —1; for oxygen: F.C. = 6 — as 2=+1 

(b) For aluminum: F.C. = 3 — : = —1; for nitrogen: F.C. = 5 — . = +1 

2.19 BF; is the acid; formaldehyde is the base. 
2.20 (a) C = 92.25%; H = 7.75% (b) C = 54.87%; H = 4.89%; N = 4.53%; O = 36.21% 
(c) C = 74.05%; H = 7.46%; N = 8.63%; O = 9.86% 
(d) C= 80.56%; H= 7.51%; O= 11.92% 2.21 Ci 9H;,0 2.22 C3oHs0 

CHAPTER 3 

O 
| | 

3.2 (a)CH;0H _(b) OC) (c) CH;COH (d) CH;NH, ~—(e) CHsCCH,CH,NH, 

(f) HAC —CHCH=CH, 
eo ee 

3.3 CH;CH,CH,CH,CH,CH; CH;CHCH,CH,CH; CH;CH,CHCH,CHs; 
CH; CH; 

CHLCCH:CHs CH,CHCHCH, : 

: CH, CH; 
oR He oe 

3.4 CH;CH,CH,CH,OH CH;CHCH,CH; CH;CHCH,OH oe 

CH; 
OCH; 

CH;,0CH,CH,CH,; CH;CH,OCH,CH; CH,CHCH, 

i i 
3.5 (a) CH;CH,CH,COCH; = CH3;CH,COCH,CHs 

CH, 

(b) CH;CH,CH,C=N CH;CHC=N  3.6(a) Two (b) Four en 

Z ie 
3.7 CH;CH,CH,CH,CH2->- SE SCH ACE Gihig CH3;CH,CH-> CH;CHCH,CH,-+- 

CH, CH,CH; 
CH; CHs CH as 
| 

CH;CH,CHCH,- eC < RCS Cee 

cH, ose CH, CH; 
H;C CH; CH;CHCH; CH; 

| 
3.8 (a) CH3;C —CCHs3 (b) CH3;CH,CHCH,CH3 (c) aoe: 

3.11 (a) Pentane, 2-methylbutane, 2,2-dimethylpropane (b) 3,4-Dimethylhexane 

(c) 2,4-Dimethylpentane (d) 2,2,5-Trimethylheptane 
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CH; HC race 
| 

3.12 (a) ee ag ee eae (b) eC Eat ae Sk ane 

CH3 H3C 
CH; CH2CH2CHs3 CH; sg 

(c) societies lair oa (d) ees ae 

CHs3 CH; 
3.13 (a) 2-Methylhexane (b) 4,5-Dimethyloctane (c) 3-Ethyl-2,2-dimethylpentane 
(d) 3,4-Dimethylheptane (e) 2,3-Dimethylhexane (f) 3,3-Dimethylpentane 
3.14 Pentyl, 1-methylbutyl, 1-ethylpropyl, 2-methylbutyl, 3-methylbutyl, 1,1-dimethylpropy], 

1,2-dimethylpropyl, 2,2-dimethylpropyl 
3.15 (a) 1,4-Dimethylcyclohexane (b) 1-Methyl-3-propylcyclopentane 
(c) 3-Cyclobutylpentane (d) 1-Bromo-4-ethylcyclodecane 
(e) 1-Isopropyl-2-methylcyclohexane (f) 4-Bromo-1-tert-2-methylcycloheptane 

3.17 H CH b i (c) H (a) 3 ( ) CH, ow 

oS 7 CH, C(CHs)s 

CHAPTER 4 

4.3 CH; 4.4 (a) H (b) H CH, 
H3C H H . CH; | | 

H H 
H CH; H H H CH, 

CH; CH 

4.5 Six H-H interactions; 22% of strain. ( 

4.6 The trans isomer is more stable and has lower heat of combustion. 4.7 Cyclopropane 
4.8 Methyl groups in cis-1,2-dimethylcyclobutane and in trans-1,3-dimethylcyclobutane have 
steric interactions. 4.9 

HC a Ot 

H H 

4.10 Ten H-H eclipsing interactions; 10 kcal/mol. 

4,12—4.13 Axial and equatorial positions alternate around the ring on each side. 
4.15 Hydrogen of isopropyl group points in toward ring: 

Re 

‘on, 

4.16 Cyano group points straight up. 4.17 Equatorial > 99.9% 
4.18 (a) 0.5 kcal/mol (b) 1.8 kcal/mol (c) 0.5 kcal/mol (d) 1.9 kcal/mol 
4.20 trans-Decalin is more stable by 2.7 kcal/mol. 
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CHAPTER 5 

5.1 (a) Substitution (b) Elimination (c) Addition 
5.2 Reaction proceeds until stopped by random termination steps. 
5.3 1-Chloro-2-methylpentane, 2-chloro-2-methylpentane, 3-chloro-2-methylpentane, 
2-chloro-4-methylpentane, 1-chloro-4-methylpentane 
5.4 Pentane has three types of hydrogens; neopentane has only one. 
5.6 Electrophiles: H+, Br*+, Mg?*, CO; nucleophiles: HO-, NH3 5.7 Bromocyclohexane 
5.8 Negative AG° is more favored. 5.9 Larger K,, is more exothermic. 
5.10 AG® = —4.09 kcal/mol, 0 kcal/mol, +4.09 kcal/mol; K,, = 2.2 x 107, 0, 4.6 x 10-8 
5.11 (a) AH° = +58 keal/mol (b) AH° = +1 kcal/mol (c) AH° = —26 kcal/mol 
(d) AH® = —25 kcal/mol 5.12 (a) AH° = —7 kcal/mol (b) AH° = +4 kcal/mol 
5.13 Lower AG? is faster. Can’t predict Keg. 

CHAPTER 6 

Glf{a)2 (b)S (ch3 (d)5 (e) 13 6.2(a)1 (b)2 (©) 2 
6.3 (a)5 (b)5 (c)3 (d)1 (e)6 F)5 
6.4 (a) 3,4,4-Trimethyl-1-pentene (b) 3-Methyl-3-hexene (c) 4,7-Dimethyl-2,5-octadiene 

CH, CH,CH; 

6.5 (a) HC—CCH,CH,CH=CH, _—(b) Hee eee: 
H3C CH; (CH3)2CH CH(CHs)2 

(c) CH3CH=CHCH=CHC—C=CH, (d) ‘ond 

Ae (CH,),CH \CHICH,), 
CH ye 

(e) CH3CHCH,CHCH,CH,CH3 
6.6 (a) 1,2-Dimethylcyclohexene (b) 4,4-Dimethylcycloheptene (c) 3-Isopropylcyclopentane 

6.7 Compounds (c), (e), and (f) have cis—trans isomers. 

6.8 trans-Cyclohexene is too strained. 
6.9 (a)-Br (b)-Br (c)-—CH,CH3 (d)-OH (e)-CH,OH (f) -CH=O 
6.10 (a) -Cl, -OH, -CH3,-H (b) -CH,OH, -CH=CHpe, -CH,CH3, —CH3 
(c) -COOH, -—CH,OH, -CN, -CH,NH, (d) -CH,OCH3, -CN, -C=CH, -CH2CH3 
6.11(a)Z bE ©)Z GME 
6.12 (a) 2-Methylpropene (b) E isomer (c) 1-Methylcyclohexene 
6.14 (a) Chlorocyclohexane (b) 2-Bromo-2-methylpentane (c) 2-lodopentane 

(d) 1-Bromo-1-methylcyclohexane 
6.15 (a) Cyclopentene (b) 3-Hexene (c) 1-Ethylcyclohexene or ethylidenecyclohexane 

CH; CH3 

(d) Cyclohexylethylene 6.16 (a) CHsCH2CCH2CHCH; (b) [Yeon 

6.17 The second step is exothermic; transition state resembles the carbocation. 

6.18 

STAFFORDSHIRE 
UNIVERSITY 
LIBRARY 
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CHAPTER 7 

7.1 2-Methyl-2-butene and 2-methyl-1-butene 7.2 Five 

7.3 trans-1,2-Dichloro-1,2-dimethylcyclohexane V4 1. CH, 1 CH, 

and 

“Cie “H 
H CH, 

7.5 trans-2-Bromocyclopentanol 7.6 Markovnikov 7.7 °I—N,° 
7.8 (a) 2-Pentanol (b) 2-Methyl-2-pentanol 
7.9 (a) 2-Methyl-1-hexene or 2-methyl-2-hexene (b) Cyclohexylethylene 7.10 CH; 

a1 

"OH 

7.11 (a) 3-Methyl-1-butene (b) 2-Methyl-2-butene (c) Methylenecyclohexane 

7.12 (a) 2-Methyl-1-butene + HBr (b) 1-Butene + HBr + peroxides 
(c) 3-Methyl-3-hexene + HBr + peroxides 
7.14 (a) 2-Methylpentane (b) 1,1-Dimethylcyclopentane 
7.15 (a) 1-Methylcyclohexene + OsO, (b) 2-Methyl-2-pentene + OsO, 
(c) 1,3-Butadiene + OsO, 
7.16 H;C CH; OH OH H CH; OH OH 

x 7 pee Hf \ 7 ID + 
C=C =a C— Ce C=C Sh ¥C— 
i \ HC’ 4 \°CH, / ‘ H/ \ CH. 

H H H H HC H HC H 

cis-2-Butene trans-2-Butene 

7.17 (a) CH;COCH,CH,CH,CH,COOH (b) CH3;COCH,CH2,CH,CH,CHO 
7.18 (a) 2-Methylpropene (b) 3-Hexene 
7.19 (a) Cl (b) ' 

: Cl 
' 

7.20 BoC We CH: 

CHAPTER 8 

8.1 (a) 2,5-Dimethyl-3-hexyne (b) 3,3-Dimethyl-1-butyne (c) 2,4-Octadiene-6-yne 
(d) 3,3-Dimethyl-4-octyne (e) 2,5,5-Trimethyl-3-heptyne (f) 6-Isopropylcyclodecyne 
8.2 1-Hexyne, 2-hexyne, 3-hexyne, 3-methyl-1-pentyne, 4-methyl-1-pentyne, 4-methyl-2- 
pentyne, 3,3-dimethyl-1-butyne 

8.3 (a) 1,1,2,2-Tetrachloropentane (b) 1-Bromo-1l-cyclopentylethylene (c) 2-Bromo-2-heptene 
and 3-bromo-2-heptene 8.4 4-Octanone, 2-methyl-4-octanone, and 7-methy]-4-octanone 
8.5 (a) 1-Pentyne (b) 3-Hexyne 8.6 (a) Phenylacetylene (b) 2,5-Dimethyl-3-hexyne 
8.7 2-Methy1-2-butene 8.8 2-Methyl-2-butanol 
8.9 (a) 2-Octyne + Li/NH3 (b) 3-Heptyne + H./Lindlar 
(c) 3-Methyl-1-pentyne + H,/Lindlar 8.10 (b) 
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8.11 (a) 1-Pentyne + CHslI or propyne + CHsCH,CHI (b) 3-Methyl-1-butyne + CH3CH,I 
(c) Cyclohexylacetylene + CH3I (d) 4-Methyl-1-pentyne + CHslI or propyne + (CH3),CHCH,I 
(e) 3-3-Dimethyl-1-butyne + CH;CHgI 

8.12CH;C=CH >TO > CH,C=CCH; — 2 cis CH;SCH=CHCH, 
8.13 (a) Phenylacetylene (b) CH3(CH,);C=C(CH2),C=C(CH2)7,CH3 
8.14 (a) KMnO,, H,O (b) H2/Lindlar (c) 1. H2/Lindlar; 2. HBr 
(d) 1. H,/Lindlar; 2. BH3; 3. NaOH, H,O2 (e) 1. H2/Lindlar; 2. Cl, 
8.15 (a) 1. NaNH2; 2. CH3(CH2);C=CH; 3. 2 H,/Pd 

(c) 1. NaNHp; 2. CH3CH,CH,CHL,I; 3. HBR2; 4. H»02, NaOH 
(d) dn NaNH,; 2s CH3CH,CH,CH,CH,I; 3. HgSO,, H;,0+* 

CHAPTER 9 

9.1 Chiral; screw, bean stalk, shoe 9.2 Chiral; (b) 

9.3 (a) HO_, : (b) (c) CH;0 

9.4 ode Ttoees 

H-7°~cH, and He—°SH 

NH, NH, 

9.5 Direction can be found by varying the concentration. 9.6 +16° 
9.7 (a) -Br, -CH,CH,OH, -CH,CH3,-H (b) -OH, -CO,CH3;, -CO,H, -CH,OH 
(c) -NH2, -CN, -CH,NHCH3, -CH,NH, (d) —-Br, -Cl, -CH,Br, -CH,Cl 
9.8(a)S (b)S ()R 
9.9 (a)R,R (b)S,R (c)R,S (d)S,S; (a) and (d) are enantiomers and are diastereomeric to 
(b) and (c). 9.10 R,R 9.11 Meso: (a) and (d) 9.12 Meso: (a) and (c) 

9.13 Five stereogenic centers; 32 stereoisomers 

9.14 A and B are identical; C and D are identical. 9.15 (a) Enantiomers (b) Enantiomers 
9.16 (a)S (b)S ()R 9.17 Racemic mixture 9.19 Racemic mixture 
9.20 Non-50:50 mixture of two racemic pairs; optically inactive 
9.21 Non-50:50 mixture of two racemic pairs; optically inactive 

9.22 Four stereoisomers 
CHz 

Most stable 

Cl : CH; 

9.23 Three stereoisomers: one pair of enantiomers and one meso compound 

CHAPTER 10 

10.1 (a) 1-Iodobutane (b) 1-Chloro-3-methylbutane (c) 1,5-Dibromo-2,2-dimethylpentane 
(d) 1,3-Dichloro-3-methylbutane (e) 1-Chloro-3-ethyl-4-iodopentane 

(f) 2-Bromo-5-chlorohexane 



A40 APPENDIX D_ Answers to Selected In-Text Problems 

10.2 (a) CH;CH,CH,C(CH3),CHCICH3 (b) CH3CH2CH,CCl,CH(CHs3)2 
CH3;CHCH,CH3 

(c) CHsCH,CBr(CH,CHs3)2 (d) Br (e) piece My ten eT 

Br Cl 

(f) Br 

Br 

10.3 1-Chloro-2-methylpentane, 2-chloro-2-methylpentane, 3-chloro-2-methylpentane, 
2-chloro-4-methylpentane, 1-chloro-4-methylpentane; the first, third, and fourth compounds 
are chiral. 
10.4 1-Chloro-2-methylbutane (29%), 1-chloro-3-methylbutane (14%), 2-chloro-2-methylbutane 
(24%), 2-chloro-3-methylbutane (33%) 
10.5 For Cl; AH° = —8 kcal/mol; for Br:, AH° = +7 kcal/mol. Bromination is more selective. 

10.6 The intermediate allylic radical reacts at the more accessible site. 
10.7 (a) 3-Bromo-5-methylcycloheptene and 3-bromo-6-methylcycloheptene (b) Four products 
10.8 A C-H bond next to an aromatic ring is a at weak (85 kcal/mol). 

| 
10.9 (a) ei ee (b) CH3—-C— CH, <— CH3;—C=CHy, 

=e ete 
10.11 (a) 2-Methyl-2-propanol + HCl (b) 4-Methyl-2-pentanol + PBrs 
(c) 5-Methyl-1-pentanol + PBrs (d) 2,4-Dimethyl-2-hexanol + HCl 
10.12 Both reactions occur. 10.13 React Grignard reagent with D,O. 
10.14 The —OH proton reacts with the Grignard reagent. 
10.15 (a) 1. NBS; 2. (CH3),CuLi (b) 1. Li; 2. Cul; 3. CH;CH,CH,CH,Br 
(c) 1. HBr, peroxides; 2. Li; 3. Cul; 4. CH3(CH,);CH,Br 

:O:- 

CHAPTER 11 

11.1 (R)-1-Methylpentyl acetate, CH3CH,CH,CH,CH(CH;)OOCCH3; 11.2 (S)-2-Butanol 
11.3 Back-side attach is too hindered. 

11.4 (a) 1-Iodobutane (b) 1-Butanol (c) 1-Hexyne (d) Butylamine 

11.5 The quinuclidine nitrogen is exposed because the substituent groups are tied back. 
11.6 (a) (CH3)2N~ (b) (CH3)3N (c) HS 
11.7 CH3O0Tos > CHsBr > (CH3),CHCl > (CH3)3CCl 

11.8 Intermediate between protic and polar solvents 

11.9 Racemic 1-ethyl-1-methyloctyl acetate 11.10 90.1% racemization, 9.9% inversion 

11.11 H,C=CHCH(Br)CH; > CH3;CH(Br)CH; > CH3;CH,Br > H,C=CHBr 
11.12 A common intermediate is involved. 
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11.13 The rate-limiting step does not involve the nucleophile. 
11.14 The carbon atom is constrained from being planar. 
11.15 (a) 2-Methyl-2-pentene (b) 2,3,5-Trimethyl-2-hexene (c) Ethylidenecyclohexane 

11.16 (Z)-1-Bromo-1,2-diphenylethylene 

11.17 Transition state leading to trans product is less hindered. 
11.18 Cis isomer reacts faster because the bromine is axial. 11.19 Sy2  (b) E2 (c) Syl 

CHAPTER 12 

12.1 (a) CgHi4, C5Hi9O, C4HgO2, C3H203 (b) CgHao, CgHig0, C7H1 202, CgHgO3, C5H4O4 

(c) CyyHe4, CipH200, CoH i602, CgHi203, C7HgO4, CgsH4O; 
12.2 C,5H220, C14H),09, C 13H 440s, Cy9H 4904, C,,H,0; 12.3 100% and 6.72% 

12.4 An odd number of nitrogens implies an odd number of hydrogens. 12.5 C5H;N 
12.6 C4Hg, tert-butyl cation 12.7 (a) 2-Methyl-2-pentene (b) 2-Hexene 
12.8 X-ray energy is higher. 12.9 A = 10~* cm is higher in energy. 

12.10 (a) 5.7 x 10° kcal/mol (b) 9.5 x 10° kcal/mol (c) 5.7 x 10? kcal/mol (d) 67 kcal/mol 
(e) 1.4 kcal/mol (f) 9.5 x 10-3 kcal/mol (g) 9.76 x 10-® kcal/mol 
12.11 (a) 3225 cm™! (b) 1710 cm™! (c) 4.44 um (d) 10.3 pm 
12.12 (a) Ketone or aldehyde (b) Nitro (c) Carboxylic acid 
12.13 (a) CH;CH,OH has an -OH absorption. (b) 1-Hexene has a double-bond absorption. 

(c) CHs;CH,COOH has a very broad —OH absorption. 
12.15 (a) 1715 cm™!  (b) 3300, 2100, 1725 cm} 

CHAPTER 13 

13.1 5.3 x 10-® kcal/mol for !9F versus 5.7 x 10-6 kcal/mol for 1H 
13.2 9.5 x 10-6 kcal/mol 
13.3 (a) 'H one; 123C two (b) 1H one; 18C one (c) 1H one; #2C one (d) 'H two; 1°C four 
(e) 1H two; 8C three (f) 1H two; !8C three 
13.4 The vinylic C-H protons are nonequivalent. 13.5 (a) 126 Hz (b) 2.16 (c) 210 Hz 

13.6 (a) 7.27 6 (b) 3.056 (c) 3.476 (d) 5.30 6 
13.8 (a) Four (b) Seven (c) Four (d) Five 
13.9 (a) 1,3-Dimethylcyclopentene (b) 2-Methylpentane (c) 1-Chloro-2-methylpropane 

13.10 Three lines; 1:1:2 
13.11 (a) Three (b) —-CH; carbon has four lines; -CH= carbon has two lines; =CH2 carbon 

has three lines. 13.12 (a) Three (b) Integration shows 1:2:2 ratio. 

13.13 1-Bromo-2-methylpropane has three kinds of carbons; 2-bromo-2-methylpropane has 

two kinds of carbons. 13.14 (a) Two (b) Four (c) Three (d) Four (e) Five (f) Three 

13.15 (a) 1.46 (b) 2.175 (c) 7.8376 (d)9.706 (e)5.3065 (f) 2.126 

13.17 (a) CHBr,-, quartet; -CH3, doublet (b) CH30, singlet; -OCH,-, triplet; -CH,Br, 

triplet (c) ClICH,-, triplet; -CH2-, quintet 
(d) CH3-, triplet; -CH2-, quartet; -CH-, septet; (CH3)2, doublet 

13.18 (a) CH;0CH; (b) CH;CHCICH3 (c) CICH,CH,OCH,CH,Cl (d) CH3CH,COOCH3 

13.19 CH;CH,OCH,CH3 

CHAPTER 14 

14.1 Conjugated: (b), (c), (d), (f) 
14.2 Expected AH*hyarog for allene—60.6 kcal/mol. Allene is less stable than either a 

conjugated or a nonconjugated diene. 
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14.3 1-Chloro-2-pentene, 3-chloro-1-pentene, 4-chloro-1-pentene, 4-chloro-2-pentene 
14.4 4-Chloro-2-pentene predominates in both. 
14.5 The intermediate carbocation is more stable. 
14.7 Interconversion occurs by Sy1 dissociation to a common intermediate cation. 
14.8 The double bond is more highly substituted. 14.9 Good dienophiles: (a), (d) 

14.10 s-cis: (a). Compound (c) can rotate to s-cis. 
14.11 Increasing the ring size moves the terminal diene carbons farther apart. 
14.12 72-140 kcal/mol 14.13 UV energy is higher than IR or NMR energy. 
14.14 1.47 x 10-5 M 14.15 UV absorptions: all except (a) 

CHAPTER 15 

15.2 (a) Meta (b) Para (c) Ortho 
15.3 (a) m-Bromochlorobenzene (b) (3-Methylbutyl)benzene or isobutylbenzene 
(c) p-Bromoaniline (d) 2,4-Dichlorotoluene (e) 1-Ethyl-2,4-dinitrobenzene 

(f) 1,2,3,5-Tetramethylbenzene 
15.5 (a) 1-Bromo-2-chlorobenzene or o-bromochlorobenzene (b) 2,4-Dinitrotoluene 

(c) 1-Bromo-4-methylbenzene or p-bromotoluene (d) 2-Chloro-1,4-dimethylbenzene 
15.6 Four: 1,2,3-tribromobenzene, 1,3,5-tribromobenzene, and two 1,2,4-tribromobenzenes 
15.7 One monobromo and four dibromo derivatives for Ladenburg benzene; three monobromo 
and six dibromo derivatives for Dewar benzene. 
15.8 The 3:2:1 experimental ratio corresponds to the theoretical ratio. 
15.10 Cyclodecapentaene is not flat. 
15.11 Five resonance structures; all C-C bonds are equivalent; one resonance line in both 1H 
and 13C NMR spectra. 
15.12 The cyclooctatetraenyl dianion is aromatic (eight pi electrons) and flat. 

15.13 The singly bonded nitrogen contributes two pi electrons and the doubly bonded 
nitrogen contributes one pi electron to the aromatic sextet. 

15.14 The oxygen contributes two pi electrons to the aromatic sextet. 
15.16 Two resonance structures have a single bond between C2 and C3; only one resonance 
structure has a single bond between C1 and C2. 15.17 Five i 

CHAPTER 16 

16.1 0-, m-, and p-Bromotoluene 16.2 *I—Cl> 
16.4 H* is the electrophile; the mechanism of desulfonation is the exact reverse of 
sulfonation. 16.5 o-Xylene has two kinds of positions available, but p-xylene has only one. 
16.6 Three 16.7 D* does electrophilic substitutions on the ring. 16.8 tert-Butylbenzene 
16.9 Protonation of 2-methylpropene yields the tert-butyl cation. 
16.10 No rearrangement: (a), (b), (e) 

16.11 (a) Phenol > toluene > benzene > nitrobenzene 
(b) Phenol > benzene > chlorobenzene > benzoic acid 
(c) Aniline > benzene > bromobenzene > benzaldehyde 

16.12 Alkylbenzenes are more reactive than benzene itself, but acylbenzenes are less 

reactive. 16.13 Bromination is most favored at the ortho and para positions. 
16.14 Nitration is most favored at the meta position. 

16.15 (a) o- and p-Bromoaniline (b) m-Bromonitrobenzene (c) o- and p-Chlorophenol 
(d), (e) o- and p-Chlorophenol 
16.16 Toluene; the trifluoromethyl] group is electron-withdrawing. 

16.17 The nitrogen electrons are donated to the nearby carbonyl group. 
16.18 Phenoxide ion > phenol > phenyl acetate 16.19 Meta 

16.21 (a) Ortho and para to-OCH3 (b) Ortho and para to—-NH, (c) Ortho and para to -Cl 
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16.23 Only one benzyne intermediate can form from p-bromotoluene; two different benzyne 
intermediates can form from m-bromotoluene. 
16.24 (a) 1,2-Benzenedicarboxylic acid (b) m-Nitrobenzoic acid 
16.25 1. CH3CH,Cl, AlCl3; 2. NBS; 3. KOH, ethanol 
16.26 A benzyl radical is more stable than a primary alkyl radical by 13 kcal/mol and is 
similar in stability to an allyl radical. 

16.27 1,3-Dimethyl-1,4-cyclohexadiene and 1,5-dimethyl-1,4-cyclohexadiene 
16.28 1. PhCOCl1, AICl;; 2. H,/Pd 

16.29 (a) 1. HNO3, H2/Pd; 2. Clp, FeCl3 (b) 1. CH3CH,COCI, AICls; 2. Clo, FeCls; 3. H2/Pd 
(c) 1. Clg, FeCl3; 2. CHsCH,COCI, AICl;; 3. H,/Pd 
16.30 (a) Friedel—Crafts acylation does not occur on a deactivated ring. 
(b) Rearrangement occurs during Friedel—Crafts alkylation with primary halides; 
chlorination occurs ortho to the alkyl group. 

CHAPTER 17 

17.1 (a) 5-Methyl-2,4-hexanediol (b) 2-Methyl-4-pheny]-2-butanol 
(c) 4,4-Dimethylcyclohexanol (d) trans-2-Bromocyclopentanol 

17.3 Hydrogen bonding is more difficult in hindered alcohols. 17.4 p-Nitrobenzyl alcohol 
17.5 (a) 2-Methyl-4-phenyl-1-butanol (b) 2-Methyl-2-pentanol (c) meso-5,6-Decanediol 
17.6 Cyclohexane < cyclohexanone < 1-methoxycyclohexene < benzene 
17.7 (a) Neither (b) Oxidation (c) Reduction (d) Neither 
17.8 (a) NaBH, (b) LiAIH, (c) LiAIH, (d) H2/Pd 
17.9 (a) Benzaldehyde or benzoic acid (or ester) (b) Acetophenone (c) Cyclohexanone 
(d) 2-Methylpropanal or 2-methylpropanoic acid (or ester) 
17.10 (a) 1-Methylcyclopentanol (b) 1,1-Diphenylethanol (c) 3-Methyl-3-hexanol 
17.11 (a) Acetone + CH3MgBr or ethyl acetate + 2 CH3;3MgBr (b) Cyclohexanone + CH3MgBr 
(c) 3-Pentanone + CH3;MgBr or 2-butanone + CH;CH,MgBr or ethyl acetate + 2 CH3;CH,MgBr 
(d) 2-Butanone + PhMgBr or ethy]! phenyl ketone + CH3MgBr or acetophenone + 2CH3;CH,MgBr 
(e) Formaldehyde + PhMgBr 17.12 The —OH proton reacts with the Grignard reagent. 
17.13 (a) 2-Methyl-2-pentene (b) 3-Methylcyclohexene (c) 1-Methylcyclohexene 
17.15 (a) 1-Phenylethanol (b) 2-Methyl-1-propanol (c) Cyclopentanol 
17.16 (a) Hexanoic acid, hexanal (b) 2-Hexanone (c) Hexanoic acid, no reaction 

17.17 Sy2 reaction of F~ on silicon 
17.18 Disappearance of —OH absorption; appearance of C=O 
17.19 (a) Singlet (b) Doublet (c) Triplet (d) Doublet (e) Doublet (f) Singlet 
17.20 (a) 2-Butanethiol (b) 2,2,6-Trimethyl-4-heptanethiol (c) 2-Cyclopentene-1-thiol 

17.21 (a) 1. LiAlH,; 2. PBr3; 3. (H,N)2C=S; 4. HO, NaOH 
(b) 1. HBr; 2. (H2N)2C=S; 3. H2O, NaOH 

CHAPTER 18 

18.1 (a) Diisopropyl ether (b) Cyclopentyl propyl ether 
(c) p-Bromoanisole or 4-bromo-1-methoxybenzene (d) 1-Methoxycyclohexene 

(e) Ethyl isobutyl ether (f) Allyl vinyl ether 
18.2 Mixtures of products results: diethyl ether, dipropyl ether, ethyl propyl ether. 
18.4 (a) CH;CH,CH,O- + CH3I (b) PhO- + CH3I (c) (CH3)2,CHO™ + PhCH,Br 
(d) (CH3)sCCH,O- + CH3CH2Br 
18.5 (a) Bromoethane > 2-bromopropane > bromobenzene 
(b) Bromoethane > chloroethane > 1-iodopropene 
18.7 (a) Either method (b) Alkoxymercuration method (c) Alkoxymercuration method 

(d) Williamson method 18.8 E1 reaction 
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18.9 Br- and I- are better nucleophiles than Cl- is. 18.10 meso-2,3-Epoxybutane 

18.11 Racemic 2,3-epoxybutane 18.12 Racemic 5,6-decanediol 
18.13 meso-5,6-Decanediol 18.14 OH 

(CHs)3C 

OH 

18.15 (a) CH3CH,CH(OH)CH,NH, (b) CH3CH,CH(#8OH)CH,OH 18.17 1,2-Epoxybutan 
18.18 (a) Ethyl methyl sulfide (b) tert-Butyl ethyl sulfide (c) o-(Dimethylthio)benzene 

(d) p-(Phenylthio)toluene 18.19 Dimethyl sulfoxide is highly polar. 

CHAPTER 19 

19.1 (a) 2-Methyl-3-pentanone (b) 3-Phenylpropanal (c) 2,6-Octanedione 
(d) trans-2-Methylcyclohexanecarbaldehyde (e) Pentanedial 
(f) cis-2,5-Dimethylcyclohexanone (g) 4-Methyl-3-propyl-2-hexanone (h) 4-Hexenal 
19.3 (a) 1. PCC (b) 1.03; 2. Zn (c) 1. DIBAH 
19.4 (a) 1. Hg(OAc)2, H30* (b) 1. CH3COCI, AICl3; 2. Bro, FeBrs 
(c) 1. Mg; 2. CH;CHO; 3. H30*; 4. PCC (d) 1. BH3; 2. H2O2., NaOH; 3. PCC 
19.5 (CH3),C(OH)CN 19.6 Carbonyl carbon in benzaldehyde is less electrophilic. 
19.7 p-Nitrobenzaldehyde 19.8 CCl;CH(OH)>2 
19.9 Labeled water adds reversibly to the carbonyl group. 
19.10 The Sy2 substitution product is an aldehyde hydrate that loses water. 
19.11 The equilibrium is unfavorable for hindered ketones. 

19.12 NCH2CHs3 N(CH2CHs3)2 

19.13 The steps are the exact reverse of the forward reaction. 
19.15 (a) 1 equiv NaBH, (b) 1. 1 equiv HOCH,CH,OH, H*; 2. NaBHg,; 3. (H,0* 

19.16 (a) Wolff—Kishner reaction, (2) Clemmensen reduction, (3) Raney Ni reduction of 
dithioacetal 19.17 1. 1 equiv HSCH,CH,SH; 2. Raney Ni 

19.18 (a) Cyclohexanone + (Ph)sP=CHCH3 (b) 2-Cyclohexenone + (Ph)3P=CH, 
(c) Acetone + (Ph)s3P=CHCH,CH,CH3 (d) Acetone + (Ph)3P=CHPh 
(e) Benzaldehyde + (Ph);P=CHPh 

19.19 Using trimethylphosphine would lead to a mixture of products. 
19.20 (Ph)s,P=CHC(CH;)=CHCH=CHCH=C(CH3;)CH=P(Ph)3 
19.21 Intramolecular Cannizzaro reaction 
19.22 (a) 3-Buten-2-one + (CH3CH2CH2)2CuLi (b) 3-Methyl-2-cyclohexenone + (CH3)2CuLi 
(c) 4-tert-Butyl-2-cyclohexenone + (CH3;CH2).CuLi 

19.24 (a) 1715 cm=! (b) 1685 cm=! (c) 1750 cm™! (d) 1705 cm7! (e) 1715 cm-! 
(f) 1705 cm7! 19.25 3-Phenyl-3-cyclohexenone 

CHAPTER 20 

20.1 (a) 3-Methylbutanoic acid (b) 4-Bromopentanoic acid (c) 2,4-Hexadienoic acid 
(d) 2-Ethylpentanoic acid (e) cis-1,3-Cyclopentanedicarboxylic acid 
(f) 2-Phenylpropanoic acid 20.3 +22 kcal/mol,’ +6.42 kcal/mol 

20.4 Dissolve the mixture in ether, then extract with aqueous NaOH, then acidify the 
aqueous layer and extract with ether. 20.5 52% 
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20.6 (a) CH;CH,COOH < BrCH,COOH < FCH,COOH 
(b) p-Methoxybenzoic acid < benzoic acid < p-nitrobenzoic acid 
(c) CH3;CH,NH, < CH;CH,OH = CH3;CH,COOH 

20.7 The dianion is destabilized by repulsion between charges. 
20.8 The dianions become more stable as charges move farther apart. 20.9 More reactive 
20.10 (a) p-Methylbenzoic acid < benzoic acid < p-chlorobenzoic acid 
(b) Acetic acid < benzoic acid < p-nitrobenzoic acid 
20.12 (a) Grignard carboxylation (b) Grignard carboxylation (c) Either method 

CHAPTER 21 

21.1 (a) 4-Methylpentanoyl chloride (b) Cyclohexylacetamide (c) 2-Methylbutanenitrile 
(d) Benzoic anhydride (e) Isopropyl cyclopentanecarboxylate 
(f) Cyclopentyl 2-methylpropanoate (g) 4-Pentenamide (h) 2-Ethylbutanenitrile 
(i) 2,3-Dimethyl-2-butenoyl chloride (j) Bis(trifluoroacetic) anhydride 
21.2 (a) 2-Pentenenitrile (b) N-Methylbutanamide (c) 2,4-Dimethylpentanoy] chloride 
(d) Methyl 1-methylcyclohexanecarboxylate 
21.3 (a) Acetyl chloride > methyl acetate > acetamide 

(b) Hexafluoroisopropyl acetate > 2,2,2-trichloroethyl acetate > methyl acetate 

21.4 The electron-withdrawing trifluoromethyl] group polarizes the carbonyl carbon. 
21.5 (a) Acetic acid + 1-butanol (b) Butanoic acid + methanol 21.6 O 

faa 
21.7 Sy2 reaction 
21.8 (a) Propanoyl chloride + methanol (b) Acetyl chloride + ethanol 
(c) Benzoyl chloride + ethanol 21.9 Benzoyl chloride + cyclohexanol 
21.11 Equilibrium favors reactants. 

21.12 (a) Propanoyl chloride + methylamine (b) Benzoyl chloride + dimethylamine 
(c) Propanoy] chloride + ammonia 

21.13 (a) Benzoyl chloride + [(CH3;),CH],CuLi or 2-methylpropanoyl] chloride + PhgCuLi 

(b) Propenoyl chloride + (CH3;CH,CHy2).CuLi or butanoyl chloride + (HgC=CH).CuLi 
21.14 Acid chlorides are more reactive than ketones toward Grignard reaction. 
21.15 Monomethyl1 benzene-1,2-dicarboxylate 

21.17 If no added base were present, half of the reactant amine would form a salt. 
21.18 Reduce labeled acetic acid with LiAlH, to give CH;CH,!8OH, and then make ester. 
21.19 Reaction of an acid with an alkoxide ion gives the carboxylate salt. 

21.20 HOCH,CH,CH,CHO 
21.21 (a) CH;CH,CH,CH(CH3)CH,0H (b) PhOH + PhCH,OH 
21.22 (a) Ethyl benzoate + 2 CH3;MgBr (b) Ethyl acetate + 2 PhMgBr 

(c) Ethyl butanoate + 2 CH;CH,MgBr 
21.23 (a) HO, NaOH (b) Benzoic acid + BH3 (c) LiAlH, 

21.26 (a) CH3;CH,CN te CH3CH,MgBr 

(b) CH3;CH2CN + (CH3)2CHMgBr or (CH3)2,CHCN + CH3;CH,MgBr 
(c) (CH3),>CHCN + DIBAH (d) PhCN + CH3MgBr or CH3;CN + PhMgBr 
(e) Cyclohexanecarbonitrile + CgH,,MgBr 21.27 1. NaCN; 2. CH;CH,MgBr 
21.28 The imine anion is unreactive because of its negative charge. 
21.29 (a) Ester (b) Acid chloride (c) Carboxylic acid (d) Nitrile 

(e) Aliphatic ketone or cyclohexanone 
21.30 (a) CH;CH2CN (b) CH3CH,CH,COOCH.2CH3 or CH3;COOCH,CH,CH2CH3; 
(c) CH;CON(CH3)2 (d) CH3;CH=CHCOC! or H»C=C(CH3)COCI1 
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CHAPTER 22 

22.2 (a) Four (b) Three (c) Three (d) Three (e) Four (f) Five (g) Three 

22.3 O OH 22.5 The enol intermediate is achiral. 

oe Most stable 

22.6 No racemization 22.7 1. Bro; 2. Pyridine, A 22.8 Racemic 
22.10 (a) CH3;CH,CHO (b) (CH3)sCOCH3 (c) CH3COOH (d) PhCONH2 

(e) CH3;CH,CH2CN (f) CH3CO(CH3)2 (g) -COCH2,CO- 
22.11 The enolate ion intermediate is achiral. 22.12 No 
22.13 Enolate ion formation is rate-limiting. 
22.14 HX is produced as a by-product of ketone halogenation. 
22.17 Selenenylation is analogous to halogenation. 
22.18 (a) CH;CH2Br (b) (CH3)2CHCH,CH,Br 
22.19 (a) Alkylate with PhCH,Br. (b) Alkylate with CH;CH,CH,Br. 
(c) Alkylate with (CHs),CHCH,Br. (d) Alkylate with BrCH,CH,CH,Br. 
22.20 An alpha hydrogen is left after decarboxylation. 
22.21 (a) (CH3),;CHCH2Br (b) PhCH,CH,Br 22.22 Alkylate with BrCH,CH,CH,2CH2Br. 
22.23 Can’t be prepared: (b), (c), (d) 

CHAPTER 23 

OH O OH ° He i 

23.1 (a) He IE HAL CECE (b) Rea eatin avi aae He + CH,CH,C—CHCCH, 

CH,CH3 CH; H3C CH; 

(c) OH 5 

{ 

23.2 An enol 23.3 The reverse reaction is the exact opposite of the forward reaction. 
Ph O 

“ I | | 
23.4 (a) eas (b) PhCCH=CCH; —) og en tienes 

CH; CH(CHs3)2 

23.5 O CH; O 

H3C and H3,C 

CH, 

23.6 Self-condensation products: (c) 23.7 1. NaOH; 2. LiAlH,; 3. H,/Pd 23.8 (a), (d) 

23.9 The equilibrium is unfavorable because of ring strain. 23.10 O 

II 
23.12 PhCcH=CHCOCCH; 
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CH; O O i 7 1 7 
| | | | | 

23.13 (a) Secon (b) cates (c) Ce ER UOT 

CH(CHs3)2 Ph CoH 
23.14 The cleavage reaction is the exact reverse of the forward reaction. 
23.15 Yes; EtO2.CCOCH,CO,Et 23.16 O 

OCH,CH, 

O 

23.17 Ethyl 5-methyl-2-oxocyclohexanecarboxylate 
23.18 Ethyl 4-methyl-2-oxocyclohexanecarboxylate and ethyl 6-methyl-2- 
oxocyclohexanecarboxylate 

CH(COCH,), 

1 
(c) ae 

CH, 
23.21 (a) Methyl acetoacetate + phenol vinyl ketone 
(b) Methyl acetoacetate + 2-buten-3-one (c) Dimethyl malonate + propenenitrile 
(d) Nitroethane + methyl propenoate (e) Dimethyl malonate + nitroethylene 

23.23 (a) Oo ‘ 0 ° 

CH,CH,COCH,CH; CH,CH,COCH,CH, 

23.25 O 

O 

CHAPTER 24 

24.1 (a) Aldotetrose (b) Ketopentose (c) Ketohexose (d) Aldopentose 

24.2 A, B, and C are the same 24.3 (a)S (b)R (c)S 
24.4 (a) L-erythrose; 2S,3S (b) p-xylose; 2R,3S,4R (c) p-xylulose; 3S,4R 

24.5 t-Arabinose 24.7 There are 16 p and 16 t aldoheptoses. 
24.9 CH,OH 24.12 36% a-anomer; 64% B-anomer 

OH O 

OH OH 

OH 

24.13 28% a-anomer; 72% B-anomer 
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24.14 HO 
CH,OH HOCH, OH 

O HO -O 

HO OH HO OH 
OH 

B-D-Galactopyranose B-D-Mannopyranose 

24.17 p-Galactitol has a plane of symmetry. 
24.19 p-Allaric acid has a symmetry plane, but p-glucaric acid does not. 
24.20 p-Allose and p-galactose yield meso aldaric acids; the other six D-hexoses yield optically 
active aldaric acids. 24.21 p-Allose + p-altrose 24.22 L-Xylose 
24.23 p-Xylose and pD-lyxose 

CHAPTER 25 

25.1 (a) Primary (b) Tertiary (c) Quaternary (d) Secondary (e) Secondary 
25.2 (a) N-Methylethylamine (b) Tricyclohexylamine 
(c) N-Methyl-N-propylcyclohexylamine (d) N-Methylpyrrolidine (e) Diisopropylamine 
(f) 1,3-Butanediamine 25.6 (a) CH3CH2,NH, (b) NaOH (c) CH3NHCH3 

25.8 The protonation product is stabilized by resonance. 
25.9 Racemic methyl] lactate product 25.10 (R)-sec-Butyl (S)-lactate 
25.11 Diastereomeric mixture of (S)-sec-butyl (R)-lactate and (S)-sec-butyl (S)-lactate 
25.14 (a) Propanenitrile or propanamide (b) N-Propylpropanamide 
(c) Benzonitrile or benzamide (d) N-Phenylacetamide 
25.15 (a) Ethylamine + acetone; isopropylamine + acetaldehyde (b) Aniline + acetaldehyde 

(c) Cyclopentylamine + formaldehyde; methylamine + cyclopentanone 
25.16 An iminium ion, RgC=NRgQ", is involved. 
25.19 (a) 4,4-Dimethylpentanamide or 4,4-dimethylpentanoyl azide 
(b) p-Methylbenzamide or p-methylbenzoyl azide , 
25.20 (a) 3-Octene and 4-octene (b) Cyclohexene (c) 3-Heptene { 
(d) Ethylene and cyclohexene 25.21 H,C=CHCH,CH,CH,N(CHs3)> 
25.23 PhCH,CH(CH3)NHCH3 

CHAPTER 26 

26.1 The amine lone-pair electrons can be delocalized onto the p-nitro group but not the 
m-nitro group. 

26.2 (a) p-Nitroaniline < p-aminobenzaldehyde < p-bromoaniline 
(b) p-Aminoacetophenone < p-chloroaniline < p-methylaniline 

(c) p-(Trifluoromethyl)aniline < p-(fluoromethyl)aniline < p-methylaniline 

26.3 1. HNO3, HpSO,4; 2. H2/PtO2; 3. (CH3CO),0; 4. HOSO,Cl; 5. aminothiazole; 6. HO, 
NaOH 
26.5 (a) 1. HNO3, H2_SOq; 2. H2/PtO.; 3. 2 CH3Br 
(b) 1. HNO3, H2SO,4; 2. H,/PtO2; 3. (CH3CO),O; 4. Clo; 5. HO, NaOH 
(c) ie HNOs, H.SO,; A Clo, FeCl,; 3: SnCly 

(d) 1. HNO3, H,SO4; 2. Hp/PtO2; 3. (CH3CO),0; 4. 2 CH3Cl, AlCls; 5. H2O, NaOH 
26.6 Aryl cations are unstable and difficult to form. 

26.7 (a) 1. CH;Cl, AICls; Ph HNOs, H,SO,; 3. SnCl; 4, NaNOg, H.SO,; 5. CuBr; 6. KMn0O,, H,O 

(b) 1. CHsCl, AICl;; 2. KMnO,4, H20; 3. HNO3, H2SO4; 4. SnCly; 5. NaNO,, H.SO,; 6. CuBr 
(Ca HNOs, H,SO,; Ze Cl., FeCl3; 3: SnCly; 4. NaNOog, H,SO,; 5. CuBr 
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(d) 1. CH3Cl, AlCl3; 2. HNO3, H.SO,; 3. CuCN; 4. H30+ 
() a HNOs, H,SO,; 23 H,/PtO,; 3 (CH3CO),O; 4:2 Brg; Dt H,O, NaOH; 6. NaNOgz, H,SO,; 

7. CuBr 26.10 1. 2 Cl,; 2. NaOH, then BrCH,COOEt; 3. HO, NaOH, then H30+ 
26.11 (a) p-Methylphenol < phenol < p-(trifluoromethyl)phenol 
(b) Benzyl alcohol < phenol < p-hydroxybenzoic acid 
(c) p-Bromophenol < 2,4-dibromophenol < 2,4,6-tribromophenol 
26.12 1. CH;Cl, AICls; pe SOs, H,SO,; ese NaOH, 200°C 

26.14 Alkylation occurs at the alpha carbon. 26.16 o-(1-Methylallyl)phenol 

CHAPTER 27 

27.1 Aromatic: four; sulfur-containing: two; alcohols: three; hydrocarbon side chains: four 
27.2 The sulfur atom in the -CH,SH group of cysteine makes the side chain higher in 
priority than the -COOH group. 

27.5 (a) O (b) O () H H O 

PhCH,CHCO- HOCH,CHCO- Nt Me 

sine eee 
27.6 (a) O (b) O (c) O 

PhCH,CHCO- ee agree hot 

NE, NE" NE 
27.7 pH 2.0: H;NCH,COOH pH 6.0: H;NCH,COO- pH 10.0: HNCH,COO- 
27.8 (a) Toward anode: Glu > Val; toward cathode: none 

(b) Toward anode: none; toward cathode: Gly > Phe 
(c) Toward anode: Ser; toward cathode: Gly 
(d) Toward anode: Ser > Phe; toward cathode: none 

27.9 The ring nitrogen atom in tryptophan has its electrons as part of an aromatic sextet; the 
pyridine-like, doubly bonded nitrogen of histidine is more basic. 
27.10 At pH 1.5: 20% neutral and 80% protonated; at pH 10.0: 11% neutral and 89% 
deprotonated. 

27.11 (a) Start with 3-phenylpropanoic acid: 1. Br, PBr3; 2. NHs 
(b) Start with 3-methylbutanoic acid: 1. Brz, PBr3; 2. NH3 27.13 1. NH,Cl, KCN; 2. H,0+ 

27.14 (a) (CH3),CHCH,Br (d) CH3SCH,CH.Br 

27.15 Use formaldehyde in an aldol-like reaction with diethyl acetamidomalonate. 
27.16 H-Val-Tyr-Gly-OH, H-Tyr-Gly-Val-OH, H-Gly-Val-Tyr-OH, H-Val-Gly-Tyr-OH, 
H-Tyr-Val-Gly-OH, H-Gly-Tyr-Val-OH 
27.19 An amine must be primary (RNH,) to give the ninhydrin reaction. 
27.20 Trypsin: H-Asp-Arg-OH + H-Val-Tyr-Ie-His-Pro-Phe-OH. 
Chymotrypsin: H-Asp-Arg-Val-Tyr-OH + H-Ile-His-Pro-Phe-OH 
27.21 (a) H-Arg-Pro-Leu-Gly-Ile-Val-OH (b) H-Val-Met-Trp-Asp-Val-Leu-OH 
27.22 H-Pro-Leu-Gly-Pro-Arg-Pro-OH | 27.23 The tripeptide is cyclic. 

27.27 The amide nitrogen of proline has no hydrogen and thus can’t form the hydrogen bond 
necessary for an a-helix. 27.28 (a) Lyase (b) Hydrolase (c) Oxidoreductase 

CHAPTER 28 

28.1 CH3(CH2);sCOOCH2(CH2)39CH3 28.2 Glyceryl tripalmitate is higher melting. 

28.3 CH3(CH,)7;C=C(CH2);,COOH 28.4 [CH;(CH2);CH=(CH,);,COO-], Mg?* 
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28.5 This is a nucleophilic acyl substitution reaction. 28.7 At carbons 2,4,6,8... 

28.10 (a) Equatorial methyl (b) Axial methyl 28.11 Equatorial hydroxyl 

CHAPTER 29 

29.2 Nitrogen is the positive end of the dipole. 
29.3 Electrophilic aromatic substitution mechanism. 
29.4 The pyridine-like, doubly bonded nitrogen is more basic. 
29.5 The intermediate from attack at C3 does not have the positive charge on the 

electronegative nitrogen atom. 
29.6 The intermediate from attack at C4 has the negative charge on nitrogen. 

29.7 Reaction occurs by a benzyne mechanism. 
29.8 The side-chain nitrogen atom is more basic. 
29.9 The intermediate from attack at C3 is stabilized by resonance involving the nitrogen 
atom. 29.10 The lactam has more resonance forms that the lactim does. 
29.13 C-C-G-A-T-T-A-G-G-C-A 29.15 C-U-A-A-U-G-G-C-A-U 
29.16 (a) GCU, GCC, GCA, GCG _(b) UUU, UUC (c) UUA, UUG, CUU, CUC, CUA, CUG 
(d) UAU, UAC 
29.17 (a) CGA, CGG, CGU, CGC _(b) AAA, AAG (c) AAU, AAC, GAA, GAG, GAU, GAC 
(d) AUA, AUG ~— 29.18 Leu-Met-Ala-Trp-Pro-Stop 
29.19 GAA-UAC-CGA-ACC-GGG-AUU 29.20 GAA-TAC-CGA-ACC-GGG-ATT 
29.21 A cleavage: °2P-A, 32P-A-A-C, 32P-A-A-C-A-T-G-G-C-G-C-T-T, 
32P.A-A-C-A-T-G-G-C-G-C-T-T-A-T-G, 32P-A-A-C-A-T-G-G-C-G-C-T-T-A-T-G-A-C-G 
G cleavage: 32P-A-A-C-A-T, ?2P-A-A-C-A-T-G, ?2P-A-A-C-A-T-G-G-C, 
32p_A-A-C-A-T-G-G-C-G-C-T-T-A-T, 32P-A-A-C-A-T-G-G-C-G-C-T-T-A-T-G-A-C 
C cleavage: ?2P-A-A, 32P-A-A-C-A-T-G-G, 32P-A-A-C-A-T-G-G-C-G, 
32P-A-A-C-A-T-G-G-C-G-C-T-T-A-T-G-A 
C + T cleavage: 92P-A-A, 32P-A-A-C-A, 32P-A-A-C-A-T-G-G, 32P-A-A-C-A-T-G-G-C-G, 
32P-A-A-C-A-T-G-G-C-G-C, 32P-A-A-C-A-T-G-G-C-G-C-T, °2P-A-A-C-A-T-G-G-C-G-C-T-T-A, 
32P-A-A-C-A-T-G-G-C-G-C-T-T-A-T-G-A 29.23 T-C-G-G-T-A-C . 
29.24 The cleavage is an Syl reaction. 29.25 The cleavage is an E2 reaction. i 

CHAPTER 30 

30.1 Groud state: W3 is the HOMO; yy is the LUMO. Excited state: Wi is the HOMO; ys is the 
LUMO. 
30.2 Disrotatory: cis-5,6-Dimethyl-1,3-cyclohexadiene; conrotatory: trans-5,6-dimethy]-1,3- 
cyclohexadiene. Disrotatory closure occurs. 

30.3 The more stable of two allowed products is formed. 
30.4 trans-5,6-Dimethyl]-1,3-cyclohexadiene; cis-5,6-dimethyl-1,3-cyclohexadiene 

30.5 Conrotatory cyclization to a cyclobutene, followed by conrotatory ring opening 
30.6 Disrotatory; the cyclobutene hydrogens are cis. 

30.7 cis-3,6-Dimethylcyclohexene; trans-3,6-dimethylcyclohexene 
30.8 A [6+4] suprafacial cycloaddition 
30.9 A Diels—Alder reaction followed by a retro Diels—Alder cleavage 
30.10 Cope rearrangement is so rapid that only a time-averaged NMR spectrum is seen. 
30.11 A series of [1,5] hydrogen shifts occur. 
30.12 An antarafacial [1,7] sigmatropic rearrangement 

30.13 Claisen rearrangement is followed by a Cope rearrangement. 

30.14 (a) Conrotatory (b) Disrotatory (c) Suprafacial (d) Antarafacial (e) Suprafacial 



APPENDIX D_ Answers to Selected In-Text Problems A51 

CHAPTER 31 

31.1 (a) H2C—CHOCH; __(b) wo Ci (c) CHC1I=CHCl 

31.2 The radical intermediate is resonance stabilized. 
31.3 H,.C=CHPh > H,C=CHCH; > H,C=CHCl > H,C=CHCOOCH; 
31.4 H,C=CHCN > H,C=CF, > H,C=CHPh > H,C=CHCH; 
31.6 No asymmetric centers are formed during polymerization. 
31.7 No. The polymer mix is racemic. 
31.8 Vinyl branches result from occasional 1,2 additions. 
31.9 The double bonds in the rubber are cleaved by ozone. 

CH, CH, CH; Ons 

31.10 tae CHSC Cre HCH Ha 

CH; CH; 
31.12 The amide bonds in nylon are hydrolyzed by acid or base. 
31.13 (a) 3 CH,CH,CH,OCH,CH,CH,0-+ 

O O O 
| | | | 

(b) + OCH,CH,OC(CH2)g¢COCH,CH,0C(CH»)gC3- 
O ipo cl Teeeracl 

(c) -~NH(CH,)s;NHC(CH,),CNH(CH2)sNHC(CH,),C-$ 31.17 An E2 reaction 

CHg CH; 
| | 

31.18 -CH,CHCH,CH,CH,CHCH,CH,3 _—_(Atactic) 
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Index 

The page references given in color refer either to pages where terms are defined or to mini- 
biographies. 

Absolute configuration, 296 
Absorption spectrum, 426 
Acetal(s), 731 

from alcohols, 730—733 
from aldehydes, 730—733 
from ethylene glycol, 733 
from ketones, 730—733 
hydrolysis of, 733 
mechanism of formation 

of, 732 
Acetaldehyde, bond angles 

of, 698 
bond lengths of, 698 
18C NMR absorption of, 

749 
1H NMR spectrum of, 749 

Acetaminophen, structure 
of, 695 

Acetic acid, basicity of, 58 
bond angles of, 769 
bond lengths of, 769 
18C NMR absorption of, 

784 
pk, of, 52, 770/773 
synthesis of, 766 

Acetic anhydride, synthesis 
of, 802 

Acetoacetic ester, alkylation 
of, 866—868 

ketones from, 866—868 
Michael reactions of, 

899-900 
Acetoacetic ester synthesis 

of, 866 
Acetoacetyl CoA, 

biosynthesis of, 907 
Acetone, aldol reaction of, 

882 
basicity of, 58 
enol tautomer of, 845 
hydrate, 718 
pK, of, 853 
synthesis of, 707 

Acetonitrile for Sy2 
reactions, 373 

Acetophenone, from 
benzene, 572 

18C NMR absorption of, 
749 

Acetyl CoA, fatty acids 
from, 1087 

reaction with 
glucosamine, 829 

structure of, 829 
Acetyl group, 709 
Acetylene, acidity of, 268 

bond angles in, 28 
bond lengths in, 28—29, 

256 
bond strengths in, 28—29, 

256 
hybridization in, 28—29 
industrial uses of, 254 
structure of, 28—29 

Acetylide anion(s), 267 
alkylation of, 270—271 
from alkynes, 268 
mechanism of alkylation 

of, 399-400 
reaction with alkyl 

halides, 270—271 
Achiral, 287 
Acid, Brgnsted—Lowry, 

50-53 
Lewis, 55 
table of; 52 

Acid anhydride(s), 696 
amides from, 814 
esters from, 814 
from acid chlorides, 813 
from carboxylic acids, 802 
nomenclature of, 793 
reactions of, 813 
synthesis of, 812—813 

Acid—base reactions, 
predicting, 53-54 

Acid bromide, see Acid 
halide 

Acid chloride(s), 696 
acid anhydrides from, 813 
acyl azides from, 979 
alcohols from, 810—811 
aldehydes from, 810-811 
from carboxylic acids, 

801-802 
ketones from, 811—812 
pK, of, 856 
reaction with 

carboxylates, 813 
reaction with Grignard 

reagents, 811-812 
reaction with LiAlH,, 810 
reaction with lithium tri- 

tert-butoxyaluminum 
hydride, 810—811 

reaction with 
organocopper reagents, 
811-812 

see also Acid halide(s) 
Acid halide(s), 696 

amides from, 809 
carboxylic acids from, 807 
esters from, 808 
from carboxylic acids, 806 
hydrolysis of, 807 
nomenclature of, 793 
nucleophilic acyl 

substitution reactions 
of, 807 

reaction with alcohols, 
808 

reaction with amines, 809 
reaction with ammonia, 

809 
reaction with water, 807 
reduction of, 810 

Acidity, of alcohols, 629— 
630 

of amines, 965 

I-1 



[-2 Index 

Acidity (continued) 
of ammonium ions, 
964-965 

of carbonyl compounds, 
853-856 

of carboxylic acids, 
770-772 

of phenols, 1014-1017 
of substituted benzoic 

acids, 776 
Acidity constant (K,), 52 

table of, 52 
Acrolein, see Propenal 
Acrylic acid (propenoic 

acid), pK, of, 773 
Acrylonitrile, 

polymerization of, 
1187-1189 

see also Propenenitrile 
Activating groups in 

electrophilic aromatic 
substitution, 573-574 

Activation energy, 160 
reaction rates and, 

159-160 
typical size of, 160 

Acyl azide(s), amines from, 
977-978 

Curtius rearrangement of, 
977-979 

from acid chlorides, 979 
Acyl cation, resonance in, 572 
Acyl derivative, 795 
Acyl group, 572, 696, 709 
Acyl hypobromite in 

Hunsdiecker reaction, 
782 

Acylation of aromatic 
compounds, 572 

Adams, Roger, 233 
Adams’ catalyst, 233 
1,2-Addition, 497, 740 
1,4-Addition, 497, 740 
Addition polymer, 1186 
Addition reaction(s), 142 

review of, 615-617 
to aldehydes, 720—736 
to alkenes, 149-151, 

191-196 
to alkynes, 258—264 
to conjugated dienes, 
497-498 

to ketones, 720—736 
Adenine, 1118 

base pairing with 
thymine, 1123 

protection of, 1142 
S-Adenosylmethionine, 

methylations with, 
401—402 

structure of, 402, 687 

Adipic acid, pK, of, 775 
Adipoy] chloride, nylon-66 

from, 1199 
Adrenaline, biosynthesis of, 

401—402 
-al, for naming aldehydes, 

707 
Alanine, 1038 

from pyruvic acid, 745 
Alcohol(s), 624 

acetals from, 730—733 
acidity of, 629-630 
aldehydes from, 648 
alkenes from, 214, - 

641-644 
alkyl halides from, 

348-349, 645-646 
basicity of, 629 
boiling points of, 627 
carboxylic acids from, 648 
common names of, 625 
dehydration of, 641-644 
esters from, 803-804 
ethers from, 671—672 
from acid chlorides, 810, 

811 
from aldehydes, 635-636, 

722-723 
from alkenes, 222—228 
from carbonyl compounds, 
635-640 

from carboxylic acids, 
636-637, 780—781 

from epoxides, 679 
from esters, 636-637, 

818-821 
from ethers, 674-675 
from ketones, 635-636, 

gas hen 
hydrogen bonding in, 627 
inductive effects in, 630 
IR spectroscopy of, 431, 

435, 651-652 
ketones from, 648 
Lewis basicity of, 57 
mass spectroscopy of, 

654-655 
mechanism of reaction 

with HX, 400 
mechanism of reaction 

with PBrs, 401 
NMR spectroscopy of, 
653-654 

nomenclature of, 625 
nucleophilic addition of, 

730—733 
oxidation of, 646-649 
polarity of, 147 
preparation of, 631-640 
properties of, 627 
protection of, 650 

reaction with acid, 
642-643 

reaction with acid 
halides, 808 

reaction with aldehydes, 
730-733 

reaction with 
alkyllithiums, 630 

reaction with Grignard 
reagents, 631 

reaction with HX, 348— 
349, 645 

reaction with Jones 
reagent, 648-649 

reaction with ketones, 
730—733 

reaction with NaH, 630 
reaction with NaNHg, 

630 
reaction with PBr3, 349, 

645 
reaction with PCC, 648 
reaction with POCls, 

644-645 
reaction with potassium, 

631 
reaction with SOCl., 349, 

645 
reaction with 

toluenesulfonyl 
chloride, 646 

reactivity toward 
dehydration, 642 

reactivity toward HX, 
348-349 

sources of, 626-627 
TMS ethers from, 

650-651 
tosylates from, 646 
uses of, 626—627 

Aldaric acid, 936 
Aldehyde(s), 696 

acetals from, 730—733 
alcohols from, 635—636, 

722-723 
aldol reactions of, 
882-883 

alkanes from, 728—730 
alkenes from, 735—737 
amines from, 974—975 
amino acids from, 1047 
a-bromo aldehydes from, 
848-851 

carboxylic acids from, 
713-714 

Clemmensen reduction of, 
730 

common names of, 709 
cyanohydrins from, 

720-721 
enamines from, 727 



from acid chlorides, 
810-811 

from alcohols, 648 
from alkenes, 238—239 
from alkynes, 264 
from 1,2-diols, 239-240 
from esters, 820 
from nitriles, 827 
gem diols from, 718—719 
halogenation of, 848-851 
hydrates of, 718—719 
imines from, 723—726 
IR spectroscopy of, 431, 

436, 746-747 
Lewis basicity of, 57 
mass spectroscopy of, 

749-750 
McLafferty 
rearrangement of, 750 

mechanism of oxidation 
of, 714 

13C NMR spectroscopy of, 
748-749 

1H NMR spectroscopy of, 
748-749 

nomenclature of, 707— 
708 

oxidation of, 713—714 
pK, of, 856 
polarity of, 147 
properties of, 707—708 
protecting group for, 

731-733 
reaction with alcohols, 

730-733 
reaction with amines, 

723-727 
reaction with bromine, 

848-851 
reaction with Grignard 

reagents, 638-639, 722 
reaction with HCN, 720- 

721 
reaction with hydrazine, 

728-730 
reaction with hydride 

reagents, 723 
reaction with LiAlH,, 

636-637 
reaction with malonic 

ester, 892 
reaction with NaBH, 

635-636 
reaction with 

phosphoranes, 735—736 
reaction with sodium 

borohydride, 723 
reaction with thiols, 734 
reactivity of, 716 
reduction of, 635-636, 

723, 728—730 

reductive amination of, 
974-975 

synthesis of, 710-711 
thioacetals from, 734 
Wittig reaction of, 735— 

737 
Wolff—Kishner reaction of, 

728—730 
Alder, Kurt, 503 
Alditol, 933 

from aldoses, 933-934 
from monosaccharides, 

933-934 
Aldohexose, chair 

conformations of, 
928-929 

mnemonic for naming, 
924 

Aldol, dehydration of, 
885-886 

Aldol reaction, 882 
cyclohexenones from, 

891-892 
cyclopentenones from, 

891-892 
intramolecular, 890—892 
mechanism of, 883 
mixed, 888—890 
of aldehydes, 882—883 
of ketones, 882—883 
reactions similar to, 

892-893 
recognizing products of, 

887-888 
reversibility of, 892 
a,B-unsaturated ketones 

from, 886 
Aldonic acid(s), 935 

from aldoses, 935-936 
Aldopentose, mnemonic for 

naming, 924 
Aldose(s), 917 

alditols from, 933-934 
aldonic acids from, 

935-936 
chain lengthening of, 

936-938 
chain shortening of, 939 
configurations of, 922—923 
cyclic structures of, 924— 

925. 
Kiliani—Fischer reaction 

of, 936-938 
names of, 922-923 
oxidation of, 935-936 
reaction with Benedict’s 

reagent, 935 
reaction with bromine, 

935-936 
reaction with Fehling’s 

reagent, 935 

Index [-3 

reaction with HCN, 936 
reaction with NaBH,, 

933-934 
reaction with nitric acid, 

936 
reduction of, 933-934 

Aldosterone, biological 
effects of, 1097 

structure of, 1097 
Alicyclic, 91 
Aliphatic, 73 
Alizarin Yellow R, structure 

of, 1011 
Alkali fusion, 567 
Alkaloid, 984 
Alkane(s), 72 

boiling points of, 89-90 
branched-chain, 74 
chlorination of, 88—89 
combustion of, 88 
conformations of, 102-110 
densities of, 89 
from aldehydes, 728—730 
from alkenes, 233—236 
from alkyl halides, 351 
from alkynes, 265 
from Grignard reagents, 

351 
from ketones, 728—730 
from thioacetals, 734 
halogenation of, 337—340 
IR absorptions of, 431, 

433 
melting points of, 89-90 
names of, 76 
nomenclature of, 80—86 
normal, 74 
number of isomers of, 75 
properties of, 88-91 
reaction with bromine, 

337-340 
reaction with chlorine, 

337-340 
reactions of, 88—89 
straight-chain, 74 
van der Waals forces in, 90 

Alkene(s), 170 
addition reactions of, 

149-151, 191-196 
alcohols from, 222—228 
aldehydes from, 238—239 
alkanes from, 233—236 
alkoxymercuration of, 

672-673 
allylic bromination of, 

340-342 
barrier to bond rotation 

in, 178-179 
biological addition 

reactions of, 243-244 
bromohydrin from, 220 



[-4 Index 

Alkene(s) (continued) 
carbocations from, 192— 

196 
carbonyl compounds from, 

237-239 
carboxylic acids from, 

238-239 
cis—trans isomerism in, 

180-181 
cleavage of, 237-239 
common names of, 176 
cyclopropanes from, 

240-242 
1,2-dihalides from, 
215-219 

1,2-diols from, 235—237 
electronic structure of, 

177-180 
epoxides from, 676—677 
ethers from, 672—673 
from alcohols, 214, 

641-644 
from aldehydes, 735—737 
from alkyl] halides, 214, 

388-391 
from alkynes, 265-267 
from amines, 981 
from ketones, 735—737 
halohydrin from, 219—221 
heats of hydrogenation of, 

187-189 
hydrogenation of, 233-— 

236 
hydroxylation of, 236—237 
hyperconjugation in, 191 
IR absorptions of, 431, 

434 
ketones from, 238—239 
nomenclature of, 174-176 
nucleophilic behavior of, 

150 
oxidative cleavage of, 
237-239 

oxymercuration of, 
222-223 

ozonolysis of, 238 
peroxide catalyzed 

additions to, 228-230 
polymerization of, 1187— 

1189 
reaction with borane, 

224-228 
reaction with carbenes, 

240-242 
reaction with halogens, 

215-219 
reaction with HBr, 

149-151 
reaction with HBr, 

191-194 
reaction with HCl, 194 

reaction with HI, 194 
reaction with hydrogen, 

233-236 
reaction with mercuric 

acetate, 222-223 
reaction with mercuric 

trifluoroacetate, 673 
reaction with OsO,, 236— 

237 
reaction with ozone, 238 
reaction with peroxyacids, 

676-677 
reduction of, 233—236 
stability of, 186-189 
summary of reactions of, 
245-248 

synthesis of, 214-215 
test for, 215 

Alkoxide ion, reaction with 
alkyl halides, 671-672 

Alkoxy group, ortho-, para- 
directing effect of, 
581-582 

resonance effect of, 576 
- Alkoxymercuration, 673 

mechanism of, 673 
of alkenes, 672—673 

Alkyl azide(s), amines from, 
972 

from alkyl halides, 972 
reaction with LaH, 972 
reduction of, 972 

Alkyl group(s), 77 
inductive effect of, 575 
nomenclature of, 83—85 
ortho-, para-directing 

effect of, 579-580 
R as symbol for, 78 
structures of, 78—79 
table of, 78 

Alkyl group shift in 
carbocations, 206 

Alkyl halide(s), alkanes 
from, 351 

alkenes from, 214, 
388-391 

alkyl azides from, 972 
alkylation of, 270-271 
alkyllithiums from, 352 
alkynes from, 257—258 
amines from, 971—973 
amino acids from, 

1047-1048 
carboxylic acids from, 

863-865 
elimination reactions of, 

388-391 
esters from, 803 
ethers from, 671-672 
from alcohols, 348-349, 

645-646 

Alkylation, 270 

from alkenes, 191-194 
from carboxylic acids, 

781-782 
Gilman reagents from, 

352 
Grignard reagents from, 
350-352 

IR absorptions of, 431 
ketones from, 866—868 
nitriles from, 824 
nomenclature of, 333-334 
phosphoranes from, 735 
polarity of, 147, 335-336 
reaction with alkoxide 

ions, 671—672 
reaction with amines, 971 
reaction with ammonia, 

971 
reaction with azide ion, 

972 
reaction with Gilman 

reagents, 352—353 
reaction with hydrosulfide 

ion, 656 
reaction with lithium, 352 
reaction with magnesium, 

350-351 
reaction with thiourea, 

656 
reactivity in Syl 

reactions, 381—382 
reactivity in Sy2 

reactions, 367—368 
structure of, 334—335 
synthesis of, 336-337 
thiols from, 656; 

of acetoacetic ester, 
866-868 

of acetylide anions, 
270-271 

of aromatic compounds, 
568-571 

of enolate ions, 862—870 
of esters, 870 
of ketones, 869 
of malonic esters, 

863-865 
of nitriles, 870 

Alkyllithium, from alkyl 
halides, 352 

Gilman reagents from, 
352 

reaction with alcohols, 
630 

Alkyne(s), 254 
acetylide anions from, 268 
acidity of, 267-269 
aldehydes from, 264 
alkanes from, 265 
alkenes from, 265—267 



carboxylic acids from, 
272 

cleavage of, 272 
electronic structure of, 

255-256 
from acetylide anions, 

270-271 
from alkyl halides, 

257-258 
hydration of, 261—263 
hydroboration of, 262—264 
hydrogenation of, 265— 

266 
IR spectroscopy of, 431, 

434 
ketones from, 261—263 
nomenclature of, 256—257 
reaction with borane, 

262-264 
reaction with 

disiamylborane, 264 
reaction with halogens, 

258-260 
reaction with HX, 

258-260 
reaction with lithium, 

266—267 
reaction with ozone, 272 
reaction with water, 

261-263 
reactivity of, 260 
reduction of, 265—267 
summary of reactions of, 

278-279 
synthesis of, 257-258 

Allenes, optical activity of, 
330 

p-Allose, structure of, 923 
Allyl carbocation, in Sy1 

reactions, 381 
resonance in, 382 

Allyl group, 176 
Allyl phenyl ether, Claisen 

rearrangement of, 
1023 

Allyl radical, electronic 
structure of, 342-343 

resonance forms of, 343 
stability of, 341-342 

Allylic, 340 
Allylic carbocation, from 

conjugated dienes, 497 
molecular orbitals of, 

498—499 
resonance in, 498 
stability of, 498-499 

Alpha cleavage in mass 
spectroscopy of alcohols, 
654—655 

Alpha position (of carbonyl 
compounds), 844 

Alpha substitution reaction, 
702 

conditions for, 884—885 
mechanism of, 703, 

848-849 
p-Altrose, structure of, 923 
Alumina, column 

chromatography with, 
413 

Aluminum chloride, Lewis 
acidity of, 55—56 

Amide(s), 696 
amines from, 822-823, 

974, 977-978 
basicity of, 965 
carboxylic acids from, 822 
dehydration of, 824 
from acid anhydrides, 814 
from acid halides, 809 
from amines, 809 
from amino acids, 1058— 

1060 
from carboxylic acids, 806 
from esters, 818 
from nitriles, 826 
Hofmann rearrangement 

of, 977-978 
hydrolysis of, 822 
nitriles from, 824 
nomenclature of, 794 
reaction with LiAlH,, 

822-823 
reaction with SOCl,, 824 
reduction of, 822—823 
resonance in, 964 
synthesis of, 821 

Amidomalonate synthesis, 
1047 

Amine(s), 957 
acidity of, 965 
alkenes from, 981 
alkylation of, 971 
amides from, 809 
basicity of, 963-966 
chirality of, 321-323, 961 
common names of, 959 
conjugate additions of, 

742 
from acyl azides, 977-— 
O79) 

from aldehydes, 974-975 
from alkyl azides, 972 
from alkyl halides, 

971-973 
from amides, 822-823, 

974, 977-978 
from cyanohydrins, 721— 

W22 
from ketones, 974-975 
from nitriles, 827, 974 
heterocyclic, 959-960 

Index 

hydrogen bonding in, 962 
IR spectroscopy of, 431, 

435, 987-988 
mass spectroscopy of, 

986-987 
NMR spectroscopy of, 

988-990 
nomenclature of, 958—960 
nucleophilic addition of, 

723-727 
odor of, 963 
polarity of, 147 
properties of, 962—963 
purification of, 965—966 
reaction with acid 

anhydrides, 814 
reaction with acid 

halides, 809 
reaction with aldehydes, 

723-727 
reaction with alkyl 

halides, 971 
reaction with esters, 818 
reaction with ketones, 

723-727 
reactions of, 979—982 
resolution with, 967—969 
solubility of, 962 
structure of, 961 
synthesis of, 971-979 
uses of, 970-971 

-amine, for naming amines, 
958 

Amino acid(s), 1036 
abbreviations of, 

1038-1039 
acidic, 1040 
amidomalonate synthesis 

of, 1047-1048 
analysis of, 1052 
basic, 1040 
chromatography of, 

1052-1053 
dipolar structure of, 1041 
essential, 1040 
Fischer projection of, 1040 
from aldehydes, 1047 
from alkyl] halides, 

1047-1048 
from carboxylic acids, 

1045 
from a-keto acids, 1047 
isoelectric points of, 

1038-1039 
neutral, 1040 
pK, of, 1038-1039 
protection of, 1058 
purification of, 1042 
reaction with ninhydrin, 

1052 
resolution of, 1048-1049 



I-6 Index 

Amino acid(s) (continued) 
Strecker synthesis of, 

1047 
structures of, 1038-1039 
synthesis of, 1045-1048 
zwitterions of, 1041 

Amino acid analyzer, 1052 
Amino group, ortho-, para- 

directing effect of, 
581-582 

resonance effect of, 576 
Amino sugar, 950 
Ammonolysis, of acid 

anhydrides, 813 
of acid halides, 809 
of esters, 818 

Ammonia, acidity of, 268 
bond angles in, 30 
bond strengths in, 30 
dipole moment of, 49 
hybridization in, 30 
pK, of, 856 
reaction with acid 

halides, 809 
structure of, 30-31 

Ammonium cyanate from 
urea, 2 

Ammonium ions, pK, of, 
965 

Ammonium salt(s), IR 
spectroscopy of, 988 

phase-transfer catalysis 
with, 983 

resolution of, 968—969 
solubility of, 965-966 

Amphetamine, synthesis of, 
974 

Amygdalin, structure of, 
955 

tert-Amyl group, 85 
Amylopectin from starch, 

948-949 
solubility of, 948 

Amylose from starch, 948 
solubility of, 948 

Anabolic steroid, 1097 
Analysis of organic 

compounds, 59-61 
Androgen, 1096 
Androsterone, biological 

effects of, 1096 
structure of, 1096 

Angiotensin II, sequence of, 
1056 

Angle strain, 111 
Angstrom, 4 
Aniline, from nitrobenzene, 

566 
IR spectrum of, 1025 
synthesis of, 1000 

Animal fat, composition of, 
1081 

soap from, 1083 
structure of, 1080 

Anionic initiator, 1191 
Anionic polymerization, 

1191 
Anisole, Birch reduction of, 

597 
2-cyclohexenone from, 

597 
13C NMR spectrum of, 

685 
Annulation, 904 
[18]Annulene, 'H NMR 

spectrum of, 551 
Anomer, 927 
a-Anomer, 927 
B-Anomer, 927 
Anomeric center, 927 
Ant, mating pheromone of, 

812 
Antarafacial, 1166 

_ Anthracene from coal tar, 
527 

Anti conformation, 107 
Anti periplanar geometry, 

389 
Anti stereochemistry, 217 
Antibonding MO, 17, 1152 
Anticodon, 1131 
Antigenic determinants of 

blood group 
saccharides, 951 

Apheloria corrugata, HCN 
from, 745—746 

Apoenzyme, 1069 
p-Arabinose, D-glucose from, 

938 
Kiliani—Fischer reaction 

of, 940-941 
D-mannose from, 938 
oxidation of, 940—942 
structure of, 923 

Arachidic acid, structure of, 
1081 

Arachidonic acid, 
prostaglandins from, 
1089 

structure of, 1081 
Arene(s), 528 

benzoic acids from, 
593-595 

bromination of, 594—595 
from arenediazonium 

salts, 1009 
from aryl alkyl ketones, 

599 
from arylamines, 1009 
oxidation of, 593-595 

reaction with NBS, 
594-595 

Arenediazonium salt(s), 
1007 

arenenitriles from, 1009 
arenes from, 1009 
aryl halides from, 1008-— 

1009 
from arylamines, 1007 
phenol coupling of, 1010 
phenols from, 1009 
reaction with cuprous 

cyanide, 1009 
reaction with cuprous 

halides, 1008-1009 
reaction with 

hypophosphorous acid, 
1009 

reaction with phenols, 
1010 

Arenenitrile(s), from 
arenediazonium salts, 
1009 

from arylamines, 1009 
Arginine, 1039 
Argon, electronic 

configuration of, 8 
Aromatic, derivation of 

name, 525 
Aromatic compound, 525 

acylation of, 572 
alkylation of, 568—571 
Birch reduction of, 597— 

598 
bromination of, 561—563 
chlorination of, 565 
common names of, 528 
cyclohexanes from, 596 
from petroleum, 526 
hydrogenation of, 

596-597 
iodination of, 565 
IR spectroscopy of, 431, 

549-550 
nitration of, 566 
13C NMR spectroscopy of, 

553 
1H NMR spectroscopy of, 
550-552 

nomenclature of, 527—530 
reaction with bromine, 

561-563 
reaction with chlorine, 

565 
reaction with iodine, 565 
reaction with lithium, 597 
reactivity of, 573-576 
reduction of, 596—598 
resonance in, 534—546 
sources of, 526-527 



sulfonation of, 567 
synthesis of, 600—603 

Aromaticity, of 
cycloheptatrienyl 
cation, 543 

of cyclooctatetraenyl 
dianion, 544 

of cyclopentadienyl anion, 
540-542 

of pyridine, 544-545 
of pyrrole, 544—545 
requirements for, 538 
ring current as a criterion 

for, 551 
Aroyl group, 709 
Aryl] alkyl ketone, arenes 

from, 599 
Aryl bromide from 

arenediazonium salts, 
1008 

Aryl] chloride from 
arenediazonium salts, 
1008 

Aryl iodide from 
arenediazonium salts, 
1008 

Aryl ketone, reduction of, 
598-599 

Arylamine(s), 1001 
arenediazonium salts 

from, 1007 
arenenitriles from, 1009 
arenes from, 1009 
aryl bromides from, 1008 
aryl chlorides from, 1008 
aryl iodides from, 1008 
basicity of, 1001-1003 
diazotization of, 1007 
electrophilic aromatic 

substitution of, 1005-— 
1006 

Friedel—Crafts acylation 
of, 1006 

Friedel—Crafts alkylation 
of, 1006 

IR spectroscopy of, 1024 
NMR spectroscopy of, 

1024-1025 
phenols from, 1009 
reaction with nitrous 

acid, 1007 
resonance in, 1001 
synthesis of, 1004 

Ascorbic acid, function of, 
1070 

structure of, 328, 954 
Asparagine, 1038 
Asparagopsis taxiformis, 

alkyl halides in, 332 
Aspartic acid, 1039 

Asphalt from petroleum, 87 
Aspirin, synthesis of, 1020 
Asthma, leukotrienes in, 

1090 
Atactic, 1193 
Atom, electronic structure 

of, 5 
size of, 3 
structure of, 3-8 

Atomic number, 4 
Atomic weight, 4 
Atropine, structure proof of, 

996 
Aufbau principle, 7 
Axial bonds (in 

cyclohexane), 121 
Azide ion, reaction with 

alkyl halides, 972 
Azide synthesis (of amines), 

972 
Azo compound, 1010 
Azulene, dipole moment of, 

557 

Baekeland, Leo H., 1207 
von Baeyer, Adolf, 111 
Baeyer strain theory, 111 
Bakelite, structure of, 1208 
Banana, isopenty] acetate 

from, 815 
Barbituric acid, origin of 

name, 80 
Barton, Derek, 392 
Base, Brgnsted—Lowry, 50 

Lewis, 55 
Base peak (in mass 

spectroscopy), 417 
Basicity, of alcohols, 629 

of alkylamines, 953-966 
of amides, 965 
of arylamines, 1001-1003 
of imidazole, 1113 
of ketones, 58 
of pyridine, 1113 
of pyrrole, 1110 
of water, 51 

Bay oil, myrcene from, 1091 
Beeswax, constituents of, 

86, 1079-1080 
Beet sugar, 946 
Benedict’s reagent, reaction 

with aldoses, 935 
Bent bonds (in 

cyclopropane), 115 
Benzaldehyde, IR spectrum 

of, 746 
mixed aldol reactions of, 

889-890 
nitration of, 583 
13C NMR absorption of, 749 

I-7 Index 

Benzene, acetophenone 
from, 572 

bond lengths of, 533 
cumene from, 568 
delocalization of electrons 

in, 5386-537 
Dewar structure of, 532 
discovery of, 528 
Friedel—Crafts acylation 

of, 572 
Friedel—Crafts alkylation 

of, 568-571 
heat of hydrogenation of, 

533 
Kekulé structure of, 

531-532 
Ladenburg structure of, 

532 
molecular orbitals of, 

536—537 
13C NMR spectrum of, 

553 
resonance structures of, 

534-536 
stability of, 532-534 
toxicity of, 525 
UV absorption of, 515 

-benzene, for naming 
aromatic compounds, 
527 

Benzenesulfonic acid, alkali 
fusion of, 567 

from benzene, 567 
phenols from, 567 

Benzenesulfonyl] chloride, 
reaction with amines, 
980 

Benzenoid, 538 
Benzolalpyrene, hazards of, 

548 
Benzoic acid(s), °C NMR 

absorption of, 784 
pK, of, 773 

Benzoic acid(s), from 
alkylbenzenes, 593-595 

substituent effects in, 
775-777 

Benzoquinone, Diels—Alder 
reactions of, 505 

Benzoyl peroxide, alkene 
polymerization with, 
1187 

NBS reactions with, 594 
Benzyl] carbocation, 

resonance in, 382 
Syl reactions of, 381 

Benzylic radical, in 
alkylbenzene 
oxidations, 595 

resonance in, 595 



1-8 Index 

Benzyne, 591 
reactivity of, 592 
structure of, 592 

Bergman, Torbern, 1 
Bergstrom, Sune, 1089 
Betaine, 735 
BHA, synthesis of, 1013 
BHT, synthesis of, 1013 
Bicycloalkane, 

nomenclature of, 135 
Bijvoet, J. M., 296 
Bilayer (lipid), 1085 
Bimolecular, 364 
Biosynthesis, of acetoacetyl 

CoA, 907 
of adrenaline, 401—402 
of citric acid, 905 
of fatty acids, 1086-1088 
of lanosterol, 1100-1101 
of limonene, 1094 
of proteins, 1130-1133 
of RNA, 1129 
of steroids, 1100-1101 
of terpenes, 1091 

Biot, Jean Baptiste, 290 
Biotin, function of, 1070 
Biphenyl from coal tar, 

527 
Birch reduction, 597—598 
mechanism of, 598 
of anisole, 597 

Bloch, Konrad E., 1100 
Block copolymer, 1198 

synthesis of, 1199 
Blood group, antigenic 

determinants of, 951 
compatibilities of, 951 

Blubber, composition of, 
1081 

Boat conformation (of 
cyclohexane), 131 

energy level of, 131 
t-BOC, tert-butoxycarbonyl, 

1058 
Bond(s), covalent, 13-19 

ionic, 10-12 
MO theory of, 15-19 
pi, 18 
polarity of, 45—47 
sigma, 17 

Bond angle, 22 
Bond dissociation energy, 

156 
table of, 157 

Bond length, 16 
Bond strength, 15 
Bonding MO, 17, 1152 
Borane, reaction with 

alkenes, 224—228 
reaction with alkynes, 

262-264 

reaction with carboxylic 
acids, 781 

Boron trifluoride, bond 
angles in, 32 

Lewis acidity of, 55-56 
structure of, 32—33 

Brgnsted—Lowry acid, 50 
Brgnsted—Lowry base, 50 
Branched-chain alkane, 74 
Brande, William Thomas, 

2 
Bredt’s rule, 139 
Bridgehead (of 

bicycloalkanes), 133 
Bromine, ortho-, para- 

directing effect of, 
584-585 

reaction with aldehydes, 
848-851 

reaction with aldoses, 
935-936 

reaction with alkanes, 
337-340 

reaction with aromatic 
compounds, 561—563 

reaction with carboxylic 
acids, 852 

reaction with enolate 
ions, 858—859 

reaction with ketones, 
848-851 

Bromoacetic acid, pK, of, 
773 

p-Bromoacetophenone, !°C 
NMR spectrum of, 453 

Bromobenzene from 
benzene, 561 

p-Bromobenzoic acid, pK, of, 
776 

Bromohydrin(s), 220 
from alkenes, 220 

Bromomethane, bond length 
of, 335 

bond strength of, 335 
dipole moment of, 335 

Bromonium ion, 217 
isolation of, 219 

2-Bromopropane, 'H NMR 
spectrum of, 472 

N-Bromosuccinimide, 
bromohydrins from, 
220-221 

reaction with alkenes, 
340-342 

reaction with 
alkylbenzenes, 594—595 

p-Bromotoluene, 1H NMR 
spectrum of, 552 

Brown, Alexander Crum, 9 
Brown, Herbert, 224 
Butacetin, synthesis of, 839 

1,3-Butadiene, bond lengths 
in, 495 

Diels—Alder reactions of, 
503-505 

heat of hydrogenation of, 
491 

molecular orbitals of, 
492-494, 1154 

polymerization of, 1195 
preparation of, 489 
reaction with Bro, 497 
reaction with HBr, 497 
UV spectrum of, 513 

Butane, conformations of, 
107 

rotation barrier in, 107 
Butanoic acid, IR spectrum 

of, 783 
13C NMR absorption of, 

784 
pK, of, 775 

1-Butanol, mass spectrum 
of, 655 

2-Butanone, 3C NMR 
spectrum of, 453 

gated-decoupled °C NMR 
spectrum of, 455 

3-Buten-2-one, Michael 
reaction of, 901 

UV absorption of, 515 
1-Butene, heat of 

hydrogenation of, 189 
cis-2-Butene, heat of 

hydrogenation of, 188 
trans-2-Butene, heat of 

hydrogenatian of, 188 
2-Butene, isomers of, 180 

stability of, 187 
Butleroff, Alexander M.., 

674 
tert-Butoxycarbonyl, amino 

acid protection with, 
1058 

Butter, composition of, 
1081 

sec-Butyl group, 84 
tert-Butyl group, 84 
Butyl rubber, uses of, 1198 
Butyric acid (butanoic acid), 

767 

Camphor, specific rotation 
of, 293 

structure of, 135, 290 
Cane sugar, 946 
Cannizzaro, Stanislao, 738 
Cannizzaro reaction, 

mechanism of, 739 
Caproic acid (hexanoic 

acid), 765 
origin of name of, 765 



Caprolactam, nylon-6 from, 
1201 

-carbaldehyde, for naming 
aldehydes, 708 

Carbamic acid, 1204 

_Carbanion, 351_ 
Carbene(s), 240 

reaction with alkenes, 
240-242 

Carbinolamine, 724 

_Carbocation(s), 150 
hyperconjugation in, 

199-200 
reactivity in Syl 

reactions, 381—382 
rearrangements of, 205— 

207, 570-571 
Snl reactions of, 376-377 
solvation of, 385 
stability of, 198-199 
structure of, 197-198 
vinylic, 260 

Carbocycle, 1107 
Carbohydrate(s), 916 

acetals of, 931 
alditols from, 933-934 
classification of, 917 
D,L families of, 920-921 
esters of, 930 
ethers of, 930 
Fischer projections of, 

918-921 
glycosides of, 931-934 
names of, 922—923 
on cell surfaces, 950—951 
origin of term, 916 
oxidation of, 935-936 
reduction of, 933-934 

Carbon, electronic 
configuration of, 8 

tetrahedral geometry of, 
9, 284-286 

Carbon dioxide, reaction 
with Grignard reagents, 
779 

Carbon monoxide, methanol 
from, 626 

reduction of, 626 
Carbonyl compound(s), 

acidity of, 853-856 
alcohols from, 635—640 
dipole moments of, 698 
from alcohols, 646—649 
from alkenes, 237—239 
kinds of, 695—798 
reaction with Grignard 

reagents, 638-639 
reduction of, 635—637 

Carbonyl condensation 
reaction, 704 

conditions for, 884—885 

in biology, 906-907 
mechanism of, 704, 880— 

881 
Carbonyl group, 69, 695 

bond lengths of, 697 
bond strengths of, 697 
electronic structure of, 

697 
inductive effect of, 574 
meta-directing effect of, 

582—583 
polarity of, 147, 699 
resonance effect of, 575 

Carbowax, 1192 
Carboxylate ion(s), 

resonance in, 771—772 
stability of, 771 

Carboxylation of Grignard 
reagents, 779 

Carboxylic acid, 696 
acid anhydrides from, 

802 
acid chlorides from, 801— 

802 
acid halides from, 806 
acidity of, 770—772 
alcohols from, 636—637, 

780—781 
alkyl halides from, 

781-782 
amides from, 806 
amino acids from, 1045 
bromination of, 852 
common names of, 767 
decarboxylation of, 

781-782 
dissociation of, 770—772 
esters from, 803—805 
Fischer esterification of, 

803-804 
from acid halides, 807 
from alcohols, 648 
from aldehydes, 713-714 
from alkenes, 238—239 
from alkyl halides, 863— 

865 
from alkynes, 272 
from amides, 822 
from esters, 816—818 
from Grignard reagents, 

779 
from ketones, 714 
from methyl ketones, 

858-859 
from nitriles, 778, 826 
from phenols, 1020 
Hell—Volhard—Zelinskii 

reaction of, 852 
hydrogen bonds in, 769 
IR spectroscopy of, 431, 

436, 782—783 

Index I-9 

malonic ester synthesis of, 
863-865 

NMR spectroscopy of, 
783—784 

nomenclature of, 766 
nucleophilic acyl 

substitution reactions 
of, 801 

pK, table of, 773 
polarity of, 147 
properties of, 768—769 
reaction with borane, 781 
reaction with bromine, 

852 
reaction with 

diazomethane, 805 
reaction with Grignard 

reagents, 639-640 
reaction with LiAlH,, 

636-637, 780—781 
reaction with oxalyl 

chloride, 801—802 
reaction with PBrs, 806 
reaction with PCls, 801— 

802 
reaction with SOCl., 801 
reduction of, 636—637, 

780 
resolution with, 968—969 
structure of, 768—769 
synthesis of, 777—779 

Carboxylic acid derivatives, 
interconversions of, 799 

nomenclature of, 797 
relative reactivity of, 

797-799 
Carboxypeptidase, peptide 

sequencing with, 2057 
resolutions with, 1049 

Cardiolipin, structure of, 
1103 

Carnauba wax, constituent 
of, 1083 

B-Carotene, structure of, 70, 
1092 

synthesis of, 737 
UV spectrum of, 516 

Carothers, Wallace H., 1199 
Carthamus tinctorius, 

alkynes from, 254 
Carvone, chirality of, 323 

structure of, 289, 1091 
Caryophyllene, structure of, 

1092 
Castor bean oil, composition 

of, 1081 
Catalytic cracking of 

petroleum, 88 
Catalytic reforming of 

petroleum, 88 
Cationic initiator, 1189 



Index 1-10 

Cationic polymerization, 
1190 

Cedrene, structure of, 1104 
Cell, carbohydrates on 

surface of, 950-951 
Cellobiose, mutarotation of, 

945 
oxidation of, 945 
structure of, 944-945 

Cellulose, hydrolysis of, 944 
rayon from, 947 
structure of, 947 

Cephalin, structure of, 1085 
Chain reaction, 145 
Chain-growth polymer, 1186 
Chair conformation (of 

cyclohexane), 118 
how to draw, 119 

Chemical bonds, history of, 
8-12 

Chemical shift, 449 
electronegativity and, 452 
in 8C NMR spectroscopy, 

451-452 
in 'H NMR spectroscopy, 
465-467 

Chevreul, Michel, 2 
Chiral, 287 
Chirality, causes of, 288 

Fischer projections for, 
307-309 

in natural compounds, 
323-324 

of amines, 321—323, 961 
of quaternary ammonium 

salts, 962 
optical activity and, 

291-293 
Syl reactions and, 
378-379 

Sn2 reactions and, 
364-366 

stereochemistry and, 
286-289 

Chitin, structure of, 829, 950 
Chloral hydrate, 720 
Chlorine, ortho-, para- 

directing effect of, 
584—585 

reaction with alkanes, 
337-340 

reaction with aromatic 
compounds, 565 

reaction with enolate 
ions, 858-859 

reaction with methane, 
144-145 

1-Chloro-1- 
methylcyclohexane, +H 
NMR spectrum of, 478 

2-Chloro-1,3-butadiene, 
polymerization of, 1196 

Chloroacetic acid, pK, of, 
773 

Chloroalkanes, boiling 
points of, 627 

Chlorobenzene, from 
benzene, 565 

nitration of, 584 
13C NMR spectrum of, 553 
phenol from, 591 

p-Chlorobenzoic acid, pK, 
of, 776 

2-Chlorobutanoic acid, pK, 
of, 775 

3-Chlorobutanoic acid, pK, 
of, 775 

4-Chlorobutanoic acid, pK, 
of, 775 

Chloroethane, 1H NMR 
spectrum of, 469 

Chloromethane, bond length 
of, 335 

bond strength of, 335 
dipole moment of, 49, 335 
polarity of, 47 

Chloronium ion, 217 
Chloroprene, 1195 
3-Chloropropanoic acid, pK, 

of, 773 
2,4-Cholestadiene, UV 

absorption of, 515 
Cholesterol, conformation 

of, 134 
specific rotation of, 293 
stereochemistry of, 303, 

1099 
structure of, 624 

Cholic acid, specific rotation 
of, 325 

structure of, 765, 1105 
Chromatography, 412 

of amino acids, 1052— 
1053 

Chromium trioxide, 
oxidation of alcohols 
with, 647 

Chromosome, definition of, 
1126 

Chrysanthemic acid, 
structure of, 91 

Cigarettes, carcinogens in, 
548 

Cimetidine, structure of, 
1107 

trans-Cinnamaldehyde, 'H 
NMR spectrum of, 475 

Cinnamic acid from 
Knoevenagel reaction, 
892 

Cis—trans isomer, 96 
of alkenes, 180-181 
of cycloalkanes, 94—96 
requirements for, 181 

Citric acid, biosynthesis of, 
905 

Claisen condensation 
reaction, 893 

in fatty acid synthesis, 
1087-1088 

intramolecular, 896-898 
mechanism of, 894 
mixed, 895—896 
of ethyl acetate, 893 
of ethyl benzoate, 896 
of ethyl formate, 896 
requirements for, 

894-895 
Claisen, Ludwig, 893 
Claisen rearrangement, 

1023, 1174 
mechanism of, 1150, 1175 
of allyl phenyl] ethers, 

1023 
Cleavage, of alkenes, 

237-239 
of alkynes, 272 
of 1,2-diols, 239—240 

Clemmensen, E. C., 730 
Clemmensen reaction, 730 
Clove oil, caryophyllene 

from, 1092 
Coal tar, aromatic 

compounds from, 
526-527 

thermal breakdgwn of, 
526 

Cocaine, structure of, 876 
Coconut oil, composition of, 

1081 
Codeine, structure of, 985 
Codon, 1131 

table of, 1131 
Cofactor, 1069 
Color, perception of, 

517-518 
Column chromatography, 

413 
Complex carbohydrate, 917 
Concerted, 1149 
Condensation polymer, 1186 
Condensed structure, 39, 76 
Cone cells, 517 
Configuration, electronic, 

7-8 
R,S Configuration, 295 

of Fischer projections, 
311-312 

sequence rules for, 
295-297 



Conformation, 102 
anti, 107 
E2 reactions and, 

392-393 
eclipsed, 104 
gauche, 107 
of alkanes, 110 
of butane, 107 
of cholesterol, 134 
of cis-decalin, 133 
of cyclobutane, 115-116 
of cyclohexane, 118-120 
of cyclopentane, 117 
of cyclopropane, 115 
of ethane, 102-105 
of N-methylpiperidine, 

137 
of norbornane, 134 
of propane, 106 
of substituted 

cyclohexanes, 125-128 
of trans-decalin, 133 
representations of, 102— 

103 
sawhorse, 102 
staggered, 103 

Conformational analysis (in 
cyclohexanes), 130 

of substituted 
cyclohexanes, 128-130 

Conformer, 102 
Coniine, structure of, 290 
Conjugate acid, 50 
Conjugate addition, 740 
mechanism of, 741 
of amines, 742 
of diethylaluminum 

cyanide, 742—743 
of Gilman reagents, 

743-744 
of HCN, 742-743 

Conjugate base, 50 
Conjugated diene(s), 488 

1,4-addition to, 497—498 
Diels—Alder reactions of, 

506-507 
electrocyclic reaction of, 

1157 
electrophilic additions to, 
496-499 

kinetic addition to, 502 
ring closure of, 1157 
stability of, 490—491 
thermodynamic addition 

to, 501-502 
UV spectrum of, 513 

Conjugated protein(s), 1063 
classification of, 1064 

Conjugated triene, ring 
closure of, 1157 

Conjugation, 488 
in aromatic compounds, 

534-536 
in enamines, 510 
in enol ethers, 510 
in enolate anions, 510 

Conrotatory, 1159 
Constitutional isomer(s), 75 

kinds of, 75 
Contraceptive steroids, 1097 
Cope rearrangement, 1174 
mechanism of, 1175 

Copolymer, 1197 
block, 1198 
graft, 1198 

Copper chloride as aromatic 
iodination catalyst, 565 

Corn oil, composition of, 
1081 

Cornforth, John W., 1100 
Coronafacic acid, synthesis 

of, 1184 
Cortisone, structure of, 92 
Couper, Archibald Scott, 8 
Coupling (in NMR 

spectroscopy), 456 
in 13C NMR spectroscopy, 

456-460 
in 1H NMR spectroscopy, 
468-472 

Coupling constant, 469 
Coupling reaction of Gilman 

reagents, 352-353 
Covalent bond, 13-19 
CPK molecular models, 42 
Cracking of petroleum, 88, 

171-172 
Crafts, James M., 568 
Crick, Francis H. C., 1123 
Crotonic acid (2-butenoic 

acid), 767 
Crown ether, 682 

uses of, 683 
Crystallite (polymer), 1204 
Crystallization, 411 
Cumene, phenol from, 

1012-1013 
Cumene hydroperoxide, 

rearrangement of, 1013 
Cuprous cyanide, reaction 

with arenediazonium 
salts, 1009 

Cuprous halide, Gilman 
reagents from, 352 

reaction with 
alkyllithiums, 352 

reaction with 
arenediazonium salts, 
1009 

Curtius, Theodor, 977 

I-11 Index 

Curtius rearrangement, 977 
mechanism of, 979 

Cyano group, inductive 
effect of, 574 

meta-directing effect of, 
582-583 

resonance effect of, 575 
p-Cyanobenzoic acid, pK, of, 

776 
Cyanohydrin, 720 

amines from, 721—722 
from aldehydes, 720-721 
from ketones, 720-721 _ 
mechanism of formation / 

of, 721 
reaction with LiAlH,, 

721-722 
reduction of, 721—722 

Cycloaddition reaction(s), 
1150, 1165 

photochemical, 1169-1171 
stereochemical rules for, 

1170 
stereochemistry of, 1167— 

1169 
Cycloalkane(s), 91 

angle strain in, 111 
boiling points of, 92 
cis—trans isomerism in, 

94-96 
heats of combustion of, 

112-113 
melting points of, 92 
nomenclature of, 92—94 
properties of, 92 
representations of, 91 
ring strain in, 113-114 

Cyclobutadiene, 
nonaromaticity of, 539 

reactivity of, 539 
Cyclobutane, conformation 

of, 115-116 
heat of combustion of, 112 

Cyclobutanone, IR 
absorption of, 747 

Cyclobutene ring opening 
of, 1157 

Cyclodecane, heat of 
combustion of, 112 

Cycloheptane, heat of 
combustion of, 112 

1,3,5-Cycloheptatriene, 
reaction with Bro, 543 

Cycloheptatrienyl cation, 
aromaticity of, 543 

molecular orbitals of, 547 
1,3-Cyclohexadiene, ring- 

opening reaction of, 
1157 

UV absorption of, 515 



1-12 Index 

Cyclohexane(s), axial bonds 
in, 121 

barrier to ring flip in, 123 
boat conformation of, 131 
chair conformation of, 

118-120 
conformation of 

substituted, 125-128 
conformational analysis 

of, 128-130 
conformational mobility 

in, 123-124 
1,3-diaxial interactions 

in, 126 
equatorial bonds in, 121 
from aromatic compounds, 

596 
heat of combustion of, 

112 

IR spectrum of, 439 
ring flip in, 123 
table of diaxial 

interactions in, 128 
twist-boat conformation 

of, 131 
Cyclohexanol, IR spectrum 

of, 652 
Cyclohexanone, aldol 

reaction of, 882 
enol tautomer of, 845 
IR spectrum of, 747 
18C NMR absorption of, 

749 
reaction with LDA, 855 

Cyclohexene, IR spectrum 
of, 439 

UV absorption of, 515 
2-Cyclohexenone, from aldol 

reactions, 891—892 
from anisole, 597 
from Robinson annulation 

reaction, 904 
Cyclohexylamine, IR 

spectrum of, 988 
Cyclononane, heat of 

combustion of, 112 
Cyclooctane, heat of 

combustion of, 112 
Cyclooctatetraene, bond 

lengths of, 540 
nonaromaticity of, 539 
shape of, 540 
synthesis of, 998 

Cyclooctatetraeny] dianion, 
aromaticity of, 544 

1,3-Cyclopentadiene, Diels— 
Alder reactions of, 
507-508 

pK, of, 541 
Cyclopentadienyl] anion, 

aromaticity of, 540—542 

molecular orbitals of, 547 
Cyclopentamine, structure 

of, 996 
Cyclopentane, conformation 

of, 117 
heat of combustion of, 112 

Cyclopentanone, from aldol 
reaction, 891—892 

IR absorption of, 747 
Cyclopropane(s), bent bonds 

in, 115 
conformation of, 115 
from alkenes, 240—242 
heat of combustion of, 112 
orbitals in, 115 

Cyclopropeny] cation, 
aromaticity of, 556 

Cysteine, 1038 
disulfide bonds from, 1051 

Cytosine, 1118 
base pairing with 

guanine, 1123 
protection of, 1142 

D Sugar, 920 
Dacron, structure of, 695 

uses of, 1200 
Darzens reaction, 912 
DCC (dicyclohexylcarbo- 

diimide), 1058—1060 
Deactivating groups in 

electrophilic aromatic 
substitution, 573-574 

Debye, Peter, 48 
Debye, unit of dipole 

moment, 48 
cis-Decalin, conformation of, 

1383 
trans-Decalin, conformation 

of, 133 
Decarboxylation, 781 
mechanism of, 864 
of malonic esters, 
863-864 

DEET, structure of, 840 
Degenerate (orbitals), 537 
Degree of unsaturation, 172 

calculating, 172-174 
Dehydration, 214, 641 

in mass spectroscopy of 
alcohols, 654—655 

mechanism of, 643 
of alcohols, 641-644 
of aldol products, 885—886 

Dehydrohalogenation, 214 
Delocalization, 343 

in benzene, 536—537 
in 1,3-butadiene, 495 

Delta scale, 449 
Demerol, structure of, 986 

Denaturation (of enzymes), 
1071 

causes of, 1071 
Deoxy sugar, 949 
Deoxyribonucleic acid 

(DNA), 1117 
base pairing in, 1123 
bases in, 1118 
cleavage of, 1134 
codons in, 1131 
double helix in, 1123 
electrophoresis of, 1137 
exons in, 1130 
human, 1122 
informational strand of, 

1130 
intercalation into, 1124 
introns in, 1130 
major groove in, 1124 
minor groove in, 1124 
reaction with dimethyl 

sulfate, 1136 
replication of, 1125-1128 
sequencing of, 1134-1140 
size of, 1119, 1126 
structure of, 1121-1122 
synthesis of, 1141-1144 
template strand of, 1130 
transcription of, 1128— 

1130 
translation of, 1130— 

11383 
Deoxyribonucleotides, 

structures of, 1120 
2-Deoxyribose, protection of, 

1142 { 
structure of, 950 

2-Deoxystreptamine, 
structure of, 950 

Desulfurization of 
thioacetals, 734 

Detergent, synthetic, 1084 
Deuterium isotope effect, 

394 
in El reactions, 396 
in E2 reactions, 394 

Dextromethorphan, 
structure of, 290 

Dextrorotatory, 292 
Dialkylamine, pK, of, 856 
Diastereomer, 300 

of threonine, 299-301 
1,3-Diaxial interaction (in 

cyclohexane), 126 
table of, 128 

Diazepam, structure of, 
526 

Diazomethane, dipole 
moment of, 49 

reaction with carboxylic 
acids, 805 



Diazonium coupling 
reaction(s), 1010-1011 

mechanism of, 1011 
Diazotization, 107 
DIBAH (diisobutylaluminum 

hydride), 711, 820 
Dibuty] phthalate as 

plasticizer, 1206 
Dichloroacetic acid, pK, of, 

773 
1,2-Dichloroethane, 

synthesis of, 215 
uses of, 215 

2,4-Dichlorophenoxyacetic 
acid, uses of, 1013 

Dicyclohexylcarbodiimide, 
amide synthesis with, 
1058-1060 

Dieckmann, Walter, 896 
Dieckmann cyclization 

reaction, 896—898 
mechanism of, 898 

Dielectric constant, 385 
table of, 385 

Diels, Otto, 503 
Diels—Alder reaction, 503 

dienes in, 506—508 
dienophiles in, 504-506 
endo products from, 506 
mechanism of, 504, 1150, 

1165-1169 
of benzyne, 591 
stereospecificity of, 

505-506 
Diene, molecular orbitals of, 

1154 
-diene, for naming alkenes, 

174 
Dienophile, 504 

requirements for, 
504—506 

Diester, Dieckmann 
cyclization of, 896—898 

1,3-Diester, pK, of, 856 
Diethyl acetamidomalonate, 

alkylation of, 1047-— 
1048 

Diethyl ether, IR spectrum 
of, 684 

synthesis of, 670 
Diethyl malonate, pK, of, 

863 
see also Malonic ester 
Diethylaluminum 

cyanide, conjugate 
addition of, 742—743 

Diethylamine, IR spectrum 
of, 988 

Diethylstilbestrol, biological 
effects of, 1106 

structure of, 98 

Digitoxigenin, 'H NMR 
spectrum of, 477 

Digitoxin, structure of, 932 
1,2-Dihalide from alkenes, 

215-219 
Dihedral angle, definition 

of, 105 
Diisobutylaluminum 

hydride, reaction with 
esters, 820 

reaction with nitriles, 827 
Diisopropylamine, pK, of, 

855, 965 
B-Diketone, 855 
pK, of, 856 

Dimethoxytrityl (DMT) as 
protecting group, 1142 

Dimethyl ether, bond angles 
of, 669 

Dimethyl] sulfate, reaction 
with DNA, 1136 

Dimethyl sulfoxide, in Sy2 
reactions, 373 

properties of, 687 
Dimethyl terephthalate, 

polyester from, 1202 
2,3-Dimethyl]-2-butene, heat 

of hydrogenation of, 189 
1H NMR spectrum of, 464 

Dimethylallyl 
pyrophosphate, terpenes 
from, 1093 

Dimethylamine, synthesis 
of, 971 

Dimethylcyclobutene, ring 
opening of, 1161-1162 

1,2-Dimethylcyclohexane, 
conformational analysis 
of, 129 

from o-xylene, 596 
stereochemistry of, 

318-321 
1,3-Dimethylcyclohexane, 

stereochemistry of, 
318-320 

1,4-Dimethylcyclohexane, 
stereochemistry of, 
318-319 

Dimethylformamide in Sy2 
reactions, 373 

2,2-Dimethylpropane, mass 
spectrum of, 419 

1,3-Dinitrile, pK, of, 856 
2,4-Dinitrophenylhydrazone 

(2,4-DNP), 724 
Diol(s), 236 

aldehydes from, 239-240 
cleavage of, 239-240 
from alkenes, 236—237 
ketones from, 239—240 

Dipolar, 44 

I-13 Index 

Dipole moment, 47 
calculation of, 48 
of carbonyl compounds, 

698 
table of, 48 

Dipropy] ether, 'H NMR 
spectrum of, 684 

Dirac, Paul, 4 
Dirigible, insulation in, 

1201 
Disaccharide, 917 
Disiamylborane, reaction 

with alkynes, 264 
structure of, 264 

Disparlure, structure of, 693 
Disrotatory, 1158 
Distillation, 411 
Disubstituted aromatic 

compound, orientation 
of reactions in, 586—587 

Disulfide(s), 656 
from thiol, 656—657 
reduction of, 656—657 

Disulfide bond, in peptides, 
1051 

in vasopressin, 1052 
D,L Sugar, Fischer 

projections of, 920—921 
DMT (dimethoxytrityl) as 

protecting group, 1142 
DNA polymerase, 1126 
DNA, see Deoxyribonucleic 

acid 
2,4-DNP (2,4-dinitropheny]- 

hydrazone), 724 
Dopa, chirality of, 323 
Double bond, barrier to 

rotation of, 178-179 
electronic structure of, 

177-179 
sp” hybridization of, 

24-26 
strength of, 177 

Double helix (of DNA), 1123 
dimensions of, 1123 
major groove in, 1124 
minor groove in, 1124 

Doublet in NMR 
spectroscopy, 471 

Dow process of phenol, 1012 
Downfield (in NMR), 448 
Dreiding molecular models, 

42 
Dumas, Jean Baptiste, 61 
Dyes, discovery of, 1000-— 

1001 

E (entgegen), 182 
E1 reaction(s), 395 

alcohol dehydration and, 
643 



1-14 Index 

E1 reaction(s) (continued ) 
deuterium isotope effect 

in, 396 
kinetics of, 396 
mechanism of, 395 
stereochemistry of, 396 

E2 reaction(s), 388 
cyclohexane 

conformations in, 
392-393 

deuterium isotope effect 
in, 394 

kinetics of, 389 
mechanism of, 388—389 
of menthy] chloride, 
392-393 

of neomenthy] chloride, 
392-393 

stereochemistry of, 
389-391 

Eclipsed conformation, 104 
Edman, Pehr, 1054 
Edman degradation,, 1054 
mechanism of, 1055 

Elastomer, 1206 
Electrocyclic reaction(s), 

1150, 1157 
of dienes, 1157 
photochemical, 1162-1164 
stereochemical rules for, 

1164 
stereochemistry of, 1159— 

1162 
Electromagnetic radiation, 

424 
energy of, 425 

Electromagnetic spectrum, 
424 

Electron, wave properties of, 
424 

Electron affinity, 12 
table of, 12 

Electron-dot structure, 13 
Electronegative, 12 
Electronegativity, 46 
NMR chemical shifts and, 

452 
table of, 46, 146 

Electrophile, 148 
Electrophilic addition 

reaction(s), 191 
carbocation 

rearrangements in, 
205-207 

Hammond postulate in, 
202-203 

intermediate in, 162-163 
mechanism of, 149-151, 

191-192, 216-219 
regiospecificity of, 194-196 
review of, 615-617 

stereochemistry of, 
312-318 

transition state in, 
159-160 

Electrophilic aromatic 
substitution reaction(s), 
560 

activating groups in, 
573-574 

deactivating groups in, 
573-574 

inductive effects in, 
574-575 

kinds of, 560-561 
mechanism of, 561—563 
meta directors in, 578 
of arylamines, 1005-1006 
of furan, 1111 
of naphthalene, 548 
of phenol, 1019-1020 
of pyridine, 1113-1114 
of pyrrole, 1111 
of thiophene, 1111 
orientation in, 577-585 
ortho, para directors in, 

578 
resonance effects in, 

575-576 
Electrophoresis, 1042 

of DNA, 1137 
Electropositive, 10 
Elimination reaction, 141, 

214 
characteristics of, 
396-399 

review of, 617 
Elution, 412 
Empirical formula, 61 
Enamine, 713 

conjugation in, 510 
from aldehydes, 727 
from ketones, 727 
hydrolysis of, 903 
mechanism of formation 

of, 727 
Michael reactions of, 

902-903 
uses of, 902—903 

Enantiomer, 286 
configuration of, 295—297 
discovery of, 294 
Fischer projections for, 
307-309 

number of, 303 
resolution of, 304 

Endo, 506 
Endothermic, 154 
-ene, for naming alkenes, 

174 
Energy, of electromagnetic 

radiation, 425 

relation to stability, 125 
Engine knock, cause of, 87 
Enkephalin, amino acid 

analysis of, 1053 
Enol, 262, 845 
mechanism of formation 

of, 846-847 
reactivity of, 848 

Enol ether, conjugation in, 
510 

Enol tautomer, 845 
Enolate ion, 846 

alkylation of, 862—870 
conjugation in, 510 
reaction with halogen, 

858-859 
reactivity of, 857-858 
resonance in, 846 
selenenylation of, 
859-862 

Entgegen (E), 182 
Enthalpy change, AH, 154 
Entropy change, AS, 154 
Enzyme(s), 1048 

classification of, 1071 
number of, 1069 
specificity of, 1069 
structure of, 1069 

Epoxide(s), 676 
acid cleavage of, 678-679 
alcohols from, 678 
base cleavage of, 679 
from alkenes, 676—677 
from halohydrins, 677 
mechanism of acidic 

cleavage of, 681 
mechanism of basic 

cleavage of, 678—679 
NMR spectroscopy of, 

684—685 
reaction with Grignard 

reagents, 679 
reactivity of, 678 
regiochemistry of 

cleavage of, 680—681 
synthesis of, 676—677 
vicinal glycols from, 678 

Epoxy adhesive, 1211 
1,2-Epoxypropane, 'H NMR 

spectrum of, 685 
Equatorial bonds (in 

cyclohexane), 121 
Equilibrium constant, 152 

free energy change and, 
153 

Ergosterol, structure of, 524 
Erlenmeyer, Richard 

A.C. E., 9 
p-Erythrose, structure of, 

923 
Essential amino acid, 1040 



Essential oil, 1090 
Ester(s), 696 

alcohols from, 636—637, 
818-821 

aldehydes from, 820 
alkylation of, 870 
amides from, 818 
carboxylic acid from, 

816-818 
Claisen condensation 

reaction of, 893-895 
from acid anhydrides, 814 
from acid halides, 808 
from alcohols, 803 
from alkyl] halides, 803 
from carbohydrates, 930 
from carboxylic acids, 

803-805 
from diazomethane, 805 
from phenol, 1019 
hydrolysis of, 816-818 
IR absorptions of, 431, 

436 
B-keto esters from, 
893-895 

mechanism of hydrolysis 
of, 817-819 

nomenclature of, 794 
odors of, 814 
pK, of, 856 
polarity of, 147 
reaction with amines, 818 
reaction with diisobutyl- 
aluminum hydride, 820 

reaction with Grignard 
reagents, 638-639, 
820-821 

reaction with LDA, 870 
reaction with LiAlH,, 

636-637, 818 
reaction with water, 

816-818 
reduction of, 636-637, 

818-820 
saponification of, 816-818 
selenenylation of, 862 
synthesis of, 815 
a,B-unsaturated ester 

from, 862 
Estradiol, biological effects 

of, 1096 
structure of, 1096 

Estrogen, 1096 
Estrone, biological effects of, 

1096 
structure of, 526, 1096 
synthesis of, 905 

Ethanal, see Acetaldehyde 
Ethane, bond angles of, 177 

bond lengths of, 24, 177 
bond strengths of, 23, 177 

conformations of, 102-105 
rotation barrier in, 103 
structure of, 23-24 
torsional strain in, 104 

Ethanoic acid, see Acetic 
acid 

Ethanol, from ethylene, 627 
from glucose, 626 
IR spectrum of, 427 
pK, of, 630, 773 
synthesis of, 627 
uses of, 624 

Ethene, see Ethylene 
Ether(s), 668 

alcohols from, 674—675 
boiling points of, 670 
cleavage of, 674 
from alcohols, 671—672 
from alkenes, 672—673 
from alkyl halides, 

671-672 
industrial synthesis of, 

670 
IR spectroscopy of, 

683-684 
Lewis basicity of, 57 
mechanism of cleavage of, 

674-675 
NMR spectroscopy of, 

684-685 
nomenclature of, 668—669 
of carbohydrates, 930 
peroxides from, 670 
polarity of, 147 
properties of, 669-670 
reaction with acids, 674 
reaction with oxygen, 670 
structure of, 669 

Ethyl] acetate, Claisen 
condensation of, 893 

1H NMR spectrum of, 831 
Ethyl acetoacetate, see 

Acetoacetic ester 
Ethyl acrylate, Diels—Alder 

reactions of, 505 
Ethyl benzoate, Claisen 

condensation reaction 
of, 896 

Ethyl] formate, Claisen 
condensation reaction 
of, 896 

Ethyl group, definition of, 
77 

2-Ethyl-1-hexanol, synthesis 
of, 888 

Ethylcyclopentane, mass 
spectrum of, 423 

Ethylene, acidity of, 269 
bond angles in, 25, 177 
bond lengths in, 26, 177 
bond strengths in, 26, 177 

I-15 Index 

ethanol from, 627 
hormonal activity of, 170 
hybridization in, 24—26 
industrial uses of, 171 
polymerization of, 1187— 

1189 
structure of, 26—27 
synthesis of, 171 
UV absorption of, 515 

Ethylene glycol, acetals 
from, 733 

from ethylene oxide, 678 
Ethylene oxide, ethylene 

glycol from, 678 
hydrolysis of, 678 
synthesis of, 676 
uses of, 676 

Ethylidene, definition of, 
176 

N-Ethylpropylamine, mass 
spectrum of, 987 

Exo, 506 
Exon, 1130 
Exothermic, 154 
Extinction coefficient, 513 

Faraday, Michael, 528 
a-Farnesene, structure of, 

209 
Farnesol, structure of, 1094 
Farnesyl pyrophosphate, 

sesquiterpenes from, 
1094 

Fat, animal, 1080 
composition of, 1081 
saponification of, 1083 

Fatty acid(s), 1080 
biosynthesis of, 1086— 

1088 
from triacylglycerols, 

1080 
hydrogenation of, 1082 
melting points of, 1091 
shapes of, 1082 
table of, 1081 

Fehling’s reagent, reaction 
with aldoses, 935 

Fenoprofen, synthesis of, 
778 

Fibers, 1206 
Fibroin, function of, 1067 

structure of, 1067 
Fibrous protein, 1063 
Fieser, Louis F., 922 
Fingerprint region (of IR), 

430 
First-order process, 375 
Fischer, Emil, 803, 940 
Fischer esterification 

reaction, 803 
mechanism of, 803—804 



I-16 Index 

Fischer projection, 307 
conversion into Haworth 

projections, 926 
manipulation of, 308-309 
of amino acids, 1040 
of carbohydrates, 918-919 
of D,L sugars, 920-921 
R,S configuration of, 

311-312 
rules for drawing, 

307-309 
Fluorene from coal tar, 527 
Fluorine, bond length of, 18 

bond strength of, 18 
bonding in, 18 

Fluoroacetic acid, pK, of, 
173 

Fluoromethane, bond length 
of, 335 

bond strength of, 335 
dipole moment of, 64, 335 

Folic acid, function of, 1070 
Food preservatives, 

synthesis of, 1013 
Formal charge, 42 

assignment of, 43 
in nitromethane, 43 

Formaldehyde, Grignard 
reaction of, 639 

hydrate of, 718 
polymer with phenol, 

1208 
synthesis of, 706 
uses of, 706 

Formate ion, bond lengths 
of, 772 

resonance in, 347 
Formic acid, bond lengths 

of, 772 
pK, of, 53, 773 

Formyl] group, 709 
p-Formylbenzoic acid, pK, 

of, 776 
Fractional distillation, 412 
Fragmentation in mass 

spectroscopy, 417 
Free energy change, AG, 

153 
relation to equilibrium 

constant, 153 
Fremy’s salt, 1021 

reaction with phenols, 
1021 

Freon 12, structure of, 332 
Frequency, 424 
Friedel, Charles, 568 
Friedel—Crafts acylation 

reaction, 572 
mechanism of, 572 
of arylamines, 1006 
of thiophene, 1111 

Friedel-Crafts alkylation 
reaction, 569 

carbocation 
rearrangements in, 
570-571 

limitations of, 568—571 
mechanism of, 568—569 
of arylamines, 1006 

p-Fructose, Haworth 
projection of, 927 

Fucose in blood-group 
sugars, 952 

Fuel, octane number of, 87 
Fukui, Kenichi, 1155 
Fumaric acid (trans- 

butenedioic acid), 767 
malic acid from, 243 

Functional group(s), 67 
categories of, 69-72 
characteristics of, 67-68 
IR absorptions of, 431 
oxidation level of, 634 
polarity of, 147 
table of, 70—71 

Furan, bromination of, 
1111 

electrophilic aromatic 
substitution reactions 
of, 1110-1111 

properties of, 1109 
pyrrole from, 1108 
synthesis of, 1108 

Furanose, 924 
Furfural, furan from, 1108 
Fused-ring heterocycle, 

1115 

Gabriel, Sigmund, 973 
Gabriel synthesis, 972 

amino acid synthesis 
with, 1045 

p-Galactose, from lactose, 
946 

p-lyxose from, 939 
structure of, 923 

Garosamine, structure of, 
950 

_ Gas chromatograph, 
operation of, 415 

Gas chromatography, 414 
resolution of, 415 

Gas oil from petroleum, 87 
Gasoline, manufacture of, 

87-88 
Gated-decoupled !°C NMR 

spectroscopy, 454 
Gauche conformation, 107 , 
Gem diol, 718 

from aldehydes, 718—719 
from ketones, 718—719 

Gene, 1126 

Genome, 1126 
sequencing of, 1140 
size of, 1126 

Gentamicin, structure of, 
950 

Gentiobiose, structure of, 
955 

Gentisic acid, 1031 
Geraniol, structure of, 1093 
Geranyl] pyrophosphate, 

terpenes from, 1093 
Gibbs free energy change, 

AG, 153 
Gilbert, Walter, 1134 
Gilman, Henry, 352 
Gilman reagent(s), 352 

conjugate addition of, 
743-744 

from alkyl halides, 352 
reaction with acid 

chlorides, 811-812 
reaction with alkyl 

halides, 352—353 
Globular protein, 1063 
Glucitol, synthesis of, 934 

uses of, 934 
Glucocorticoid, 1096 
Glucosamine, reaction with 

acetyl CoA, 829 
p-Glucose, anomers of, 927 

chair conformation of, 929 
ethers from, 671 
fermentation of, 626 
Fischer projection of, 919 
from D-mannose, 938 
Haworth projection of, 925 
mass on earth, 917 
mutarotation of, 927 
photosynthesis of, 816 
structure of, 923 
structure proof of, 

940-944 
L-Glucose, Fischer 

projection of, 921 
Glutamic acid, 1039 
Glutamine, 1038 
(R)-Glyceraldehyde, 

configuration of, 
296-298 

Fischer projection of, 919 
Glycine, 1038 
Glycogen, function of, 949 

structure of, 948-949 
Glycol, 236 
Glycoprotein, 1063 
Glycoside(s), 931 

from monosaccharides, 
931-933 

Koenigs—Knorr synthesis 
of, 932—933 

nomenclature of, 931 



Goodyear, Charles, 1196 
Graft copolymer, 1198 

synthesis of, 1199 
Grignard, Victor, 350 
Grignard reaction, alcohols 

from, 638-639, 722, 
811-812, 820-821, 
827-828 

carboxylic acids from, 779 
limitations on, 640 
mechanism of, 722 

Grignard reagent(s), 350 
alkanes from, 351 
carboxylation of, 779 
from alkyl halides, 

350-352 
polarity of, 351 
reaction with acid 

chlorides, 811-812 
reaction with acids, 351 
reaction with alcohols, 

631 
reaction with aldehydes, 

638-639, 722 
reaction with carbonyl 

compounds, 638—639 
reaction with carboxylic 

acids, 639-640 
reaction with COs, 779 
reaction with epoxides, 

679 
reaction with esters, 

638—639, 820-821 
reaction with ketones, 

638-639, 722 
reaction with nitriles, 

827-828 
Griseofulvin, synthesis of, 

913 
Guaiol, structure of, 1104 
Guanine, 1118 

base pairing with 
cytosine, 1123 

protection of, 1142 
D-Gulose, structure of, 923 
Gutta-percha, 1195 
Gypsy moth, sex attractant 

of, 693 

Hagemann’s ester, synthesis 
of, 913 

Haloform reaction, 858 
Halogen, ortho-, para- 

directing effect of, 
584—585 

Halohydrin(s), 219 
epoxides from, 677 
from alkenes, 219-221 

Halothane, structure of, 332 
Hammond, George, 202 

Hammond postulate, 202— 
203 

alkene addition reactions 
and, 202—203 

alkene radical additions 
and, 232 

Snl reactions and, 384 
Hamster, sex attractant of, 

666 
Haworth, Walter N., 925 
Haworth projection, 925 

from Fischer projection, 
926 

Heat of combustion of 
cycloalkanes, 112-113 

Heat of hydrogenation, 187 
table of, 189 

Heat of reaction, 154 
Heisenberg, Werner, 4 
a-Helix (in proteins), 1065 
Hell—Volhard—Zelinskii 

reaction, 852 
amino acid synthesis 

with, 1045 
Heme, structure of, 1068 
Hemiacetal, 731 
Henderson—Hasselbalch 

equation, 1042 
applications of, 1042— 

1044 
titration curves from, 

1044 
Heredity, nucleic acids and, 

1125 
Heroin, structure of, 985 

synthesis of, 984 
Hertz (Hz), 425 
Heterocycle, 544, 1107 

fused-ring, 1115 
Heterocyclic amine, 959 
Heterogenic, 143 
Heterolytic, 142 
Hexachlorophene, structure 

of, 611 
uses of, 1013 

1,5-Hexadiene, heat of 
hydrogenation of, 491 

Hexamethylenediamine, 
nylon-66 from, 1199 

Hexamethylphosphoramide 
in Sy2 reactions, 373 

Hexane, IR spectrum of, 
432 tel 

mass spectrum of, 421 
1,3,5-Hexatriene, molecular 

orbitals of, 1154 
UV absorption of, 515 

1-Hexene, IR spectrum of, 
432 

1-Hexyne, IR spectrum of, 
432 

I-17 Index 

High-density polyethylene, 
1194 

Highest occupied molecular 
orbital (HOMO), 512, 
1156 

Hinsberg test (for amines), 
980 

Histidine, 1039 
Hoffmann, Roald, 1149 
Hoffmann-LaRoche 

company, 265 
von Hofmann, August W., 

977 
Hofmann elimination 

reaction, 981 
mechanism of, 981 

Hofmann rearrangement, 
977 

mechanism of, 978 
Holoenzyme, 1069 
HOMO, 512, 1156 
Homogenic, 143 
Homolytic, 142 
Homopolymer, 1197 
Homotropilidene, Cope 

rearrangement of, 
1175 

Honey, constitution of, 946 
Hormone(s), 1096 

adrenocortical, 1096— 
1097 

sex, 1096 
steroid, 1096-1097 

Housefly, sex attractant of, 
283 

HPLC, 413 
Hickel, Erich, 538 
Hickel 4n + 2 rule, 539 

explanation of, 546—547 
Hughes, Edward D., 364 
Human fat, composition of, 

1081 
Hund’s rule, 7 
Hunsdiecker, Clare, 781 
Hunsdiecker, Heinz, 781 
Hunsdiecker reaction, 781 
mechanism of, 782 

Hybrid orbital, 20 
in ammonia, 30 
in boron trifluoride, 32 

sp® Hybrid orbital, 20 
sp” Hybrid orbital, 25 
sp Hybrid orbital, 28 
Hydration, 222 

of alkenes, 222-228 
of alkynes, 261-263 

Hydrazine, reaction with 
aldehydes, 728—730 

reaction with ketones, 
728-730 

Hydride shift, 206 



1-18 Index 

Hydroboration, 224 
mechanism of, 224—228 
of alkenes, 224—228 
of alkynes, 262—264 
regiochemistry of, 

227-228 
Hydrocarbon, 73 
Hydrocortisone, biological 

effects of, 1097 
structure of, 1097 

Hydrofluoric acid, pK, of, 
52 

Hydrogen, bond length of, 
16 

bond strength of, 15, 628 
electronic configuration 

of, 8 
molecular orbitals of, 

16-17 
Hydrogen bond, 628 

in alcohols, 627 
in amines, 962 
in carboxylic acids, 769 

Hydrogen cyanide, acidity 
of, 721 

conjugate addition of, 
742-743 

from Apheloria corrugata, 
745-746 

pK, of, 52 
reaction with aldehydes, 

720-721 
reaction with ketones, 

720-721 
Hydrogen peroxide, reaction 

with organoboranes, 
225-228 

reaction with sulfides, 687 
1,5-Hydrogen shift, 

mechanism of, 1173— 
1174 

Hydrogenation, 233 
heats of, 187-189 
mechanism of, 234 
of alkenes, 233-236 
of alkynes, 265-266 
of aromatic compounds, 

596-597 
of vegetable oil, 1082 
stereochemistry of, 234 

Hydrolase, 1071 
Hydrolysis, of acid halides, 

807 
of amides, 822 
of esters, 816—818 
of fats, 1083 
of nitriles, 825-826 
of peptides, 1054 
of proteins, 1054 

Hydrophilic, 1084 

Hydroquinone, 1021 
oxidation of, 1021 

Hydrosulfide ion, reaction 
with alkyl halides, 656 

Hydroxyacetic acid, pK, of, 
773 

p-Hydroxybenzoic acid, pK, 
of, 776 

Hydroxyl group, ortho-, 
para-directing effect of, 
581-582 

resonance effect of, 576 
Hydroxylation, 236 
mechanism of, 237 
of alkenes, 236—237 

Hyperconjugation, 191 
in alkenes, 191 
in carbocations, 199—200 

Hypophosphorous acid, 
reaction with arene- 
diazonium salts, 1009 

p-Idose, structure of, 923 
Imidazole, basicity of, 1113 

structure of, 960 
Imidazolium ion, pK, of, 

1113 
Imide, 972 
Imine(s), 713 

from aldehydes, 723—726 
from ketones, 723—726 
mechanism of formation 

of, 726 
Indene from coal tar, 527 
Indole, bromination of, 1117 

structure of, 960 
Inductive effect, 47 

alcohol acidity and, 630 
carbocation stability and, 

200 
electrophilic aromatic 

substitution and, 
574-575 

of alkyl groups, 575 
of carbonyl group, 574 
of cyano group, 574 
of nitro group, 574 
on carboxylic acids, 774 

Informational strand (of 
DNA), 1130 

Infrared absorption of 
functional groups, 
431-436 

Infrared radiation, energy 
of, 428 

wavelength of, 428 
Infrared spectroscopy, 428 | 

of acid anhydrides, 830 
of acid chlorides, 830 
of alcohols, 651-652 

of aldehydes, 746—747 
of amides, 830 
of amines, 987-988 
of aromatic compounds, 

549-550 
of arylamines, 1024 
of carbonyl compounds, 

830 
of carboxylic acid 

derivatives, 829-830 
of carboxylic acids, 782— 

783 
of esters, 830 
of ethers, 683-684 
of ketones, 746—747 
of nitriles, 830 
of phenols, 1024 
theory of, 428-429 
time scale of, 448 
uses of, 429 

Infrared spectrum, 
functional group 
absorptions in, 431 

interpretation of, 429-436 
of aniline, 1025 
of benzaldehyde, 746 
of butanoic acid, 783 
of cyclohexane, 439 
of cyclohexanol, 652 
of cyclohexanone, 747 
of cyclohexene, 439 
of cyclohexylamine, 988 
of diethyl ether, 684 
of diethylamine, 988 
of ethanol, 427 _ 
of hexane, 432 { 
of 1-hexene, 432 
of 1-hexyne, 432 
of methamphetamine, 990 
of phenacetin, 1033 
of phenol, 1025 
of toluene, 550 
of triethylammonium 

chloride, 989 
regions in, 430 

Ingold, Christopher, 191, 
364 

Initiation, of 
polymerization, 1187 

of radical reactions, 144 
Insulin, structure of, 1061 
Integration, in °C NMR 

spectroscopy, 454—456 
in 1H NMR spectroscopy, 

468 
Intermediate, 162 
Intron, 1130 
Invert sugar, 946 
Iodine, reaction with 

aromatic compounds, 565 



reaction with enolate 
ions, 858-859 

Iodoacetic acid, pK, of, 773 
Iodobenzene from benzene, 

565 
Iodomethane, bond length 

of, 335 
bond strength of, 335 
dipole moment of, 335 

Ion pair, 379 
in Syl reactions, 379 

Ionic bonds, description of, 
10-12 

Ionic solid, 12 
Ionization energy, 10 

table of, 11 
Tron, reaction with 

nitroarenes, 1004 
Iron bromide, aromatic 

bromination catalyst, 
561 

Iron chloride, aromatic 
chlorination catalyst, 
565 

Isoamyl group, 85 
Isobutyl group, 84 
Isobutylene, polymerization 

of, 1190 
see also 2-Methylpropene 

Isocyanate(s), urethanes 
from, 1203 

Isoelectric point, 1042 
Isoleucine, 1038 
Isomer(s), 75 

cis—trans, 180 
constitutional, 75 
of alkenes, 180-181 
of cycloalkanes, 94—96 
requirements for 

cis—trans, 181 
review of, 305—306 
sequence rules for 

cis—trans, 181-184 
stereoisomer, 96 

Isomerase, 1071 
Isooctane, structure of, 87 
Isopentenyl pyrophosphate, 

terpenes from, 1093 
Isoprene, heat of 

hydrogenation of, 491 
polymerization of, 1195 
synthesis of, 490 
UV absorption of, 515 

Isoprene rule, 1091 
Isopropyl group, 84 
Isopropylbenzene from 

benzene, 568 
Isoquinoline, nitration of, 

1116 
Isotactic, 1193 

IUPAC, nomenclature rules 
and, 81 

J (coupling constant), 469 
Jones reagent, 648, 713 

oxidation of alcohols with, 
648-649, 713 

Joule, 11 

Karahanaenone, synthesis 
of, 1182 

Kekulé, Friedrich August, 
8, 531 

Kekulé structure, 13 
Kendrew, John C., 1067 
Kenyon, Joseph, 361 
a-Keratin, function of, 1066 

structure of, 1065-1066 
Kerosene from petroleum, 

87 
a-Keto acid, amino acids 

from, 1047 
reductive amination of, 

1047 
B-Keto ester(s), 855 

alkylation of, 866-868 
from Claisen 

condensation reaction, 
893-895 

pK, of, 856 
Keto tautomer, 845 
Ketone(s), 696 

acetals from, 730—733 
acetoacetic ester synthesis 

of, 866—868 
alcohols from, 635-636, 

722-723 
aldol reaction of, 882-883 
alkanes from, 728—730 
alkenes from, 735—737 
alkylation of, 869 
amines from, 974—975 
a-bromo ketones from, 
848-851 

carboxylic acids from, 
714, 858-859 

Clemmensen reduction of, 
730 

common names of, 709 
cyanohydrins from, 

720-721 
enamines from, 727 
from acid chlorides, 

811-812 
from alcohols, 648 
from alkenes, 238—239 
from alkyl halide, 866— 

868 
from alkynes, 261—263 

I-19 Index 

from 1,2-diols, 239-240 
from nitriles, 827-828 
gem diols from, 718—719 
haloform reaction of, 

858-859 
halogenation of, 848-851 
hydrates of, 718—719 
imines from, 723-726 
IR spectroscopy of, 431, 

436, 746-747 
Lewis basicity of, 57 
mass spectroscopy of, 

749-750 
McLafferty 
rearrangement of, 750 

13C NMR spectroscopy of, 
748—749 

1H NMR spectroscopy of, 
748-749 

nomenclature of, 708—709 
oxidation of, 714 
pK, of, 856 
polarity of, 147 
properties of, 707—708 
protecting group for, 

731-733 
reaction with alcohols, 

730—733 
reaction with amines, 

723-727 
reaction with bromine, 

848-851 
reaction with Grignard 

reagents, 638-639, 722 
reaction with HCN, 720-— 

721 
reaction with hydrazine, 

728—730 
reaction with hydride 

reagents, 723 
reaction with LDA, 869 
reaction with LiAlH,, 

636-637 
reaction with NaBH,, 

635-636, 723 
reaction with 

phosphoranes, 735—736 
reaction with thiols, 734 
reactivity of, 716 
reduction of, 598-599, 

635-636, 723, 728-730 
reductive amination of, 

974-975 
synthesis of, 711—712 
thioacetals from, 734 
a,B-unsaturated ketones 

from, 851, 861—862 
Wittig reaction of, 735-737 
Wolff—Kishner reaction of, 

728-730 



1-20 Index 

Ketose, 917 
Kevlar, 1201 
Khorana, Har Gobind, 1141 
Kiliani, Heinrich, 937 
Kiliani—Fischer reaction, 

936 
Kimball, George, 217 
Kinetic control, 502 
Kinetics, 363 

of E1 reactions, 396 
of E2 reactions, 389 
of Syl reactions, 375-377 
of Sy2 reactions, 363—364 

Kishner, N. M., 728 
Knoevenagel, Emil, 892 
Knoevenagel reaction, 892 
Knorr, Ludwig, 932 
Koenigs—Knorr reaction, 

932 
mechanism of, 934 

Kolbe, Herman, 1020 
Kolbe—Schmitt carboxy]- 

ation reaction, 1020 
Koéssel, Walter, 12 

L Sugar, 920 
Lactam, 823 
Lactic acid, configuration of, 

296-297 
stereoisomers of, 286 

Lactone, 816 
Lactose, structure of, 946 
LAH, see Lithium 

aluminum hydride 
Lanosterol, biosynthesis of, 

1100-1101 
structure of, 1092 

Lapworth, Arthur, 721 
Lard, composition of, 1081 
Laurene, synthesis of, 878 
Lauric acid, structure of, 

1081 
Lavoisier, Antoine, 59 
LDA, see Lithium 

diisopropylamide, 855 
Le Bel, Joseph Achille, 9 
Leaving group, 371 

in Syl reactions, 383 
in Sy2 reactions, 371-372 

Lecithin, structure of, 1085 
Lemon oil, farnesol from, 

1094 
Leucine, 1038 
Leukotriene D,, structure 

of, 1090 
Levorotatory, 292 
Lewis, Gilbert Newton, 13 
Lewis acid, 55 

examples of, 55-56 

Lewis base, 55 
examples of, 57-58 

Lewis structure, 13 
Lexan, synthesis of, 1202 

uses of, 1200 
Librium, structure of, 565 
von Liebig, Justus, 59 
Ligase, definition of, 1071 
Limonene, biosynthesis of, 

1094 
Lindlar catalyst, 265 
Line-bond structure, 13 
Linoleic acid, structure of, 

1080 
Linolenic acid, structure of, 

1080 
Linseed oil, composition of, 

1081 
Lipid, 1079 

classification of, 1079 
Lipid bilayer, 1085 

dimensions of, 1085 
Lipogenesis, 1086-1088 
Lipophilic, 1084 
Lipoprotein, 1063 
Liquid chromatography, 413 

high-performance, 
413-414 

Lithium, electronic 
configuration of, 8 

reaction with alkynes, 
266-267 

reaction with aromatic 
compounds, 597 

Lithium aluminum hydride 
(LAH), reaction with 
aldehydes, 636—637 

reaction with alkyl 
azides, 972 

reaction with amides, 
822-823 

reaction with carboxylic 
acids, 636—637, 780— 
781 

reaction with 
cyanohydrins, 721—722 

reaction with esters, 
636-637, 818 

reaction with ketones, 
636-637 

reaction with nitriles, 827 
Lithium diisopropylamide 

(LDA), 855 
preparation of, 855, 967 
reaction with 

cyclohexanone, 855 
reaction with esters, 869 | 
reaction with ketones, 

869 
reaction with nitriles, 869 

Lithocholic acid, structure 
of, 789 

Lone pair (of electrons), 31 
Long-chain branching, 1192 
Low-density polyethylene, 

1194 
Lowest unoccupied 

molecular orbital 
(LUMO), 512, 1156 

Lubricating oils from 
petroleum, 87 

Lucite, uses of, 1188 
LUMO, 512, 1156 
Lyase, definition of, 1071 
Lycopene, structure of, 488 
Lysergic acid diethylamine, 

structure of, 994 
Lysine, 1039 
p-Lyxose, structure of, 923 

Magnesium, reaction with 
alkyl halides, 350—351 

Magnesium 
monoperoxyphthalate 
(MMPP), epoxidations 
with, 676-677 

Major groove (DNA), 1124 
Maleic acid (cis-butenedioic 

acid), 767 
Maleic anhydride, Diels— 

Alder reactions of, 505 
Malic acid from fumaric 

acid, 243 
Malonic ester, alkylation of, 

863-865 ‘ 
decarboxylation of, 863— 

864 
Michael reactions of, 901 
pK, of, 856, 863 
reaction with aldehydes, 

892 
Malonic ester synthesis, 

863-865 
Malonyl CoA, fatty acids 

from, 1087-1088 
Maltose, digestion of, 946 

mutarotation of, 945 
oxidation of, 945 
structure of, 944-945 

Manicone, synthesis of, 812 
pD-Mannose, from D- 

arabinose, 938 
structure of, 923 

Markovnikov, Vladimir, 
195, 237 

Markovnikov’s rule, 
195-196 

Mass spectrometer, 
operation of, 416—417 



Mass spectroscopy, 416 
of alcohols, 654—655 
of aldehydes, 749—750 
of amines, 986—987 
of ketones, 749—750 

Mass spectrum, 417 
fragmentation in, 420—422 
interpretation of, 419-422 
library of, 421 
of 1-butanol, 655 
of 2,2-dimethylpropane, 

419 
of ethylcyclopentane, 423 
of N-ethylpropylamine, 

987 
of methane, 418 
of methylcyclohexane, 423 
of 2-methylpentane, 438 
of propane, 418 

Mauve, 1001 
Maxam, Allan, 1134 
McLafferty, Fred W., 750 
McLafferty rearrangement, 

750 
Mechanism, 142 

of acetal formation, 732 
of acetylide alkylations, 

399-400 
of acidic epoxide cleavage, 

680-681 
of alcohol dehydration 

with POCIs, 644 
of alcohol dehydration 

with acid, 643 
of alcohol oxidation, 649 
of alcohol reaction with 

PBrs, 401 
of alcohol reaction with 
HX, 400 

of aldehyde hydration, 
719-720 

of aldehyde oxidation, 714 
of aldol reaction, 883 
of alkane halogenation, 

337-340 
of alkene 

alkoxymercuration, 673 
of alkene halogenation, 

216-219 
of alkene hydroboration, 
224-228 

of alkene hydrogenation, 
234 

of alkene hydroxylation, 
237 

of alkene oxymercuration, 
222-223 

of alkyne addition 
reactions, 260 

of alkyne hydration, 262 

of alkyne reduction, 
266-267 

of alpha substitution 
reactions, 703, 848-849 

of amide formation with 
DCC, 1060 

of amide hydrolysis, 822 
of amide reduction, 823 
of anionic polymerization, 

1191 
of aromatic bromination, 

561—563 
of aromatic chlorination, 

565 
of aromatic iodination, 

565 
of aromatic nitration, 566 
of aromatic sulfonation, 

567 
of basic epoxide cleavage, 

678-679 
of benzyne formation, 591 
of Birch reduction, 598 
of Cannizzaro reaction, 739 
of carbene addition to 

alkenes, 242 
of carbonyl condensation 

reaction, 704, 880—881 
of cationic polymerization, 

1190 
of Claisen condensation 

reaction, 894 
of Claisen rearrangement, 

1150 
of conjugate addition 

reactions, 741 
of cumene hydroperoxide 

rearrangement, 1013 
of Curtius rearrangement, 

979 
of cyanohydrin formation, 

721 
of diazonium coupling 

reaction, 1011 
of Dieckmann cyclization, 

898 
of Diels—Alder reaction, 

504, 1150, 1165-1169 
of E1 reactions, 395 
of E2 reaction, 388—389 
of Edman degradation, 

1055 
of electrophilic aromatic 

substitution reactions, 
561—563 

of enamine formation, 727 
of enol formation, 846— 

Index I-21 

of ether cleavage, 674— 
675 

of Fischer esterification, 
803-804 

of Friedel—Crafts 
acylation reaction, 572 

of Friedel—Crafts 
alkylation reaction, 
568-569 

of Grignard reaction, 722 
of Hell—Volhard—Zelinskii 

reaction, 852 
of Hofmann elimination 

reaction, 981 
of Hofmann 

rearrangement, 978 
of Hunsdiecker reaction, 

782 
of 1,5-hydrogen shifts, 

1173-1174 
of imine formation, 726 
of ketone bromination, 

850 
of ketone hydration, 

719-720 
of ketone selenenylation 

reaction, 859-860 
of Koenigs—Knorr 

reaction, 934 
of malonic ester 

decarboxylation, 864 
of Michael reaction, 900 
of mutarotation, 928 
of NADPH reductions, 740 
of nitrile hydrolysis, 826 
of nitrile reduction, 827 
of nucleophilic acyl 

substitution, 702, 797 
of nucleophilic addition 

reaction, 700 
of nucleophilic aromatic 

substitution, 588—589 
of radical polymerization, 

1187-1188 
of reductive amination, 

975 
of Syl reactions, 376—377 
of Sy2 reaction, 364—366 
of Strecker synthesis, 

1047 
of thioacetal formation, 

734 
of Williamson ether 

synthesis, 671-672 
of Wittig reaction, 736 
of Wolff—Kishner 

reaction, 729 
847 Meerwein’s reagent, 691 

of ester hydrolysis, 817— Meisenheimer, Jacob, 589 
819 Melamine, 1211 



1-22 Index 

Menthol, structure of, 290, 
624 

uses of, 624 
Menthy] chloride, E1 

reaction of, 397 
elimination reaction of, 

392-393 
Mephenesin, 1031 
Mercapto group, 656 
Mercuric acetate, reaction 

with alkenes, 222—223 
reaction with alkynes, 

262 
Mercuric trifluoroacetate, 

alkoxymercuration 
with, 673 

Mercurinium ion in alkene 
oxymercuration, 223 

Merrifield, Robert B., 1061 
Merrifield solid-phase 

peptide synthesis, 1061 
Meso compound(s), 302 

optical activity of, 
301—302 

Messenger RNA, 1129 
-meta, for naming aromatic 

compounds, 529 
Meta directors in 

electrophilic aromatic 
substitution, 578 

Methacrylic acid (2-methyl- 
propenoic acid), 767 

Methadone, structure of, 986 
Methamphetamine, IR 

spectrum of, 990 
1H NMR spectrum of, 990 

Methanal, see 
Formaldehyde 

Methane, acidity of, 269 
bond angle in, 22 
bond length in, 22 
bond strength in, 22 
chlorination of, 144-145, 

336-337 
hybridization in, 22 
mass spectrum of, 418 
molecular orbitals in, 23 
reaction with chlorine, 

144-145 
structure of, 22 

Methanoic acid, see Formic 
acid 

Methanol, from carbon 
monoxide, 626 

pK, of, 630 
synthesis of, 626 
toxicity of, 626 

Methionine, 1038 
p-Methoxybenzoic acid, pK, 

of, 776 

p-Methoxypropiophenone, 
1H NMR spectrum of, 
472 

Methyl acetate, '*C NMR 
spectrum of, 446 

1H NMR spectrum of, 446 
Methyl butenoate, Diels— 

Alder reactions of, 
505-506 

Methyl a-cyanoacrylate, 
polymerization of, 1191 

Methyl 2,2-dimethyl- 
propanoate, 'H NMR 
spectrum of, 468 

Methyl group, definition of, 
Th 

Methyl! Orange, structure 
of, 1012 

Methyl] propanoate, 1°C 
NMR spectrum of, 454 

Methyl] propenoate, Michael 
reaction of, 901 

Methyl propy! ether, 1°C 
NMR spectrum of, 685 

Methyl! propynoate, Diels— 
Alder reactions of, 505 

2-Methyl-2-butene, heat of 
hydrogenation of, 189 

2-Methyl-2-propanol, pK, of, 
630 

3-Methyl-3-buten-1-ol, 1H 
NMR spectrum of, 663 

Methylamine, synthesis of, 
971 

Methylarbutin, synthesis of, 
933 

p-Methylbenzoic acid, pK, 
of, 776 

Methylcyclohexane, mass 
spectrum of, 423 

1-Methylcyclohexene, 1°C 
NMR spectrum of, 462 

N-Methylcyclohexylamine, 
18C NMR absorptions 
of, 990 

1H NMR spectrum of, 989 
Methylene group, 176 
2-Methylpentane, mass 

spectrum of, 438 
p-Methylphenol, 

chlorination of, 587 
N-Methylpiperidine, 

conformation of, 137 
2-Methylpropene, heat of 

hydrogenation of, 189 
polymerization of, 1190 

Micelle, 1084 
Michael, Arthur, 899 
Michael reaction, 899 

acceptors for, 901 

donors for, 901 
mechanism of, 900 
of enamines, 902—903 

Millipede, defensive 
secretion of, 745 

Mineralocorticoid, 1096 
Minor groove (DNA), 1124 

MMPP, (magnesium 
monoperoxyphthalate), 
676-677 

MO (molecular orbital) 
theory, 15 

Mobile phase, 412 
Mohr, Ernst, 118 
Molar absorptivity, 513 
Molecular ion, 418 
Molecular models, kinds of, 

42 
uses of, 42 

Molecular orbital(s), 
antibonding, 17, 1152 

bonding, 17, 1152 
in UV spectroscopy, 

512-513 
nodes in, 1152 
of allylic carbocations, 

498-499 
of benzene, 536—537 
of 1,3-butadiene, 492— 

494, 1154 
of conjugated dienes, 1154 
of conjugated trienes, 1154 
of cycloheptatrienyl 

cation, 547 
of cyclopentadieny]l anion, 

547 
of 1,3,5-hexadiene, 1154 
of hydrogen, 16-17 
of methane, 23 

Molecular orbital theory, 15 
Molecular weight from mass 

spectrometry, 419 
Molecule, 13 
Molozonide, 238 
MON-0585, structure of, 

611 
Monomer, 1085 
Monosaccharide, 917 

acetals of, 931 
alditols from, 933—934 
chain lengthening of, 

936-938 
chain shortening of, 939 
chair conformations of, 

928-929 
configurations of, 922—923 
cyclic structures of, 924— 

925 
esters of, 930 
ethers of, 930 



Fischer projections of, 921 
glycosides from, 931-933 
Haworth projections of, 

924-925 
hemiacetals from, 924— 

925 
Kiliani—Fischer reaction 

of, 936—938 
names of, 922—923 
oxidation of, 935—936 
reaction with Benedict’s 

reagent, 935 
reaction with bromine, 

935-936 
reaction with Fehling’s 

reagent, 935 
reaction with NaBHg,, 

933-934 
reaction with nitric acid, 

936 
reactions of, 930-939 
reduction of, 933-934 

Monosodium glutamate, 
specific rotation of, 
293 

Monoterpene, 1092 
Moore, Stanford, 1052 
Morphine, origin of name, 

80 
properties of, 984 
specific rotation of, 293 
structure of, 526, 984 

Morphine rule, 986 
Morpholine, structure of, 

960 
Multiplet, in *C NMR 

spectroscopy, 459-460 
in 1H NMR spectroscopy, 

468-472 
Muscalure, structure of, 283 

synthesis of, 353 
Muscone, structure of, 289 
Mustard gas, mechanism of 

action of, 402 
toxicity of, 402—403 

Mutarotation, 927 
mechanism of, 928 
of glucose, 927 

Mycomycin, structure of, 
330 

Mylar, synthesis of, 1202 
uses of, 1200 

Myoglobin, function of, 1067 
structure of, 1067-1068 

Myrcene, structure of, 1091 
Mpyristic acid, structure of, 

1081 

n+ 1 rule (of spin—spin 
splitting), 459 

NADPH, function of, 740 
mechanism of reduction 

by, 740 
structure of, 739 

Nagata, Wataru, 743 
Nalorphine, structure of, 

985 
Naphthalene, °C NMR 

spectrum of, 553 
reactions of, 548 
resonance structures of, 

548 
structure of, 547-549 
UV absorption of, 515 

Natta, Guilio, 1193 
Natural gas, 86 
Nature, chirality in, 

323-324 
NBS, see N-Bromo- 

succinimide 
Neighboring-group effect, 

932 
Neomenthy] chloride, 

elimination reaction of, 
392-393 

Neon, electronic 
configuration of, 8 

Neopentyl, 369 
Neopentyl group, 85 
Neoprene, 1196 
Nerve fiber, sphingomyelins 

in, 1086 
Newman, Melvin, 103 
Newman projection, 103 
Niacin, function of, 1070 
Ninhydrin, reaction with 

amino acids, 1052 
Nitration, of aromatic 

compounds, 566 
of benzaldehyde, 583 
of chlorobenzene, 584 
of p-nitrotoluene, 587 
of phenol, 581—582 
of toluene, 579—580 
orientation in 

electrophilic aromatic 
substitution, 579 

Nitric acid, nitrations with, 
566 

pK, of, 52 
reaction with 

monosaccharides, 936 
Nitrile(s), 794 

aldehydes from, 827 
alkylation of, 870 
amides from, 826 
amine from, 827, 974 
carboxylic acids from, 

778, 826 
from alkyl halides, 824 

I-23 Index 

from amides, 824 
hydrolysis of, 778, 825— 

826 
ketones from, 431, 827— 

828 
nomenclature of, 794—795 
pK, of, 856 
polarity of, 147 
reaction with DIBAH, 827 
reaction with Grignard 

reagents, 827-828 
reaction with LDA, 870 
reaction with LiAlH,, 827 
reduction of, 827, 938 
selenenylation of, 862 
synthesis of, 824 
a,B-unsaturated nitriles 

from, 862 
Nitrile rubber, uses of, 1198 
Nitro compound, IR 

absorptions of, 431 
Nitro group, inductive effect 

of, 574 
meta-directing effect of, 

582-583 
resonance effect of, 575 

Nitroarene(s), reaction with 
iron, 1004 

reaction with SnCl., 1004 
reaction with tin, 1004 
reduction of, 1004 

Nitrobenzene, aniline from, 
566 

from benzene, 566 
reduction of, 566 

p-Nitrobenzoic acid, pK, of, 
776 

Nitroethylene, Michael 
reaction of, 901 

Nitrogen rule (of mass 
spectroscopy), 986 

Nitromethane, dipole 
moment of, 49 

formal charges in, 43 
Nitronium tetrafluoroborate, 

nitrations with, 566 
p-Nitrotoluene, nitration of, 

587 
Nitrous acid, reaction with 

arylamines, 1007 
NMR spectrometer, 

operation of, 447 
NMR spectroscopy, energy 

of, 448 
n+ 1 rule of, 459-460 
nuclei in, 444—445 
of acid anhydrides, 831 
of acid chlorides, 831 
of alcohols, 653—654 
of aldehydes, 748—749 
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NMR spectroscopy (continued ) 
of amides, 831 
of amines, 988—990 
of aromatic compounds, 

550-552 
of arylamines, 1024-1025 
of carbonyl compounds, 

831 
of carboxylic acids, 783-— 

784 
of epoxides, 684—685 
of esters, 831 
of ethers, 684—685 
of ketones, 748—749 
of nitriles, 831 
of phenols, 1024-1025 
proton equivalence in, 

463-464 
theory of, 442-444 
time scale of, 448 

13C NMR spectroscopy, 
chemical shifts in, 
451—452 

coupling in, 456—460 
gated-decoupled mode, 

454-456 
integration in, 454—456 
off-resonance mode, 456 
proton noise-decoupled, 

451-453 
spin-spin splitting in, 
456-460 

summary of, 461 
uses of, 461—462 

1H NMR spectroscopy, 
chemical shifts in, 
465-467 

coupling in, 468—472 
integration in, 468 
regions in, 467 
spin multiplicities in, 471 
spin-spin splitting in, 
468-472 

uses of, 477-478 
NMR spectrum, calibration 

of, 449 
delta scale in, 449—450 
explanation of, 449 

13C NMR spectrum, of 
anisole, 685 

of benzene, 553 
of p-bromoacetophenone, 

453 
of 2-butanone, 453 
of chlorobenzene, 553 
of 1,2-epoxypropane, 685 
of methyl] acetate, 446 
of methyl propanoate, 454 
of methyl propyl ether, 685 
of 1-methylcyclohexene, 462 

of N-methylcyclohexyl- 
amine, 990 

of naphthalene, 553 
of toluene, 553 

1H NMR spectrum, of 
acetaldehyde, 749 

of [18]annulene, 551 
of 2-bromopropane, 472 
of p-bromotoluene, 552 
of chloroethane, 469 
of 1-chloro-1-methylcyclo- 

hexane, 478 
of digitoxigenin, 477 
of 2,3-dimethyl-2-butene, 

464 
of dipropy! ether, 684 
of ethyl acetate, 831 
of methamphetamine, 990 
of methyl] acetate, 446 
of methyl 2,2-dimethyl- 

propanoate, 468 
of 3-methyl-3-buten-1-ol, 

663 
of N-methylcyclo- 

hexylamine, 989 
of p-methoxypropio- 

phenone, 472 
of phenacetin, 1033 
of phenylacetic acid, 784 
of 1-propanol, 654 
of toluene, 474 
of trans-cinnamaldehyde, 

475 
Nodal plane, 7 
Node, 7 

in molecular orbitals, 1152 
Nomenclature, of acid 

anhydrides, 793 
of acid halides, 793 
of alcohols, 625 
of aldehydes, 707—708 
of alkanes, 80—86 
of alkenes, 174-176 
of alkyl groups, 83—85 
of alkyl halides, 333-334 
of alkynes, 256—257 
of amides, 794 
of amines, 958—960 
of aromatic compounds, 
527-530 

of bicycloalkanes, 135 
of carbohydrates, 922-923 
of carboxylic acids, 766 
of cycloalkanes, 92—94 
of esters, 794 
of ethers, 668-669 
of glycosides, 931 
of ketones, 708—709 
of nitriles, 794—795 
of thiols, 656 

Nootkatone, structure of, 
98, 289 

Norbornane, conformation 
of, 134 

Normal alkane, 74 
Novocain, structure of, 35 
Nuclear magnetic 

resonance, see various 
NMR entries 

Nuclear spin, 443 
Nucleic acid(s), 1117 

3’ end of, 1121 
5’ end of, 1121 
heredity and, 1125 
structure of, 1121-1122 
synthesis of, 1141-1144 
see also Deoxyribonucleic 

acid and Ribonucleic 
acid 

Nucleophile, 148 
in Syl reactions, 383 
in Sy2 reaction, 369-370 
table of, 370, 715 

Nucleophilic acyl substi- 
tution reaction(s), 701 

kinds of, 800 
mechanism of, 702, 797 
of acid anhydrides, 813 
of acid hadides, 807 
of amides, 822-823 
of carboxylic acids, 801 
of esters, 816 
steric hindrance in, 798 

Nucleophilic addition 
reaction(s), 699, 714 

biological, 745 
mechanism of, 700 
of alcohols, 730—733 
of amines, 723—727 
of Grignard reagents, 722 
of HCN, 720—722 
of hydrazine, 728—730 
of hydride reagents, 723 
of phosphoranes, 735—736 
of thiols, 734 
of water, 718—719 
steric hindrance to, 717 

Nucleophilic alkyl substi- 
tution reaction, 361 

in biochemistry, 401—402 
in synthesis, 399—401 
kinetics of, 363-364 
summary of character- 

istics of, 396—399 
review of, 617-618 

Nucleophilic aromatic 
substitution reaction(s), 

mechanism of, 589 
requirements of, 590 



Nucleophilicity, 369 
Nucleoprotein, 1063 
Nucleoside, 1118 

structure of, 1119 
Nucleotide, 1118 

structure of, 1119 
Nucleus, composition of, 3 
Nylon, 1199 

hydrolysis of, 1204 
Nylon-6, from caprolactam, 

1201 
uses of, 1200 

Nylon-66, uses of, 1200 

Ocimene, structure of, 209 
Octane number, 87 
1,3,5,7-Octatetraene, UV 

absorption of, 515 
Off-resonance 3C NMR 

spectroscopy, 456 
Oil, vegetable, 1080 
-ol, for naming alcohols, 625 
Olah, George, 219 
Oleic acid, structure of, 

1081 
Olive oil, composition of, 

1081 
-one, for naming ketones, 

708 
Optical activity, 292 

alkene addition reactions 
and, 312-318 

of allenes, 330 
of meso compounds, 

301-302 
of racemic mixtures, 305 

Orbital, 5 
d, shape of, 5—7 
hybrid, 20 
p, shape of, 5—7 
s, shape of, 5—7 
sp®, 20 
sp”, 25 
sp, 28 

Organic chemistry, 2 
history of, 1-2 

Organic compounds, 
analysis of, 59-61 

number of, 67 
purification of, 411-415 

Organic synthesis, how to 
do, 273—277, 600-603 

of aromatic compounds, 
600-603 

Organoborane(s), 224 
oxidation of, 225—228 
reaction with hydrogen 

peroxide, 225—228 
Organocopper reagent, see 

Gilman reagent(s) 

Organomagnesium reagent, 
see Grignard reagent(s) 

Organometallic reagent, 
polarity of, 147 

Orientation in electrophilic 
aromatic substitution, 
577-587 

-ortho, for naming aromatic 
compounds, 529 

Ortho, para directors in 
electrophilic aromatic 
substitution, 578 

-ose, for naming sugars, 917 
-oside, for naming 

glycosides, 931 
Osmium tetraoxide, 

reaction with alkenes, 
236-237 

Oxalic acid, pK, of, 775 
Oxalyl chloride, reaction 

with carboxylic acids, 
801-802 

Oxidation, 633 
of alcohols, 646—649 
of aldehydes, 713-714 
of aldoses, 935—936 
of alkylbenzenes, 593-595 
of hydroquinones, 1021 
of ketones, 714 
of organoboranes, 

225-228 
of phenols, 1021-1022 
of thiols, 656—657 
of xylene, 594 

Oxidation level of some 
functional groups, 634 

Oxidoreductase, 1071 
Oxime, 724 
Oxirane, 676 
oxo-, for naming carbonyl 

compounds, 709 
Oxonium ion, 731 
Oxymercuration, 222 
mechanism of, 222—223 
of alkenes, 222-223 

Oxytocin, function of, 1077 
structure proof of, 1077 

Ozone, reaction with 
alkenes, 238 

reaction with alkynes, 
Zig 

Ozonide, 238 

Palmitic acid, structure of, 
1080 

Palmitoleic acid, structure 
of, 1081 

Pantothenic acid, function 
of, 1070 

1-25 Index 

-para, for naming aromatic 
compounds, 529 

Paraffin, 88 
Parent peak (in mass 

spectroscopy), 418 
Pasteur, Louis, 294, 968 

optical activity and, 
294-295 

Patchouli alcohol, structure 
of, 1091 

Pauli exclusion principle, 7 
Pauling, Linus, 18 
PCC (pyridinium chloro- 

chromate), reaction 
with alcohols, 648-649 

Peanut oil, composition of, 
1081 

von Pechmann, Hans, 805 
Pedersen, Charles J., 682 
Penguin, fat of, 1206 
Penicillin G, structure of, 

1107 
Penicillin V, specific 

rotation of, 293 
structure of, 326 

Pentachlorophenol, uses of, 
1013 

1,4-Pentadiene, heat of 
hydrogenation of, 491 

2,4-Pentanedione, pK, of, 
856 

Peptide(s), 1036 
bonding in, 1049-1050 
disulfide bond in, 1051 
hydrolysis of, 1054 
reaction with 

carboxypeptidase, 
1057 

sequencing, 1054—1056 
structure determination 

of, 1052-1055 
synthesis of, 1057-1061 
(see also Protein) 

Peptide synthesis, 
Merrifield method, 
1061-1063 

Pericyclic reaction, 503, 
1149 

examples of, 1149-1151 
review of, 623 
stereochemical rules for, 

1177-1178 
Periplanar geometry, 389 
Perkin, William H., 1000 
Perkin reaction, 893 
Perlon, uses of, 1200 
Peroxide(s), as catalyst for 

alkene addition 
reactions, 228—230 

from ethers, 670 
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Peroxyacid(s), reaction with 
alkenes, 676—677 

reaction with sulfoxides, 
687 

Perutz, Max F., 1067 
Pesticides, HPLC of, 414 
Petroleum, 87 

constituents of, 86—87 
cracking of, 171-172 
origin of, 86 

Pettit, Rowland, 539 
Phase transfer, 983 
Phase transfer catalysis, 

983 
Phenacetin, IR spectrum of, 

1033 
1H NMR spectrum of, 

1033 
Phenanthrene from coal tar, 

527 
Phenobarbital, structure of, 

290, 1107 
Phenol, from chlorobenzene, 

591 
from cumene, 1012-1013 
industrial synthesis of, 

1012 
IR spectrum of, 1025 
nitration of, 581—582 
picric acid from, 1012 
polymer with 

formaldehyde, 1208 
Phenols, 1012 

acidity of, 1014-1017 
carboxylic acids from, 

1020 
diazonium coupling 

reactions of, 1010-1011 
electrophilic aromatic 

substitution of, 1019— 
1020 

esters from, 1019 
from arenediazonium 

salts, 1009 
from arylamines, 1009 
from benzenesulfonic 

acids, 567 
IR spectroscopy of, 1024 
naturally occurring, 1012 
NMR spectroscopy of, 

1024-1025 
oxidation of, 1021-1022 
properties of, 1015 
quinones from, 1021-1022 
reaction with acid 

anhydrides, 814 
reaction with arene- 

diazonium salts, 1010 
reaction with carbon 

dioxide, 1020 

reaction with Fremy’s 
salt, 1021 

substituent effect on 
acidity of, 1015-1017 

synthesis of, 1018 
uses of, 1012-1013 

Phenolic resin, 1208 
Phenoxide ions, resonance 

in, 1014 
Phentermine, synthesis of, 

977 
Phenyl ether, Claisen 

rearrangement of, 1023 
Phenyl group, 528 
Phenylacetic acid, 1H NMR 

spectrum of, 784 
pK, of, 773 

Phenylalanine, 1038 
Phenylthiohydantoin from 

Edman degradation, 
1054 

Pheromone, 353 
Phillips, Henry, 361 
Phosphatidylcholine, 

structure of, 1085 
Phosphatidylethanolamine, 

structure of, 1085 
Phosphoglyceride(s), 

1085 
classification of, 1085 

Phospholipid(s), 1085 
classification of, 1085 

Phosphoramidite, 1142 
in DNA synthesis, 

1142-1144 
Phosphorane(s), 735 

from alkyl halides, 735 
nucleophilic addition of, 

735-736 
reaction with aldehydes, 

735-736 
reaction with ketones, 

735-736 
Phosphorus oxychloride, 

dehydrations with, 
643-644 

Phosphorus tribromide, 
reaction with carboxylic 
acids, 806 

Phosphorus trichloride, 
reaction with carboxylic 
acids, 801—802 

Photochemistry, of 
cycloaddition reactions, 
1169-1170 

of electrocyclic reactions, 
1162-1164 

Photon, 424 
Photosynthesis of 

carbohydrates, 816 

Phthalic (2,3-benzene- 
dicarboxylic) acid, 767 

Phthalimide in Gabriel 
synthesis, 972 

Pi bond, 18 
Picramnia tariri, tariric 

acid from, 272—273 
Picric acid, from phenol, 

1012 
pK, of, 53 

Pinacol rearrangement, 664 
Pineapple, methyl 

butanoate from, 815 
a-Pinene, structure of, 170, 

1091 
Piperidine, structure of, 960 
Piperylene, (1,4- 

pentadiene), heat of 
hydrogenation of, 491 

Pivalic acid (2,2-dimethy]l- 
propanoic acid), 767 

pK,, definition of, 52 
Plane of symmetry, 287 
Plane polarized light, 290 
Plasmalogen, structure of, 

1103 
Plasticizer, 815, 1206 

synthesis of, 888 
Platinum dioxide as 

hydrogenation catalyst, 
233 

B-Pleated sheet (in 
proteins), 1067 

Plexiglas, uses of, 1188 
Plocamene B, structure of, 

332 { 
Poison ivy, urushiols in, 

1012 
Polar aprotic solvent, 372 
Polar covalent bond, 46 
Polar reaction(s), 143 

features of, 146-148 
review of, 619-622 

Polarimeter, 292 
Polarity, of bonds, 45—47 

of functional groups, 147 
Polarizability, 148 
Polarized light, 290—292 
Poly(vinyl acetate), uses of, 

1188 
Poly(vinyl alcohol), 

synthesis of, 1189 
uses of, 1188 

Poly(vinyl butyral), 1210 
Poly(vinyl chloride), uses of, 

1188 
Polyacrylonitrile, uses of, 

1188 
Polyalkylation in Friedel— 

Crafts reactions, 569 



Polycyclic, 133 
Polycyclic aromatic 

compound, 547—548 
Polyester, 1201 

from dimethyl 
terephthalate, 1202 

hydrolysis of, 1204 
Polyethylene, chain 

branching in, 1192 
high-density, 1194 
low-density, 1194 
structure of, 1186 
uses of, 1188 

Polyimide, 1210 
Polyisobutylene, synthesis 

of, 1190 
Polymer, 1185 

addition, 1186 
chain branching in, 

1192-1193 
chain-growth, 1186 
classification of, 1186 
condensation, 1186 

- crystallites in, 1204-1205 
production figures for, 

1985 
properties of, 1205-1208 
step-growth, 1186 
structure of, 1204-1205 
van der Waals forces in, 

1204 
Polymerization, anionic, 

1191 
cationic, 1189-1190 
initiation of, 1187 
of alkenes, 1187-1189 
of 1,3-butadiene, 1195 
of 2-chloro-1,3-butadiene, 

1196 
of isoprene, 1195 
propagation of, 1187 
radical, 1187-1189 
stereochemistry of, 

1193-1194 
Polypeptide, 1037 
Polypropylene, stereo- 

chemistry of, 1193-1194 
uses of, 1188 

Polysaccharide, 947 
Polystyrene, uses of, 1188 
Polytetrafluoroethylene, 

uses of, 1188 
Polyunsaturated fatty acid 

(PUFA), 1080 
Polyurethane, 1203 
Potassium cyanide, amino 

acid synthesis with, 
1047- 

Potassium ion, solvation of, 
683 

Potassium permanganate, 
oxidation of alcohols 
with, 647 

oxidation of alkyl- 
benzenes with, 593 

oxidation of ketones with, 
714 

reaction with alkenes, 
236-237 

Potassium, reaction with 
alcohols, 531 

Pregl, Fritz, 61 
Prelog, Vladimir, 183 
Primary alcohol, 625 

from aldehydes, 635—636 
from formaldehyde, 639 

Primary amine, 957 
Hinsberg test for, 980 

Primary carbon, 78 
Primary hydrogen, 79 
Primary structure (of 

proteins), 1065 
Problems, how to work, 34 
Progesterone, biological 

effects of, 1096 
structure of, 489, 1096 

Progestin, 1096 
Proline, 1038 
Prolitane, structure of, 996 
Promotor site (in DNA), 

1130 
Prontosil, 1031 
Propagation, of 

polymerization, 1187 
of radical reactions, 144 

Propane, conformations of, 
106 

mass spectrum of, 418 
rotation barrier in, 106 

Propanoic acid (propionic 
acid), 767 

pK, of, 773 
1-Propanol, 'H NMR 

spectrum of, 654 
Propenal, Diels—Alder 

reactions of, 505 
Michael reactions of, 901 

Propenamide, Michael 
reactions of, 901 

Propene, heat of 
hydrogenation of, 189 

industrial uses of, 171 
polymerization of, 

1187-1189 
synthesis of, 171 
Ziegler—Natta 

polymerization of, 
1193-1194 

Propenenitrile, Diels—Alder 
reactions of, 505 

I-27 Index 

Michael reactions of, 901 
polymerization of, 1187-— 

1189 
Propenoic acid, pK, of, 773 
Propiolic acid (propynoic 

acid), 767 
Propionaldehyde (propanal), 

709 
Propiophenone, propy]- 

benzene from, 599 
Propranolol, structure of, 970 
Propylbenzene from 

propiophenone, 599 
Propylene, polymerization 

of, 1187-1189 
see also Propene 

Prostacyclin, structure of, 
1090 

Prostaglandin, 91, 1089 
biological effects of, 1090 
from arachidonic acid, 

1089 
Prostaglandin Ej, structure 

of, 92, 1090 
Prostaglandin F.a, 

structure of, 1090 
Prosthetic group (in 

enzymes), 1068 
Protecting group(s), 650 

for alcohols, 650-651 
for aldehydes, 731—733 
for amino acids, 1058 
for DNA, 1142 
for ketones, 731—733 

Protein, 1036 
biosynthesis of, 1130— 

1133 
classification of, 1063— 

1065 
conjugated, 1063 
denaturation of, 1071 
fibrous, 1063 
function of, 1036, 1065 
globular, 1063 
hydrolysis of, 1054 
primary structure of, 1065 
purification of, 1042 
quaternary structure of, 

1065 
reaction with 

carboxypeptidase, 1057 
secondary structure of, 

1065 
sequencing, 1054-1056 
simple, 1063 
structure of, 1065-1068 
structure determination 

of, 1052-1056 
synthesis of, 1057-1061 
tertiary structure of, 1065 
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Protein synthesis, 
Merrifield method, 
1061-1063 

Proton equivalence (in 
NMR), 463-464 

Proton noise-decoupled !°C 
NMR spectroscopy, 451 

PUFA (polyunsaturated 
fatty acid), 1080 

Purdie, Thomas, 930 
Purification of organic 

compounds, 411—415 
Purine, 1117 
Purpurosamine, structure 

of, 950 
Putrescine, odor of, 963 
Pyramidal inversion (of 

amines), 961 
barrier to, 961 

Pyranose, 924 
Pyridine, aromaticity of, 

a2 
basicity of, 1113 
bromination of, 1113 
dipole moment of, 1114 
electronic structure of, 

544-545, 1112 
electrophilic aromatic 

substitution of, 
1113-1114 

nitration of, 1113 
nucleophilic substitution 

of, 1114-1115 
sulfonation of, 1113 

Pyridinium chlorochromate 
(PCC), reaction with 
alcohols, 648—649 

Pyridinium ion, pK, of, 
Lt2 

Pyridoxine, function of, 
1070 

Pyrimidine, 1117 
structure of, 960 

Pyrrole, aromaticity of, 
1109 

basicity of, 1110 
electronic structure of, 

544-545 
electrophilic aromatic 

substitution reactions 
of, 1110-1111 

nitration of, 1111 
properties of, 1109 
resonance in, 1109 
structure of, 960 
synthesis of, 1108 

Pyrrolidine, structure of, 
960 

Pyrrolidinium ion, pK, of, 
1113 

Pyrrolinium ion, pK, of, 
1110 

Pyruvic acid, alanine from, 
745 

Qiana, 1210 
Quanta of light, 425 
Quantum mechanics, 4—8 
Quartet in NMR 

spectroscopy, 471 
Quaternary ammonium 

salt, 957 
chirality of, 962 
Hofmann elimination of, 

981 
Quaternary carbon, 78 
Quaternary structure (of 

proteins), 1065 
Quinine, structure of, 984 
Quinoline, bromination of, 

1116 
structure of, 960, 1116 

Quinone(s), 1021 
from phenols, 1021-1022 
reaction with NaBHg, 

1021 
reduction of, 1021 

Quintet in NMR 
spectroscopy, 471 

R as symbol for alkyl group, 
78 

R (rectus) for specifying 
configuration, 296 

Racemic mixture, 304 
optical activity of, 305 

Radical(s), 143 
catalyst for alkene 

addition reactions, 
228-230 

polymerization with, 
1187-1189 

stability of, 230—232 
Radical reaction(s), 143 

features of, 143-144 
kinds of steps in, 144-145 
review of, 622—623 

Raney, Murray, 734 
Raney nickel, desulfur- 

ization with, 734 
Rate coefficient, 364 
Rate equation, 363 
Rate-limiting step, 375 
Rayon from cellulose, 947 
Reaction energy diagram, 

159 
Reaction intermediate, 162, 
Reaction mechanism, 142 
Reactions, kinds of, 140-142 

ways of writing, 193 

Rearrangement reaction, 142 
in alkene addition 

reactions, 205—207 
in Friedel—Crafts 

alkylation reactions, 
570-571 

of carbocations, 205—207 
review of, 619 

Rectus (R), configuration of, 
296 

Reducing sugar, 935 
Reduction, 633 

of acid chlorides, 810 
of aldehydes, 723, 

728—730 
of aldoses, 933-934 
of alkenes, 233—236 
of alkynes, 265-266 
of amides, 822—823 
of aromatic compounds, 

596-598 
of aryl ketones, 598-599 
of carbonyl compounds, 

635-637 
of carboxylic acids, 780 
of cyanohydrins, 721—722 
of disulfides, 656—657 
of esters, 818—820 
of ketones, 723, 728—730 
of monosaccharides, 933— 

934 
of nitriles, 938, 827 
of nitroarenes, 1004 
of quinones, 1021 
of thioacetals, 734 
of vegetable oil, 1082 

Reductive amination, 974 
a-amino acids from, 1047 
of a-keto acids, 1047 
mechanism of, 975 

Refining of petroleum, 87 
Reforming of petroleum, 88 
Regiochemistry, of alkene 

addition reactions, 
194-196 

of alkene hydroboration, 
227-228 

of alkene radical 
additions, 232—233 

Regiospecific, 194 
Renaturation (of enzymes), 

1072 
Replication (of DNA), 1125 

errors in, 1128 
Replication fork (of DNA), 

1126 
Reserpine, structure of, 984 
Residue (of amino acids), 

1049 
Resin, thermosetting, 1207 



Resolution, 304, 967 
of amino acids, 1048-— 

1049 
of ammonium salts, 

968—969 
Pasteur method of, 968 

Resonance, 343 
in acyl cation, 572 
in allylic carbocations, 

498 
in allylic radicals, 343 
in amides, 964 
in arylamines, 1001 
in benzene, 534—536 
in benzylic radicals, 595 
in carboxylate ions, 771— 

772 
in cycloheptatrienyl 

cation, 543 
of cyclopentadienyl] anion, 

542 
in enolate ions, 846 
in naphthalene, 548 
in phenoxide ions, 1014 
in pyrrole, 1109 
rules for, 345-347 
stability and, 347 

Resonance effect, in 
electrophilic aromatic 
substitution, 575-576 

of alkoxy group, 576 
of amino group, 576 
of carbonyl group, 575 
of cyano group, 575 
of hydroxyl group, 576 
of nitro group, 575 

Resonance hybrid, 343 
Restriction endonuclease, 

1134 
Restriction fragment (of 

DNA), 1135 
11-cis-Retinal, role in 

vision, 517—518 
Rhodium, hydrogenations 

with, 596 
Rhodopsin, role in vision, 

517-518 
Riboflavin, function of, 1070 
Ribonuclease, synthesis of, 

1063 
Ribonucleic acid (RNA), 

1117 
anticodons in, 1131 
bases in, 1119 
biosynthesis of, 1128— 

1130 
kinds of, 1129 
messenger, 1129 
ribosomal, 1129 
shape of, 1132 

size of, 1119, 1129 
structure of, 1121-1122 
transfer, 1129 

Ribonucleotides, structures 
of, 1120 

D-Ribose, structure of, 923 
Ribosomal RNA, 1129 
Ribosome, 1130 
Ricinoleic acid, structure of, 

1081 
Ring current, 551 
Ring flip (of cyclohexane), 

123 
barrier to, 123 

Ring strain in cycloalkanes, 
112-114 

RNA, see Ribonucleic acid 
Roberts, Irving, 217 
Robinson, Robert, 904, 984 
Robinson annulation 

reaction, 904 
cyclohexenones from, 

904—905 
Rod cells, role in vision, 517 
Rose oil, geraniol from, 

1093 
Rubber, stretching of, 1207 

structure of, 1196 
vulcanization of, 1196 

Ruzicka, Leopold, 1091 

S (sinister) for specifying 
configuration, 296 

Saccharin, structure of, 
1107 

Samuelsson, Bengt, 1089 
Sandmeyer, Traugott, 1008 
Sandmeyer reaction, 1008 
Sanger, Frederick, 1060 
Saponification, 816, 1083 
Saran, 1197 

uses of, 1198 
Sassafras, safrole from, 693 
Sativene, synthesis of, 878 
Saturated, 73 
Sawhorse conformation, 102 
Schmitt, Rudolf, 1020 
Schotten, Carl, 809 
Schotten—Baumann 

reaction, 809 
Schrédinger, Erwin, 4 
Second-order reaction, 363 
Secondary alcohol, 625 

from aldehydes, 639 
from ketones, 635-636 

Secondary amine, 957 
Hinsberg test for, 980 

Secondary carbon, definition 
of, 78 

I-29 Index 

Secondary hydrogen, 
definition of, 79 

Secondary structure (of 
proteins), 1065 

a-helical, 1066 
of a-keratin, 1066 
of fibroin, 1067 
of myoglobin, 1067-1068 
B-pleated sheet, 1067 

Selenenylation of enolate 
ions, 859—862 

Semicarbazone, 724 
Septet in NMR spectroscopy, 

471 
Sequence rules, for cis— 

trans isomers, 181-184 
for specifying 

configuration, 295-297 
Sequencing, of DNA, 1134- 

1140 
of proteins, 1054-1056 

Serine, 1038 
Sesquiterpene, 1092 
Sex attractant, of gypsy 

moth, 693 
of hamster, 666 
of housefly, 283 

Sex hormones, 1096 
Sextet in NMR spectroscopy, 

471 
Shielding (in NMR), 445 
Short-chain branching, 1192 
Sigma bond, 17 

rotation around, 102-103 
symmetry of, 17-18 

Sigmatropic rearrangement, 
1150, 1171 

order of, 1172 
stereochemical rules for, 

1172 
stereochemistry of, 1172— 

1173 
Silica gel for column 

chromatography, 413 
Silver oxide, ether 

formation with, 930 
Hofmann eliminations 

with, 981 
Simmons, Howard, 242 
Simmons—Smith reaction, 

242 
Simple protein, 1063 
Simple sugar, 917 
Singlet in NMR 

spectroscopy, 471 
Sinister (S), configuration 

of, 296 
Skeletal structure, 41 
how to draw, 40—41 

Skraup, Hans Z., 1148 

02921771 



1-30 Index 

Skraup synthesis of 
isoquinolines, 1148 

Skunk scent, 656 
Snl reaction, 375 

characteristics of, 
380-386 

energy diagram for, 378 
intermediates in, 376-377 
ion pairs in, 379 
kinetics of, 375-377 
leaving group reactivity 

in, 383 
mechanism of, 376—377 
nucleophiles in, 383 
reactivity of alkyl halides 

in, 381-382 
solvent effects in, 384— 

386 
stereochemistry of, 378— 

379 
Sn2 reaction, 364 

characteristics of, 366— 
373 

energy diagrams for, 367 
kinetics of, 363-364 
leaving groups in, 371— 

372 
mechanism of, 364—366 
nucleophiles in, 369—370 
reactivity of alkyl halides 

in, 367-368 
solvent effects in, 372-373 
stereochemistry of, 364— 

366 
steric effects in, 367-368 

Soap, 1083 
cleansing action of, 1084 
from animal fat, 1083 
history of, 1083 
micelles from, 1084 

Sodium amide, reaction 
with alcohols, 630 

Sodium borohydride, 
reaction with 
aldehydes, 635-636, 
723 

reaction with aldoses, 
933-934 

reaction with ketones, 
635-636, 723 

reaction with mono- 
saccharides, 933-934 

reaction with quinones, 
1021 

Sodium chloride, dipole 
moment of, 49 

ionic character of, 45 
Sodium cyanoborohydride, 

reductive amination 
with, 976 

Sodium dichromate, 
oxidation of alcohols 
with, 647 

oxidation of alkylbenzene 
with, 593 

Sodium, electronic 
configuration of, 8 

Sodium hydride, reaction 
with alcohols, 630 

Solid-phase peptide 
synthesis, 1061 

Solvation, 373 
Solvent effects, in Syl 

reactions, 384—386 
in Sy2 reactions, 372—373 

Sorbitol, structure of, 934 
Spandex, uses of, 1200 
Specific rotation, 293 
Spectroscopy, kinds of, 416 
Sphingolipid, 1086 
Sphingomyelin, structure of, 

1086 
Sphingosine, structure of, 

1086 
Spin, nuclear, 443 
Spin-flip (in NMR), 443 
Spin-spin splitting, 456 

complex patterns in, 
473-476 

in 8C NMR spectroscopy, 
456-460 

in ‘H NMR spectroscopy, 
468-472 

n+ 1 rule of, 459-460 
proton nonequivalence in, 

474 
theory of, 458—460 

Spinneret, 1206 
Squalene, steroids from, 

1094-1095, 1101 
Stability, energy and, 125 

of alkenes, 186-189 
of carbocations, 198-199 
of radicals, 230-232 
resonance and, 347 

Staggered conformation, 
103 

Stannous chloride, reaction 
with nitroarenes, 1004 

Stanozolol, structure of, 
1097 

Starch, function of, 949 
hydrolysis of, 944 
structure of, 948-949 

Stationary phase (in 
chromatography), 
412 

Steam distillation, 1090 
Stearic acid, structure of, 

1081 

Stearolic acid, structure of, 
1083 

Stein, William H., 1052 
Step-growth polymer, 1186 

table of, 1200 
Stereochemistry, 102 

chirality and, 286—289 
configuration of 

enantiomers, 295—297 
of alkene addition 

reactions, 312-318 
of alkene halogenation, 

217-218 
of alkene hydroboration, 
225-226 

of alkene hydrogenations, 
234 

of cholesterol, 1099 
of cycloaddition reactions, 

1167-1169 
of dimethylcyclohexanes, 
318-320 

of E1 reactions, 396 
of E2 reactions, 389-391 
of electrocyclic reactions, 

1159-1162 
of polymerization, 1193— 

1194 
of sigmatropic rearrange- 

ment, 1172-1173 
of Syl reactions, 378—379 
of Sy2 reaction, 364—366 
of steroids, 1098 

Stereogenic center, 288 
detecting, 288 
effect on reaction stereo- 

chemistry, 316—318 
Fischer projections of, 

307-309 
number of enantiomers 

and, 303 
Stereoisomer, 96 

properties of, 304—305 
Stereospecific, 242 
Steric effect in Sy2 reaction, 

367-368 
Steric hindrance in nucleo- 

philic acyl substitution 
reactions, 798 

Steric strain, 107 
Steroid, 1095 

anabolic, 1097 
biosynthesis of, 1100- 

1101 
contraceptive, 1097 
from squalene, 1101 
gas chromatography of, 

415 
numbering of, 1095 
precursor of, 1092 



stereochemistry of, 1098 
synthetic, 1097 

Stork, Gilbert, 902 
Stork enamine reaction, 902 
Straight-chain alkane, 74 
Straight-run gasoline from 

petroleum, 87 
Strecker, Adolph F. L., 1047 
Strecker synthesis, 1046 
mechanism of, 1047 

Structure, electron-dot, 13 
Kekulé, 13 
Lewis, 13 
line-bond, 13 

Styrene, polymerization of, 
1187-1189 

Substitution reaction(s), 141 
review of, 617-619 
summary of character- 

istics of, 396-399 
Succinic acid, pK, of, 775 
Sucrose, sources of, 946 

specific rotation of, 293 
structure of, 946-947 

D,L Sugar, 920 
Fischer projections of, 

920-921 
Sulfa drug, synthesis of, 

1006 
Sulfanilamide, structure of, 

567 
uses of, 1006 

Sulfide, 686 
alkylation of, 686 
from thiols, 686 
oxidation of, 687 
reaction with alkyl 

halides, 686 
reaction with hydrogen 

peroxide, 687 
sulfones from, 687 
sulfoxides from, 687 
synthesis of, 686 

Sulfonation of aromatic 
compounds, 567 

Sulfone(s), 687 
from sulfides, 687 

Sulfoxide(s), 687 
from sulfides, 687 
reaction with peroxyacids, 

687 
Sulfur, vulcanization with, 

1197 
Super glue, 1191 
Suprafacial, 1166 
Symmetry allowed, 1155 
Symmetry disallowed, 1155 
Symmetry plane, 287 

in meso compounds, 
301—302 

Syn periplanar geometry, 
389 

Syn stereochemistry, 217 
Syndiotactic, 1193 
Synthesis, how to do, 

273-277 
Synthetic detergent, 

structure of, 1084 

p-Talose, structure of, 923 
Tariric acid from Picramnia 

tariri, 272-273 
Tautomer, 262, 845 
Tautomerism, 262, 845 
Teflon, uses of, 1188 
Template strand (of DNA), 

1130 
Terephthalic acid from p- 

xylene, 594 
C-Terminal amino acid, 

1050 
N-Terminal amino acid, 

1050 
Termination of radical 

reaction, 144 
Terpene, 1090 

biosynthesis of, 1093— 
1095 

classification of, 1092 
uses of, 1090 

Tertiary alcohol, 625 
from esters, 639 
from ketones, 639 

Tertiary amine, 957 
Hinsberg test for, 980 

Tertiary carbon, 78 
Tertiary hydrogen, 79 
Tertiary structure (of 

proteins), 1065 

Testosterone, biological 
effects of, 1096 

oxidation of, 649 
structure of, 1096 

Tetracaine, structure of, 997 
Tetraethyllead, polarity of, 

47 
Tetrafluoroethylene, 

polymerization of, 
1187-1189 

Tetrahedral carbon and 
chirality, 288 

Tetrahedranes, optical 
activity of, 330 

Tetrahydrofuran, use of, 214 
Tetramethylsilane (TMS), 

NMR calibration with, 
449 

Thermodynamic control, 501 
Thermoplastic, 1205 
Thermosetting resin, 1207 

I-31 Index 

Thiamin, function of, 1070 
Thioacetal(s), 734 

alkanes from, 734 
from aldehydes, 734 
from ketones, 734 
from thiols, 734 
mechanism of formation 

of, 734 
reduction of, 734 

Thiol(s), 656 
disulfides from, 656—657 
from alkyl] halides, 656 
in skunk scent, 656 
nomenclature of, 656 
nucleophilic addition of, 

734 
odor of, 656 
oxidation of, 656—657 
reaction with aldehydes, 

734 
reaction with alkyl 

halides, 686 
reaction with ketones, 

734 
sulfid m, 686 ii: 

aren ‘ 
-thiol, for naming thiols, 656 
Thiol ester(s), 828 

in biology, 828—829 
reactivity of, 828 

Thiolate ion, 686 
Thionyl chloride, reaction 

with amides, 824 
reaction with carboxylic 

acids, 801-802 
Thiophene, electrophilic 

aromatic substitution 
reactions of, 1110-1111 

Friedel—Crafts acylation 
of, 1111 

properties of, 1109 
synthesis of, 1109 

Thiourea, reaction with 
alkyl halides, 656 

Threonine, 1039 
diastereomers of, 299-301 

D-Threose, structure of, 923 
Thromboxane Ag, structure 

of, 1090 
Thymine, base pairing with 

adenine, 1123 
Tin, reaction with 

nitroarenes, 1004 
Titanium tetrachloride, 

Lewis acidity of, 55-56 
Titration curve from 

Henderson—Hasselbalch 
equation, 1044 

TMS (tetramethylsilane), 
NMR calibration with, 449 



1-32 Index 

TMS ethers from alcohols, 
650-651 

Tollens, Bernhard, 713 
Tollens reagent, 713 

oxidations with, 713—714 
Toluene, IR spectrum of, 

550 
nitration of, 579—580 
13C NMR spectrum of, 

553 
1H NMR spectrum of, 474 

Tolylene diisocyanate, 
polyurethane from, 
1203 

Torsional strain, 104 
explanation of, 105 
in butane, 107-109 
in ethane, 104—105 
in propane, 106 

Tosylate, from alcohols, 646 
structure of, 361 

Tranexamic acid, structure 
of, 840 

Transcription (of DNA), 
1129 

Transfer RNA, 1129 
Transferase, 1071 
Transition state, 159 
Translation (of DNA), 1131 
Tranylcypromine, synthesis 

of, 979 
Tree diagram (in NMR), 

474 
Trehalose, structure of, 955 
Triacylglycerol, 1080 

fatty acids from, 1080 
Trialkylsulfonium salt, 686 

alkylations with, 686 
2,4,6-Tribromoaniline, 

synthesis of, 1005 
Trichloroacetic acid, pK, of, 

773 
Triene, molecular orbitals 

of, 1154 
Triethylammonium 

chloride, IR spectrum 
of, 988 

Trifluoroacetic acid, pK, of, 
773 

2,2,2-Trifluoroethanol, pK, 
of, 630 

Trimethylamine, bond 
angles in, 961 

synthesis of, 971 
Trimethylsilyl ethers from 

alcohols, 650-651 
Trimetozine, synthesis of, 

809 
2,4,6-Trinitrochlorobenzene, 

reaction with NaOH, 
588 

Triple bond and sp 
hybridization, 28—29 

Triplet in NMR 
spectroscopy, 471 

Triptycene, structure of, 613 
Tréger’s base, structure of, 

995 
Tryptophan, 1039 
Tswett, Mikhail S., 412 
Twist-boat conformation (of 

cyclohexane), 131 
Tyramine, 1030 
Tyrosine, 1039 

Ubiquinone, 1022 
Ultraviolet (UV) radiation, 

energy of, 511 
wavelengths of, 511 

Ultraviolet (UV) 
spectroscopy, 510 

interpretation of, 514-515 
molecular orbitals in, 

512-513 
theory of, 512—513 
uses of, 514 

Ultraviolet (UV) spectrum, 
of 1,3—butadiene, 513 

of B-carotene, 516 
Unimolecular, 376 
Unsaturated, 172 
a,B-Unsaturated carbonyl 

compound, conjugate 
additions to, 740—744 

reaction with amines, 742 
reaction with Et,AICN, 

742-743 
reaction with Gilman 

reagents, 743—744 
reaction with HCN, 

742-743 
a,8-Unsaturated ester from 

esters, 862 
a,B-Unsaturated ketone, 

from aldol reaction, 
886 

from ketones, 851, 861— 
862 

a,B-Unsaturated nitrile 
from nitriles, 862 

Unsaturation, calculating 
degree of, 172-174 

Upfield (in NMR), 449 
Uracil, 1119 
Urea, from ammonium 

cyanate, 2 
origin of name, 80 

Urethane, 1202 
from isocyanates, 1203 

Urushiol, structure of, 
1012 

Valence shell, 10 
Valeraldehyde (pentanal), 

709 
Valeric acid (pentanoic 

acid), 767 
Valine, 1039 
van der Waals forces, 90 
van’t Hoff, Jacobus 

Hendricus, 9 
Vasopressin, disulfide bonds 

in, 1052 
structure of, 1052 

Vegetable oil, 1080 
hydrogenation of, 1082 

Vicinal, 258 
Vicinal glycol, 678 

from epoxides, 678 
Vinyl acetate, 

polymerization of, 
1187-1189 

Vinyl chloride, 
polymerization of, 
1187-1189 

Vinyl group, 176 
Vinyl monomer, 1188 
Vinylic carbocation, in 

alkyne addition 
reactions, 260—261 

structure of, 260 
Vision, chemistry of, 

517-518 
Vital force theory, 1 
Vitamin, 1070 

fat-soluble, 1070 
function of, 1070 > 
table of, 1070 4 
water-soluble, 1070 

Vitamin A, function of, 
1070 

role in vision, 517—518 
structure of, 40 
synthesis of, 265-266 

Vitamin By, function of, 
1070 

Vitamin C, structure of, 35 
Vitamin D, function of, 

1070 
Vitamin E, function of, 1070 

structure of, 526 
Vitamin K, function of, 

1070 
Viton, uses of, 1198 
Vulcanization, 1196 

Walden, Paul, 360 
Walden inversion, discovery 

of, 360-361 
Water, acidity of, 51 

basicity of, 51 
bond angles in, 32 
dipole moment of, 49 



hybridization in, 32 
pK, of, 52, 630 
reaction with aldehydes, 

718-719 
reaction with ketones, 

718-719 
structure of, 32 

Watson, James D., 1123 
Wave equation, 4 
Wave function, 

interpretation of, 5-6 
Wave number, 428 
Wavelength, 424 
Wax, definition of, 1079 
Whale blubber, composition 

of, 1081 
Whitmore, Frank, 205 
Wieland—Miescher ketone, 

911 
Williamson, Alexander W., 

671 
Williamson ether synthesis, 

671 
intramolecular, 677 

limitations of, 672 
mechanism of, 671—672 

Willstatter, Richard, 539 
Winstein, Saul, 379 
Wittig, Georg, 735 
Wittig reaction, 735 
mechanism of, 736 
steric hindrance during, 

736 
uses of, 736—737 

Wohl, Alfred, 340, 939 
Wohl degradation, 939 
Wohler, Friedrich, 2 
Wolff, Ludwig, 728 
Wolff—Kishner reaction, 728 
mechanism of, 729 

Woodward, Robert B., 1149 
Woodward—Hoffmann rules, 

1154 

Xylene, oxidation of, 594 
o-Xylene, hydrogenation of, 

596 

]-33 Index 

D-Xylose, structure of, 
923 

Ylide, 735 
-yne, for naming alkynes, 

256 

Z (zusammen), 182 
Zaitsev, Alexander, 387 
Zaitsev’s rule, 387, 461 

in alcohol dehydrations, 
642 

in Hofmann eliminations, 
981 

Zeisel method, 691 
Ziegler, Karl, 340, 1193 
Ziegler—Natta catalyst, 

1193 
Zinc chloride, Lewis acidity 

of, 55-56 
Zwitterion, 1041 
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Periodic Chart 

portag Atomic number a 

Titanium 

‘Ti 

47.90 

Name 

Symbol fj_ 

2A 
4 

Atomic weight 

Lithium Beryllium 

: “Mass number of most stable 
2 Li Be or best-known isotope 

> 6.941 9.01218 
’Mass of the isotope of longest half-life 

11 

Sodium 

Na 
22.98977 

2 

Magnesium 

Mg 
—_——<$<$—$—$ Transition elements 

3B 4B 5B 6B 7B 

22 

Titanium 

19 20 

Calcium 

Zi 23 

Vanadium 

24 

Chromium 

Za 

Manganese Potassium Scandium 

4 K Ca Sc Ti Vv Cr Mn 
44.9559 47.90 50.9414 54.9380 

37 38 39 40 41 42 43 

Rubidium Strontium Yttrium Zirconium Niobium Molybdenum | Technetium Ruthenium 

5 Rb Sr Y Zr Nb Te Ru 
85.4678 88.9059 92.9064 98.9062° 

55 56 ES) 72 73 75 

Cesium Barium Lanthanum Hafnium Tantalum Wolfram Rhenium Iridium ; 
(Tungsten) : 

6 Cs Ba La Hf Ta W Re Ir 
132.9054 138.9055 180.9479 183.85 192.22 @ 

87 88 ees 89) 106 

Francium Radium Actinium | Unnilquadium | Unnilpentium | Unnilhexium 

7 ke Ra Ac Unq | Unp | Unh 
(223) 226.0254" (227)2 (261) (262)? (263)2 

58 59 60 61 62 * 

Cerium Praseo- Neodymium | Promethium Samarium i f dymium 
Lanthanide series 7 Ce Pr Nd Pm Sm 

6 140.9077 (145) 150.4 

94 ‘ yee 90 91 92 93 

A ti d ’ Thorium Protactinium Uranium Neptunium Plutonium 

ctinide series 
Th ‘Pa U Np Pu 

7 | 232.0381 | 231.0359 | 238.029 | 237.0482 (242)" 



of the Elements 

Atomic weights are based on 
carbon-12. Atomic weights in 
parentheses indicate the most 
stable or best-known isotope. 
Slight disagreement exists as 
to the exact electronic 
configuration of several of the 

; high-atomic-number elements. 
Names and symbols for 
elements 104, 105, and 106 
are unofficial. 

een preesneernne 

28 

Nickel 

Pd 

78 

Platinum 

Pt 

Palladium 

1B 

47 

Ag 
107.868 

719 

Au 
196.9665 

Cadmium 

Cd 

80 

Mercury 

Al 
26.98154 

31 

Gallium 

Ga 

49 

Indium 

In 

81 

Thallium 

Tl 

Inner transition elements 

63 

Europium 

Eu 

95 

Americium 

64 

Gadolinium 

Gd 

96 

Curium 

Cm 
(247)¢ 

65 

Terbium 

Tb 
158.9254 

97 

Berkelium 

Bk 
(249)2 

66 

Dysprosium 

Californium 

Cf 
(251)? 

Aluminum Silicon 

Si 

32 

Ge 

67 

Holmium 

Ho 

164.9304 

99 

Einsteinium 

Es 
(254) 

Germanium 

Nitrogen 

N 
14.0067 

15 

Phosphorus 

P 

33 

Arsenic 

As 
74.9216 

51 

Sb 

83 

Bismuth 

Bi 
208.9804 

68 

Erbium 

Er 

100 

Fermium 

Fm 
(253) 

30.97376 

Antimony 

Oxygen 

O 
15.9994 

Selenium 

Se 

52 

Tellurium 

Te 

84 

Polonium 

Po 
(210)? 

69 

Thulium 

Tm 
168.9342 

101 

Mendelevium 

Md 
(256)? 

F 
18.99840 

17 

Chlorine 

Cl 

35 

Bromine 

Br 

33 

I 
126.9045 

85 

Astatine 

At 
(210) 

70 

Ytterbium 

Yb 

102 

Nobelium 

No 
(254)? ; 

Fluorine 

(222)? 

Tl 

Lutetium 

Lu 

103 

Lawrencium 

Lr 

(ary 
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